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Micellar microstructures of carbon nanotubes (CNTs) with clay platelets were formed by physically pulverizing
both materials in powder form. The resultant CNT—clay mixtures were enabled to decrease the level of
aggregation of the CNTs from their original state in water as well as in organic mediums including toluene,
dimethylformamide, and ethanol. The presence of clay significantly enhanced the CNT dispersion in the
following trend: anionic synthetic fluorinated mica (300 x 300 x 1 nm?) > anionic sodium montmorillonite
(80 x 80 x 1 nm® > cationic layered double hydroxide (200 x 200 x 1 nm?). Both geometric dimensions
and ionic charge could be the predominant factors for decreasing the CNT entanglement. The CNT—Mica
demonstrated an amphiphilic property for dispersing in water and toluene, but in an irreversible manner. It
is explained that the original CNT and clay’s noncovalent bonding forces are randomized during the contact
with solvent. The formation of micellelike microstructures, resembling oil-in-water and water-in-oil surfactants,
was proposed. Ultraviolet—visible absorbance and transmission electronic microscopy have verified the
existence of two different microstructures, which also exhibited differences in thermal stability (600 vs 650
°C onset temperature) by thermal gravimetric analysis as well as electrical conductivity (10™* vs 107¢ S/cm).

Introduction

Carbon nanotubes (CNTs) are expected to exhibit superior
chemical and physical properties because of their high aspect
ratio dimension and the conjugated character of individual
tubes.! ™ Due to their unique conducting properties, numerous
applications were demonstrated.’~® However, the tube-shaped
CNTs tend to aggregate through their lengthy geometric shape
and strong van der Waals force attraction, which may conse-
quently hinder their uses in many applications. To overcome
these problems, covalent functionalization was proposed to
improve the CNT dispersion or reduce their aggregation. The
following approaches are commonly used to functionalize CNTs:
oxidation,”!” atom transfer radical polymerization,'"'> acylation-
mediated amidation,'*!* and carbodiimide-activated coupling.'>!®
Nevertheless, most of these processes involve an organic
covalent bonding reaction which consequently destroys the sp?
structure in the graphite sheet. Hence, the covalent-bonding
modification may be disadvantageous due to the possible
destruction of the unique CNT structure. Alternative methods
by using noncovalent bonding modification are desired. Suitable
surfactants,'”~” polymers,?*~2? and biomolecules?*~? are com-
monly applied for the CNT surface interactions for the purpose
of easy dispersion. More recently, room-temperature ionic
liquids were found to be effective for dispersing CNTs by
physical grinding to form gels through cation—g interaction.?%?’

Herein, we reveal a unique nature of dispersing behavior for
a pulverized CNT/clay mixture and development of a convenient
method for minimizing the CNT aggregation without using
organic dispersants. In particular, a synthetic fluorinated mica
clay is most effective due to its large plate size and anionic
property. Through the simple physical mixing of two nanoma-
terials of different geometric shapes, tubelike CNT and platelike
silicate clays, the mutual interaction affects their inherent self-
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aggregating forces. The CNT—clay hybrid is dispersible in most
common organic solvents including water and toluene. The
possible formation of micellelike microstructures of the
CNT—clay mixture is postulated and their existence is indirectly
proven by measuring thermal and electronic properties. A
mechanism involving the factor of geometric-shape difference
and mutual exclusion of noncovalent bonding interaction among
the pristine nanoparticles is proposed to account for this
dispersion preference.

Experimental Section

Materials. Carbon nanotubes were supplied by Seedchem
Company Pty., Ltd., and prepared from chemical vapor deposi-
tion. The CNTs are 95% pure containing 5% catalyst (Fe, Co,
and Ni). The dimensions of a CNT are 40—60 nm in diameter
and 0.5—10 gm in length. To realize the influence of the aspect
ratio of layered silicate clays, three kinds of clays