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Abstract

We observe a geometric shapes difference which largely influences fine
dispersion of carbon nanotubes (CNT) in several mediums such as water, ethanol,
isopropyl alcohol, acetone, 2-butone (MEK), tetrahydrofuran (THF), toluene,
dimethyl formamaide (DMF) and dimethyl aceticamide (DMAC). When the synthetic
fluorine mica (Mica) of platelet shapes and ionic charged was pulverized with lengthy
CNT, the physically mixed CNT-Mica hybrid exhibited a uniquely fine dispersion due
to the redistribution of van der Waals bonding forces among these nano-materials.
Two other clays including montmorillonite (MMT) and layered double hydroxide
(LDH) were examined and the UV-vis results revealed the Mica is the most effective
clay, because of its high aspect ratio and difference in geometric shape. The generated
CNT-Mica hybrids have an amphiphilic property and irreversibly dispersing in either
water or toluene, depending on the exposing order. According to the surfactant
principle of O/W and W/O micelle formation, we proposed an influencing factor for
the dispersion of nanomaterials and a new mechanism of geometric-shape controlling
non-covalent bonding attraction. Ultraviolet-visible spectrophotometer provided an
evidence of the micro-phase separation between CNT and Mica. Transmission
electron microscopy was used to verify the fine dispersion in an irreversible manner.
Sequentially, MWNT-Mica hybrid/PVA composites were prepared and demonstrated
a high thermal degradation temperature, from 300°C to 400°C at 50 wt% loss by the

standard TGA test.



1. Introduction

In 1959, Noble Prize winner in physics Richard Feynman stated “there is plenty
of room at the bottom”, and predicted the arrival of the nano-technological times.
However, with the progress of the scientific development, it is possible for human
being to observe tiny particles from milli-scale to micro-scale. Furthermore, during
1980 to 1985, the IBM Lab invented the scanning tunnel microscope (STM) and
atomic force microscope (AFM), which enable scientists to scrutinize the atomic
particles and motivated an interest in exploiting nano-materials. Moreover, the
nano-materials already originally exist in nature, for example, lotus effect and
magnetic nano-particles inside the bees for guidance system.

Up to the present, there are varieties of nanomaterials that had been discovered
and created. According to the geometric shape, those nano-materials can be classified
into three categories: two dimension materials (e.g. layered silicates, (Figure 1(a))),
one dimension materials (e.g. carbon nanotubes, (Figure 1(b))) and zero dimension
materials (e.g. Ceo, (Figure 1(c))). Among those nano-materials, carbon nanotubes
(CNT) exhibit superior chemical and physical properties and are expected to have

various applications such as conjugated polymer donor, field-emission display,

biosensor, fuel cell membrane, etc.

Figure 1. Mmorphology of nano-materials.(a) layered silicates', (b) carbon nanotubes?, (¢) Ceo.



However, CNTs have large surface area and strong van der Waals attractions
which resulted in large bundles and hindered the progress of many applications
(Figure 2).*° Several approaches of separating large bundles of CNT have been
developed, including oxidation, atom transfer radical polymerization (ATRP),
acylation-mediated amidation and carbodiimide-activated coupling, etc. Nevertheless,
most of them are involved in chemical modification of CNT surface through covalent
bonding at their side defect and destruction of the sp” structures in the graphite sheet
associated with the formation of new covalent bonds on CNT surface, which are
undesirable due to inevitable deterioration of the unique CNT properties. An
alternative method, without the deterioration, is developed by using physisorption and
ionic interactions. Surfactants and polymers are the most common materials for
non-covalent bond absorption of CNT. However, it is necessary to adsorption plenty
of surfactants or polymers in order to improve the dispersion of CNT. Recently, a
grinding process was applied in enhanced dispersion of CNT by introducing an
organic cation which was a room-temperature ionic liquid (RILs) were found and
upon being ground with CNT to form physical gels via cation-n interaction.®’
Whatever chemical modification or physisorption are utilized, the dispersion of CNT

can be improved greatly.

Figure 2. Entanglement of Carbon Nanotubes.



2. Overviews

2.1. Introduction of Carbon Nanotubes
2.1.1. Discovery of Carbon Nanotubes

The discovery of CNT can be traced back to the study of carbon clusters
(fullerene). In the 1990s, the Royal Swedish Academy of Sciences has decided to
award the 1996 Nobel Prize in Chemistry to Harold W. Kroto, Robert F. Curl and
Richard E. Smalley for the discovery of fullerenes (Figure 3(a)),8’9 which motivated a
flurry of interest in exploring fullerenes. Among the studies of fullerenes, lijima et al.
were the most famous. In 1991, when they prepared Cep by arc-discharge method,
they found long, thin cylinders of carbon by observation of high-resolution tunneling

electron microscopy (HR-TEM) and they named it carbon nanotubes (Figure 3(b))."°

Figure 3. Discovery of (a) Ceo*, (b) Carbon nanotubes'’.

2.1.2. Synthesis of Carbon Nanotubes

In general, there are three ways for synthesizing CNT, arc discharge method,
chemical vapor deposition (CVD) and laser ablation. Arc discharge method which
created a vapor between end-to-end carbon electrodes with or without catalyst was
reported by Ebbesen and Ajayan in 1992.'' CVD which resulted in MWNT or poor
quality of SWNT by placed substrate coated with catalyst (e.g. Fe, Co and Ni, etc.),

heated to 600°C and slowly feed a carbon gas (e.g. methane, etc) was reported by



Endo in 1993."* CNT, prepared from CVD, have a large diameter range, and it is a
favored commercial production because of the easiness to scale up. In laser ablation
technique, a high-power laser beam impinges on a volume of carbon-containing

feedstock gas, which was reported by Smalley’s group in 1995."° Both pulsed,'*'®

or
. 16,1 . . .
continuous'®'” laser beam were used to vaporize a graphite target in an oven filled

with helium or argon gas at 1200°C. After expansion and cooling rapidly, carbon

vapor condensed quickly and formed CNT.

2.1.3. Structure and Property of Carbon Nanotubes

The structure of CNT can be visualized by wrapping a one-atom-thin layer of
graphite (called graphene) into a seamless cylinder. According to the number of
graphite layer, there are two types of CNT, single-walled carbon nanotubes (SWNT,
Figure 4(a)) and multi-walled carbon nanotubes (MWNT, Figure 4(b)). Both SWNT
and MWNT can be classified by the chiral vector of graphite sheet (n,m), armchair
type, zigzag type and chiral type (Figure 5).'®
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Figure 4. Structures of CNT: (a) SWNT and (b) MWNT.
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Figure 5. Structures of CNT: (a) armchair type, (b) zigzag type and (c) chiral type."®

CNT have exceptional physical and chemical properties due to high aspect ratio
and a perfect structure of CNT which composed by sp” bond. The chemical reactivity
of CNT is directly related to the pi-mismatch and the perfect seamless structures.'”*
Similar to graphite and carbon black, CNT has extremely stable reactivity and
excellent thermal stability. The electric property of CNT is strongly affected by the

2122 1t was shown that

symmetry and unique electric structure of graphite sheet (n,m).
CNT (n,m) with 2n+m=3q (where q is an integer), then CNT are metallic, otherwise
the CNT are a semiconductor. In general, an armchair type (m=n) CNT are metallic,

and a zigzag type (m=q, n=0) CNT are 1/3 metallic and 2/3 semiconductor (Figure

6).2



Figure 6. The relation between graphite sheet and electric property of CNT.>

Due to the seamless and graphite structure, CNT have excessive tensile, high
compression and strong Young modulus in their axial direction. In general, the CNT
tensile is better than the steel and strong as a diamond. In Yakobson's research, the
mechanical property of CNT is influenced by the dimension, curvature of CNT and
ambient temperature.”** CNT are brittle at high strain and low temperature, while at
low strain and high temperature CNT can be completely or partially ductile.”**’ CNT
are expected to have excellent thermal conductivity due to the high crystalline and
large photon mean free paths.”®*’ Compared to the grapheme and diamond, CNT
have higher thermal conductivity. M. A. Osman et al. reported the thermal
conductivity of CNT also is affected by the CNT dimension and ambient temperature.
The CNT with large dimension have higher thermal conductivity.”® In J. Hone et al.
research, it showed the thermal conductivity is greatly depended on ambient

temperature and significantly reduce with the increasing temperature at 100 K~400

31,32,33
K-



2.2. Overview of Chemical Modification

- e - - . . 34,35,36,37,38
CNT has various applications such as biochemical medicine,”™ > """

39,40,41 42,43 44 45,46

nanocomposites, electro-optical materials and fuel development, etc.,
and a vital step in developing the technology and manipulation of CNT is to take
advantage of the rich chemistry. Up to the present, there are various chemical methods
for CNT modification, including Bingel reaction (Figure 7(a)),*’ cyclo addition

(Figure 7(b))*® and anionic polymerization (Figure 7(c)),*~>

etc. Among those
chemical methods, strong oxidation is the most useful and studied widely (Figure 7(d)

and (e)). Recently, both atom transfer radical polymerization (Figure 7(f)) and free

radical polymerization (Figure 7(g)) also are applied in CNT modification.

10
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Figure 7. Chemical modification of CNT: (a) Bingel Reaction, (b) Cyclo Addition, (¢)
Anionic Polymerization, (d) DCC-activated Reaction, (¢) Thionyl chloride-activated

Reaction, (f) Atom Transfer Radical Polymerization, (g) Free Radical Polymerization.
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2.2.1. Strong Oxidation

Taking advantage of the diversity of derivation, CNT can be modified and
controlled via extremely chemical approaches such as strong oxidation which was
first applied by R. E. Smalley et al.’’ CNT were functionalized by a 3:1 mixture of
concentration H;SO4/HNO; and polished by a 4:1 mixture of concentration
H,S0O4/H,0, at ambient temperature., which can form carboxylic acid groups on CNT
surface. Those carboxylic acid groups can be activated by N', N'-Dicyclohexyl
carbondiimide (DCC, Figure 7(d))**>** or thionyl chloride (Figure 7(e)),”>*>"*
etc., which can further react with alkylamine, alkyl alcohol, DNA or protein in order

to improve the dispersion of CNT for various studies.

2.2.2. Free Radical Polymerization

CNT, composed of sp® bonds, can be functionalized via free radical reaction
(Figure 7(g)).59’60 In W. T. Ford et al. researches, CNT can be modified by styrene
successfully via free radical polymerization.®' Taking the synthetic method using a
free radical polymerization, the modified CNTs maintain their reactivity for reaction

and enable to reserve the growing polymer radical chain end.

2.2.3. Atom Transfer Radical Polymerization (ATRP)

Recently, ATRP also was applied in modification of CNT. In W. Ford®*® and C.
Gao et a] 84966 research, CNT were functionalized by H,SO4/HNO; and activated by
thionyl chloride first and then alkyl halide grafted from the functionalized CNT.
Finally, alkyl halide-graft-CNT reacted with styrene monomer (or methyl
methacrylate monomer) and metal complex ligand via ATRP (Figure 7(f)). Compared
to free radical polymerization, ATRP is more controllable and also has low

polydispersity.

12



2.3. Overview of Physisorption

Although CNT can be fabricated by various chemical reactions and have been
used to achieve effective dispersion, it has found that those chemical techniques will
deteriorate the intrinsic properties of CNT. Physisorption which is an alternative has
proven capable of de-bundling CNT bundles and stabilizing individual tubes while
maintaining the CNT integrity and intrinsic properties. Two steps are involved with
physisorption---physical dispersion and mediate adsorption. The former, for example
ultrasonication, roll miller and screw-extruder, is used to redistribute van der Waals
bonding force among the CNT molecules. The latter, for instance surfactants,
polymers and protein, is used to disperse and prevent from flocculation of CNT

bundles.

2.3.1. Surfactants

Due to interaction between CNT and amine moiety, surfactants which contain
amine group are utilized for CNT dispersion.®”-**:® The major mechanism of
interaction between CNT and amine moiety is charge transfer.””’"’*" In addition,
surfactants with aromatic moieties, polar groups and alkyl segments are enable CNT
to adsorb more surfactants. In R. E. Smalley et al. researches,”* for the ionic
surfactant, sodium dodecylbenzene sulfonate (SDBS) gives the best dispersion of
CNT (20 mg/ml) and for nonionic systems, surfactants with higher molecular weight
suspend more CNT materials. I. J. Chung et al. reported surfactants with a lipophilic
group equal to and longer than decyl, containing 9 methylene groups and 1 methyl

group, contribute to the dispersion of CNT in water.””

13



2.3.2. Polymers

A supra-molecular approaches, polymer wrap, were applied in dispersion of CNT

76,77,78,79,80,81

via hydrophobic force or m-n stacking. Polymers contain rich aromatic

82,83

moieties are the best candidate, for example polystyrene and conducting

8485868788 " otc. Taking advantage of chemistry, polymers can be prepared and

polymer
tailored by chemical technique and be able to organize CNT into ordered network or

self assembly.”

2.3.3. Proteins

Applications in biology, for example biosensor, protein immobilization and
bio-electronic nano-materials, are great interest for scientists. The high
conformational compatibility of CNT and proteins, which are driven from unique
geometry and hydrophobic effect between CNT and proteins make CNT possible to

90 , 91

apply in biology (Figure 8). In the early research, streptavidin and

. .9293.94,95
metallothionein™""7"™

were chosen to study the interaction between proteins and
CNT. It was found that CNT can strongly interactwith proteins and can almost
completely be covered by proteins due to the rich hydrophobic segments on proteins.
Recently, G. R. Dieckmann and H. Musselman co-worked and designed a protein
contain a peptide which is enable to fold into an amphiphilic « -helix.”**”*® The
hydrophobic and hydrophilic segments of the helix were intended to interact

non-covalently with the aromatic surface of CNT and self assembly through hydrogen

bonds.

14



3. Materials, Experimental and Instruments

In my thesis, a new approach of CNT dispersion was developed by grinding
layer silicates, synthetic mica (Mica), with CNT and enhanced dispersion of CNT
remarkably in both hydrophobic and hydrophilic solvents. The other clays including
sodium montmorillonite (MMT) and layer double hydroxides (LDH) were examined.
All hybrids were prepared, examined and discussed as follows. Sequentially, a series

of polyvinyl acetate composites were prepared and measured.

3.1. Materials
(a) Multi-walled carbon nanotubes (MWNT)

MWNT was supplied by Seedchem Company Pty., Ltd. and prepared from
chemical vapor deposition (CVD). The carbon nanotubes are 95% in purity, average

40~60 nm in diameter and 0.5~10 um in length.

(b) Synthetic fluorinated mica (Mica)

The synthetic fluorinated mica (SOMASIF ME-100), with a chemical
composition of Si (26.5 wt %), Mg (15.6 wt %), Al (0.2 wt %), Na (4.1 wt %), Fe (0.1
wt %), and F (8.8 wt %) was obtained from CO-OP Chemical Co. (Japan). The
geometric structures of the pristine Mica are irregularly aggregated from the primary
units consisting of silicate platelets in stacks. The unit platelets are irregularly shaped
and ionic charges with SiO'Na'. Their average dimension was estimated to be
300x300x1 nm’.” Due to the presence of intensive ionic charge character, these
clays are capable of swelling in water and gelling at high concentration. Their
interlayer space between the neighboring platelets is commonly 1.2 nm d spacing (by
XRD measurement in dried powder).'” These silicate/aluminum oxide layers are

filled with exchangeable cationic metal counter ions,'®' titrated to be 1.2 mequiv/g.

15



(c) Sodium montmorillonite (MMT)

Sodium montmorillonite was supplied from Nanocor Co. The geometric
structures of the pristine MMT are irregularly aggregated from the primary units
consisting of silicate platelets in stacks. The unit platelets are irregularly shaped and
ionic charges with SiO'Na". Their average dimension was estimated to be 100x100x1

3 106
nm.

Due to the presence of intensive ionic charge characters, these clays are
capable of swelling in water and gelling at high concentration. Their interlayer space
between the neighboring platelets is commonly 1.2 nm d spacing (by XRD

measurement in dried powder).'"” These silicate/aluminum oxide layers are filled with

exchangeable cationic metal counter ions,' titrated to be 1.2 mequiv/g.

(d) AIMgO _NO; layered double hydroxide (LDH )

LDH were prepared by a co-precipitation process according to the previously
reported procedures. 12 A mixture of Mg(NO3),6H,O (120 g, 0.48 mol) and
AI(NO3)3-9H,0 (90 g, 0.24 mol) was dissolved in 1-liter deionized water (the Mg/Al
molar ratio was 2.0). The aqueous solution was vigorously stirred at 60°C under
nitrogen purge in order to minimize contamination with atmospheric CO,. The pH
was maintained at 10 + 0.2 by portion-wise addition of 4 N NaOH. The resulting
suspension was stirred at 60°C for 16 h. The white precipitate was isolated by
filtration and washed thoroughly with deionized water. The X-ray diffraction (XRD)
showed a basal spacing of 7.8 A. The clays have average dimension LDH
(200%200x 1 nm®).

(e) Polyvinyl Acetate (PVA)
Polyvinyl alcohol which was supplied by Aldrich Co. was 98~99% hydrolyzed
with a molecular weight ca 83000. Solutions of PVA was made stirring appreciate

quantities of PVA and deionized water at > 90°C for at least 3 hours.

16



(f) Solvents

Solvents such as ethanol, isopropyl alcohol (IPA), acetone, 2-butone (MEK),
tetrahydrofuran (THF), toluene, dimethyl formamaide (DMF) and dimethyl
aceticamide (DMAC) were used as received. Deionized water (18.2 MQ) was

produced by a Millipore Milli-Q Plus Ultra Pure Water system.

17



3.2. Experimental

A. New Method of Dispersing MWNT
All experiments were described as below:

Pristine MWNT

Layered Silicates

A-1 Preparation of MWNT-Clay Hybrid

The procedure of preparing MWNT-Mica hybrid (MMH) is exemplified below.
MWNT (0.06 g) and Mica (0.06 g) were ground adequately in an agate mortar and
pestle. The sides of the mortar were occasionally scraped down with the pestle during
grinding to ensure a thorough mixing. The mixture was washed from mortar and
pestle using deionized water at concentration of 1 mg MWNT/20 g water. The
MWNT-Mica hybrid were prepared at weight ratios, clay/MWNT or a ratio = 0.33,
0.5, 1, 2 and 3. MWNT-MMT hybrid and MWNT-LDH hybrid were prepared as
same procedure described above. MWNT-MMT hybrid (MTH) were prepared at o =

1,2,3,4,5, 6 and 7. MWNT-LDH hybrid (MLH) were prepared at o = 1, 2, 3, 5 and

7.
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A-2 Dispersion of MWNT-Clay hybrids in solvents

Different weight ratios of MWNT-Clay were dispersed in 20 g deionized water
by shaker or ultrasonication. All hybrids were dispersed in water at various
concentrations (1x10°~5x10 wt %). The suspension of MWNT-Mica hybrid was
heated (20~80°C) by a hot plane with magnetic stirrer and then analyzed by UV-vis
spectrometer. The dispersion of MWNT-Mica hybrid in common solvents and the
control experiments were exemplified below. Mica (2 mg), MWNT (1 mg) and
MWNT-Mica hybrid (3 mg at a=2) respectively dispersed in 20 g solvents such as
water, ethanol, IPA, acetone, MEK, THF, toluene, DMF and DMAC by a shaker or
ultrasonication (BRANSON 5510R-DTH 40 Hz) for 2 min
A-3 Amphiphilic Property and Irreversible Dispersion of MWNT-Mica hybrid

Ternary mixtures of the MWNT-Mica hybrid were examined for the dispersion
ability in water and toluene in different order of addition. In the first example, the
hybrid of CNT-Mica (3 mg at a = 2) was dispersed in 7.5 g water first, thoroughly
dispersed and then added with 7.5 g toluene. I example, the hybrid was dispersed in
toluene, homogeneous mixed and then added with water. During the mixing,

ultrasonic vibration was applied.

19



B. PVA Nanocomposites
Preparation of Mica-PVA, MWNT-PVA and Hybrid-PVA composites were described

as below.
Method I

| dlsperslon Ultra-sonic bath
or \

Pristine Pristine M\VI\T Mica
MWNT  Mica hybrid 2 wt% PVA 2LuLS Bl

Method 11

2. Ultra-sonic

%‘ + _Grind % ré& 1. Hydrated (>90°C)

Pristi}w PVA particle MWNT-pvA  Bath (Rt)  Suspension
MWNT hybrid

Method I.

Mica powder, pristine Mica and MWNT-Mica hybrid (a0 = 2) powder was
dispersed in PVA solution (2 wt %) by ultrasonication (BRANSON 5510R-DTH 40
Hz) for 2 min. All suspensions were heated by an oven at 80°C for 3 hours and then
dehydrated by an oven at 80°C for 2 hours. Hybrid-PVA composites were prepared at
hybrid/PVA weight fractions of 1.5, 3, 9 and 15 wt%. Mica-PVA composites were
prepared at Mica/PVA weight fraction of 1, 2, 4, 6 and 15 wt%. MWNT-PVA
composite was prepared at MWNT/PV A weight fraction of 0.5 wt%.

Method 1.

Pristine MWNT powder was pulverized with PVA powder in an agate mortar
and pestle. The sides of the mortar were occasionally scraped down with the pestle
during grinding to ensure a thorough mixing. All hybrids were dissolved in deionized
water at > 90°C for at least 3 hours and then dehydrated by an oven at 80°C for 2
hours. MWNT-PVA composites were prepared at MWNT/PVA weight ratios of 0.5, 1,

3,5 and 15 wt%.

20



3.3. Instruments

(a) Ultraviolet-visible Spectrometer (UV-vis)

The dispersions of MWNT-Mica hybrid in deionized water were analyzed by
using an optical absorption at 550 nm on a Perkin-Elmer Lambda 20 UV-vis
spectrophotometer. Variables of concentration, temperature and time are taken into

account and discussion.

(b) Thermal Gravimetric Analyzer (TGA)

First, samples were dried in a vacuum for 24 h at 120°C. After dehydration, 3~8
mg sample was placed at platonic pan and then the pan was sent into TGA furnace.
TGA was performed by using a Perkin Elmer Pyris 1, with a temperature gradient that

ramped from 100 to 800°C at a rate of 10°C/min.

(c) X-ray Diffraction (XRD)

First, samples were coated on a glass substrate and then dehydrated in a vacuum
for 24 h at 120°C. XRD was recorded on a Schimadzu SD-D1 diffractometer with Cu
target (k =1.5405 A) at a scan rate of 2°/min (0>2°). The basal spacing (n=1) was
calculated according to Bragg’s equation (nA=2dsin0) through the observed peaks of

n=2, 3, etc.

(d) Field-Emitting Scanning Electron Microscopy (FE-SEM)

First, samples were dehydrated in a vacuum for 24 h at 120°C and then adhered
by carbon tape. Finally, Au coating was carried out for the samples before the
FE-SEM measurements. FE-SEM images were obtained from a JEOL JSM-6700F
SEM system.

(e) Transmission Electron Microscopy (TEM)
MMH which were suspended in deionized water or toluene at 0.01 wt% was
dropped onto a carbon-coated copper grid and dried at ambient temperature. TEM

was performed on a Zeiss EM 902A operated at 120 kV.

21



4. Results and Discussion
4.1. Preparation of MWNT-Mica hybrid

According to the geometric conception, we developed a convenient method for
MWNT to directly disperse in water. An inorganic material, silicate platelet, which
have large difference of geometric shape from tube shape of MWNT are enable to
redistribute the van der Waals attractions between MWNT molecules through
grinding method. Dispersions which are involved with difference of geometric shape

are named geometric shape dispersion (Figure 9).

Grinding Process

Silicate Platelet

MWNT

Figure 9. Conceptual Representation of Geometric shape dispersion

As described above in the experimental section, MWNT-Mica hybrid were
prepared by grinding MWNT with Mica at weight ratios, o = Mica/MWNT = 0.33,
0.5, 1, 2, 3. The resultants were investigated by FE-SEM and XRD. In the
observations of FE-SEM, it showed that MWNT and Mica were mixed completely

and became almost homogeneous (Figure 10).
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Figure 10. FE-SEM morphology of (A) pristine MWNT, (B) pristine Mica, (C) and
(D) MWNT-Mica hybrid (a =2).

MWNT-Mica hybrid were examined by XRD in order to examined the layered
structures of Mica were not destroyed by MWNT or grinding process. The results
showed that the feature peak of Mica appeared at 20 = 7.1 and d-spacing was 12 A,
indicated that the layer structures of Mica still maintain (Figure 11(A) and (B)). Due
to the increase of Mica weight amount to hybrids, the following intensity of various
MWNT-Mica hybrids was observed: MWNT-Mica hybrids (a0 = 3) > MWNT-Mica
hybrids (o = 2) > MWNT-Mica hybrids (oo = 1) > MWNT-Mica hybrids (a0 = 0.5) >

MWNT-Mica hybrids (a0 = 0.33).
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Figure 11. XRD of pristine Mica (A) and MWNT-Mica hybrids (B).
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4.2. Dispersion of MWNT-clay hybrids in Water

The CNTs are in tubular shape and constituted of all conjugate sp” orbital bonds.
Due to the high aspect-ratio dimension of 40~60 nm in diameter and 0.5~10 pm in
length, the materials are easily aggregate and difficult to disperse in common organic
solvents. The aggregation is mainly cause by the same nanoparticle van der Waals
force attraction. However, when MWNT were ground with the inorganic clays,
particularly the large platelet mica, their aggregation forces are minimized. The
nanotubes were finely dispersed in a homogeneous manner. Initially, it was found that
the MWNT-Mica mixtures at more than 1:1 weight ratio or a>1 could be easily
dispersed into deionized water. As shown in Figure 12, it is visually observed that the
black CNT dispersed homogeneously in water when the MWNT-Mica ratios are more
than one. With increasing MWNT amounts or decreasing the use of Mica, the
effectiveness of dispersion significantly diminished. For example, at the hybrid of a <

0.5, the black MWNT are mostly precipitated at the bottom of bottle.

Figure 12. Visual observation of MWNT-Mica hybrids dispersion in water. (1 mg
MWNT/20 g water; a = weight ratio of clay over MWNT in the ground hybrids)
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The dispersant ability was further confirmed by analyzing the suspension by
using a UV-visible spectrometry. In Figure 13, the relative absorption at 550 nm
increases with the increasing weight amount of Mica addition to the hybrids,

103, 104 .
’ The increase has reached a

indicating the MWNT dispersion in water.
maximum for the ratio of MWNT-Mica approaching o = 2-3. The result implies the
Mica has played a role for affecting the CNT dispersion but the effectiveness may

have a limitation. It is visualized that the pristine tubular aggregation has been

minimized but replaced by the interaction between CNT and Mica.

Concentration of pristine Mica (107 wt%)
1.65 2.5 5 10 15
1.2 1 M 1 M 1 M 1 M 1

MWNT-Mica hybrid

0.8 4

0.6 4

Absorption

0.4 4

0.2 4

Pristine Mica

0.0 T J y T y T y

Figure 13. UV-vis spectra absorption of various weight ratios of MWNT-Mica
hybrids and pristine clay dispersed in water. (1 mg MWNT/20 g water; a = weight
ratio of clay over MWNT in the ground hybrids)
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The dispersion solution of MWNT-Mica hybrid (a=2) was separated into several
portions and diluted to different concentration, and their absorption spectra were
measured (Figure 14). The absorption spectra were dependent on the solution
concentration of MWNT-Mica hybrid (¢=2) in a linear fashion and following the

Lambert-Beer’s Law.

0.8

0.5 4 [ |

0.4 - |

0.3 4 /

0.1 4

Absorption

DU T T T T T T T T
0 1 2 3 4

Conccentration ( 10° wt %)

Figure 14. UV-vis absorption of MWNT-Mica hybrid (o = 2) in water with different

concentrations.
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In order to understand the nature of MWNT-Mica interaction, two other clays
including montmorillonite (MMT) and layered double hydroxide (LDH) were
examined. The clays with different average dimension, MMT (100x100x1 nm’®) and
LDH (200x200x1 nm®), were compared with Mica (300x300x1 nm’) for their ability
of rendering MWNT dispersion. MWNT-MMT and MWNT-LDH hybrids were
prepared by using the same approach as described previously and all suspensions of
the two hybrids rendered the same manner as dispersion behavior of MWNT-Mica
hybrid (Figure 15(A) and (B)). The MWNT-MMT and MWNT-LDH mixtures at o> 3

and a.>2, respectively, could be easily dispersed into deionized water.

Figure 15. Visual observation of MWNT-clay hybrids dispersion in water: (A)
MWNT-MMT hybrids and (B) MWNT-LDH hybrids. (I mg MWNT/20 g water; o =
weight ratio of clay over MWNT in the ground hybrids)
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The dispersant ability was further confirmed by a UV-visible spectrometry. In
Figure 16 and Figure 17, the relative absorption at 550 nm increases with the
increasing weight amount of MMT and LDH addition to the hybrids, indicating the

110,111 . . .
7 The increase has reached a maximum at the ratio

MWNT dispersion in water.
approaching a = 6-7 for MWNT-MMT and a = 2-3 for MWNT-LDH. The absorption
of MWNT-MMT and MWNT-LDH hybrids is also depended on the solution

concentration in a linear manner, following the Lambert-Beer’s law (Figure 18).

Concentration of pristine MMT (107 wt%)
5 10 15 20 25 30 35

1849 (A
@) MWNT-MMT hybrid

Abgsorption

0.8 1

0.6 4

0.4 - Pristine MMT

0.2 4

G.D T T T T T T T T T T

Figure 16. UV-vis spectra absorption of various weight ratios of MWNT-MMT
hybrids and pristine clay dispersed in water. (1 mg MWNT/20 g water; o = weight

ratio of clay over MWNT in the ground hybrids)
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Figure 17. UV-vis spectra absorption of various weight ratios of MWNT-LDH
hybrids and pristine clay dispersed in water. (1 mg MWNT/20 g water; o = weight
ratio of clay over MWNT in the ground hybrids)
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0.6
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00— T T T T 1

Concentration of hybrids (10~ wt%)
Figure 18. The linear dependence of the absorption at 550 nm on concentration of
MWNT-MMT (0=6) and MWNT-LDH hybrid (a=2).
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On the basis of UV-vis analysis (Figure 19), the Mica is the most effective clay
perhaps due to its high aspect ratio and difference from the MWNT geometric shape
(Figure 20). In view of their ionic charges, the LDH is anionic clays consisting of
surface cationic charges and nitrate anionic species as the counter ions. The opposite
charge distribution on the clay surface (SiONa" for MMT and Mica) may be the
second reason for the lower ability of interacting with MWNT (Figure 21). It seems
that the advantage of Mica shape difference from MWNT is the most effective factor

for controlling the MWNT dispersion in water.

18
{ —=— MWNT-Mica hybrid e
16 4 —e— MWNT-MMT hybrid ~—
1 —— MWNT-LDH 11}'b1*id /
= |—»— MWNT-LDH hybrid (ultrasonication) /
1.2 4 -
s o —
- PR
E ey
-,

. T . T ) T ) T : T : y
0 1 2 3 4 5 6 7

Weight ratios of clay/ MWNT (o)
Figure 19. UV-vis spectra absorption of various weight ratios of MWNT-clay hybrids
dispersed in water. (1 mg MWNT/20 g water)
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4.3. Stability of suspension and Influence of Temperature on MWNT Dispersion
Compared to other clays, Mica is the most effective clay for MWNT dispersion
due to its high aspect ratio and surface charge. For further application, the stability of
MWNT suspension must be considered. As shown in Figure 23, UV-vis spectrometer
of absorbance against time is established for MWNT at the wavelength of 550 nm. It
revealed that the absorption of the MWNT-Mica (1mg-2mg in 20 ml solvent) is
significantly higher when the mixing process involved with ultrasonication. However,
both dispersions are relatively stable over 2 h settlement but with a slightly decreasing

in absorption.

1.2

1.0 4

0.8 4
k
g 06-
=1
o
L
=

0.4 4

0.2

|—=— MWNT-Mica hybrid in water (shaker)
00 —&— MWNT-Mica hybrid in water (ultrasonication)
- | ' | ' | ' 1 i 1 i 1 i 1
0 20 40 60 80 100 120
Time (min)

Figure 23. Stability of MWNT-Mica hybrid (o0 = 2) dispersion in water.
(3 mg MWNT-Mica hybrid /20 g water)
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In polymer process, temperature variable is the major control factor for whole
procedure. The influence of temperature on MWNT dispersion was examined. 3 mg
MWNT-Mica hybrid (o = 2) dispersed in 20 g water. Based on UV-vis spectrometer,
the absorption of the MWNT suspension is very stable and maintained the same value

at 20°C~60°C, but with a slightly decreasing at 60°C~80°C (Figure 24).

20
15 -
-.E ] | ]
[al B |
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Figure 24. The influence of temperature on MWNT-Mica hybrid (o = 2) dispersion.
(3 mg MWNT-Mica hybrid /20 g water)
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4.4. Dispersion of MNT-Mica hybrid in Solvents

For comparison, Mica itself can be easily dispersed in common solvents,
including H,O, ethanol, isopropyl alcohol (IPA), acetone, methyl ethyl ketone (MEK),
tetrahydrofuran (THF), dimethyl formamide (DMF), dimethyl aceticamide (DMAC)
and toluene, at the concentration of 2 mg/20 ml without sedimentation, while the CNT
is not dispersible particularly in water. Summarized in Table 4, the results indicate
that the MNT-Mica hybrid after thoroughly grounding and ultrasonation become

dispersible.

Table 4. Dispersion of MWNT, Mica and MWNT-Mica hybrid in various solvents.

Solvents Mica' MWNT? MWNT-Mica hybrid*?
H,O O X O
Ethanol O A* O*
IPA O YA 4 O*
Acetone O £ O*
MEK O A O*
THF O AN O*
DMF @ A O
DAMC O ANy O
Toluene O A* O*

O : Dispersed well by shaking only, /\* : Dispersed sluggishly, even by both shaking and ultrasonic
procedures, x : Poor dispersion or sedimentation, *: Dispersed by shaking and ultrasonication,
' 2 mg pristine Mica dispersion in 20 g solvents, > 1 mg pristine MWNT dispersion in 20 g solvents, ° 3

mg MWNT-Mica hybrid (o = 2) dispersion in 20 g solvents.
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Furthermore, the optimal weight of MNT-Mica hybrid (o = 2) dispersion in
solvents also were estimated (Figure 25). The optimal weight for dispersion is 3 mg
hybrid in 1 g water, 75 mg hybrid in 1 g DMAC and 80 mg hybrid for 1 g DMF. The
result showed that the dispersion of DMF and DMAC are better than water.
Compared to the chemical structures of solvents, the excellent dispersion of DMF and
DMAC perhaps was due to the amide group. The favorable interaction between
MWNT and alkyl amide solvents may account for the polarizability and the optimal

s 105
geometries.

100 4 | o

E /N x:'r"o >—

90 .

dimethyl formamide N\
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Figure 25. Optimal weight of MWNT-Mica hybrid (o = 2) dispersed in solvents.
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4.5. Amphiphillic Nature of MWNT-Mica Dispersion and Irreversible Dispersion
Phenomenon

It was found that the MWNT-Mica hybrid (o = 2) are amphiphilic for dispersing
in polar and non-polar solvents. Furthermore, the dispersing property is irreversible
depended its sequence of exposing to either water or toluene first. In Figure 23, there
exhibited two different types of dispersions but derived from the same batch of
MWNT-Mica ground powder (o = 2). When the hybrid was dispersed in water first
and followed by the toluene addition, the black MWNT-Mica settlement appeared in
water phase as shown in Figure 26(A). (Supporting information A: showing the fast
toluene/water settling). By mixing to the toluene/water in a reverse order, the same
hybrid powder was dispersed first in toluene and then water, each step with agitation
by ultrasonication. This time the suspension favored the toluene phase but leaving the

bottom water as clear and transparent (Figure 26(B)).

Toluene Phas

Water Phase

Figure 26. Irreversible dispersion of MWNT-Miac hybrid (o =2) in
(A) water phase, (B) toluene phase.
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The water and toluene suspensions were examined by TEM (Figure 27). In the
water suspension from the sample of Figure 26(A), individual MWNT and well
dispersed Mica can be observed (Figure 27(A)). The enlarged TEM shows the
primary structure of MWNT which is coated by Mica (Figure 27(B)). Since MWNT is
considered to be hydrophobic and Mica is hydrophilic, the CNT-Mica arrangement is
like an oil-in-water micelle structure and thus stable in water as the continuous phase.
On the contrary, when the MWNT -Mica was dispersed in toluene, the Mica layer was
diffused into the inner aggregation and MWNT appeared in the surrounding phase
(Figure 27(C)). The higher magnification of TEM shows the primary structure of

MWNT without the Mica coating (Figure 27(D)).

(A) (B)

—» «— Mica layer (15 nm)

p 4
N
/" "

CNT diameter (40 nm)

500 nm 200 nm
(©) (D)
/’
/)'
CNT diameter (40 nm)
500 nm 200 nm

Figure 27. TEM observations of hybrid (o = 2) in water (A, B) and toluene (C,D)
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4.6. Mechanism of Geometric Shape Influencing Dispersion.

According to the observation of amphiphilic dispersion in water or toluene and
TEM observation, we proposed a mechanism to account for these dispersing
phenomena, conceptually illustrated in Figure 28. Since Mica is hydrophilic and
swelled easily in water, its interaction with CNT may consequently mitigate the
original van der Waals attractions and thus the entanglement of the nanotubes. Due to
the geometric shape difference, the interference may well derive from the steric

hindrance between the fiber-like CNTs and platelet-like Mica clays.

' Grinding process ‘—\ Exposing order|
clay \

CNT-clay hybrld

CNT

Water-in-0il (W/O)

Figure 28. The mechanism of geometric shaped dispersion.
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According to the surfactant principle of O/W and W/O micelle formation, a
mechanism of geometric shaped dispersion was proposed and further verified by TGA.
As shown in Figure 29, Pristine Mica has a good thermal stability below 800°C, while
pristine MWNT is unstable above 550°C. The hybrid (MMH2) has the same thermal
stability as pristine MWNT and behaves unstable under 550°C. Hybrid from the same
bath were dispersed in toluene and water, and sequentially separated from mediates
by filter in vacuum. MMH2 which obtained from toluene and water mediate were
examined by TGA and the following thermal stability was observed: MMH2 (water)
> MMH2 > MMH2 (toluene). The results proved that the conformation of
MWNT-Mica hybrid is enable to be manipulated and forms Mica-MWNT and

MWNT-Mica (core-shell) micelles.

1[}[} R T e o et :F:I:l S:?_:[}_e_;?:h:_c_a

. / N - MMH?2 (water)

80 A
— ] MMH?2 (toluene) N VMR
ey o
g %1
& 50 -
=
5 401
2
= 30 -

20 4

10 -

' Pristine MWNT
D' T T T T T r - .

T T T T T T T
100 200 300 400 500 600 700 800

Temperature (C)
Figure 29. Thermal analysis of MWNT, Mica and MWNT-Mica hybrid (o = 2).
(Temperature gradient is 10°C/min in air flow, MMH2 is MWNT-Mica hybrid (a. = 2),

MMH2 (toluene) is MMH2 suspense in toluene then separated by filter in vacuum,
MMH?2 (water) is MMH2 suspense in water then separated by filter in vacuum)
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4.7. PVA Composites
PVA composites were prepared as described previously. MWNT-Mica hybrid

can easily disperse in PVA solution via the conception of geometric shaped dispersion
(O/W type dispersion), and the suspensions were black, viscous and homogenous
(Figure 30(A)). Mica can easily suspend in PVA solution due to the hydrophilicity of
Mica, and formed a white cloudy, viscous and homogeneous suspension. The
geometric conception was also applied in the dispersion of pristine MWNT in PVA
solution (Figure 31 and Figure 30(C)). Compared to Figure 30(C), MWNT without

grinding with PVA were difficult to disperse (Figure 30(D)).

2 | D B uEaas
1 'Hybr' PVA Sispensionk j B e ( | MWNT PVA Suspensions
Pva ' :

15wit% Iwi% 9wile 15 wi% 0.5 wi% 1 wi% 3 wi% 5 wit%o

Figure 30. PVA suspensions: (A) Hybrid-PVA suspensions, (B) Mica-PVA
suspensions, (C) and (D) are MWNT-PVA suspensions. ((A), (B) and (D) were
prepared through Method I and (C) were prepared through Method IT)

Grinding Process

CNT-PVA hybrid (idea state)

PVA Coil Particles (idea state)
Figure 31. Conceptual presentation of CNT-PVA hybrid.
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After hydration, the PVA composites were obtained and thermo-oxidative
stability was examined by using a TGA (Figure 32). The hybrid-PVA composites had
a slightly lower thermal degradation temperature than the pristine PVA, however,
beyond the 50 wt% thermal degradation temperature under air atmosphere, the
MWNT-Mica hybrid started to play a role for stabilizing the PVA matrix and the
degradation temperature greatly delayed from 300°C (pristine PVA) to 400°C (15
wt% hybrid). The thermo-oxidative stability of Mica-PVA composites and
MWNT-PVA hybrid composites were shown in Figure 33 and Figure 34. Both had a
slightly lower thermal degradation temperature than the pristine PVA and a slightly
delay beyond 50 wt% loss under air flow. Above 450°C, the thermo-oxidative
stability of Mica-PVA and MWNT-PVA composites decayed with the increasing

amount of Mica and MWNT.
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Figure 32. TGA of MWNT-Mica hybrid dispersed in PVA.
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Figure 33. TGA of Mica dispersed in PVA.
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Figure 34. TGA of MWNT dispersed in PVA.
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Hybrid-PVA composites were compared with Mica-PVA and MWNT-PVA
composites (Figure 35). At low concentration loading, all composites had the same
thermo-oxidative stability below 350°C, however, hybrid-PVA and Mica-PVA
composites had a delay from 450°C to 550°C (Figure 35(A)). At middle amount
loading (Figure 35(B) and (C)), the Hybrid-PVA composites had better
thermo-oxidative stability than the others. At higher loading, the Hybrid-PVA
composites had excellent thermo-oxidative stability due to the well dispersion and
appreciate loading of MWNT-Mica hybrid. Based on the same loading, the
Hybrid-PVA composites still have better thermo-oxidative stability than Mica-PVA
and MWNT-PVA composites (Figure 36).
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Figure 35. Thermo-oxidative stability of pristine PVA, Hybrid-PVA composites,
Mica-PVA composites and MWNT-PVA composites.
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Figure 36. Thermo-oxidative stability of pristine PVA, Hybrid-PVA composites,
Mica-PVA composites and MWNT-PVA composites base on the same loading.
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5. Conclusion

A convenient dispersion method was developed by grinding MWNT with Mica
into fine powder and followed by ultrasonication to disperse the MWNT-Mica
hybrid. The combined nanomaterials exhibit a unique amphiphilic property,
dispersible in hydrophilic and hydrophobic solvents but depending on the solvent
exposing order. The MWNT -Mica hybrid is amphiphilic for both solvent, however,
irreversible in process. A proposed mechanism of forming MWNT-Mica and
Mica-MWNT core-shell micelles, resembling to the microphase separation of
oil-in-water and water-in-oil surfactant micelles, is proposed. The MWNT-Mica
hybrid-PVA composites were demonstrated and had a delay of degradation from 300
to 400°C at 50 wt% loss. The MWNT dispersion without using a common organic
dispersant could broaden up the nanomaterial applications such as self-assembly,
energy development (e.g. fuel cell and hydrogen storage, etc), nanocomposities (e.g.
polyvinyl acetate, conducting polymer and epoxy resin, etc.) and bio-medical sensor,
etc. Furthermore, the uses of materials with different geometric shapes for dispersion
also can be applied in the dispersion of cement, carbon black, TiO, particles and

pigments, etc.
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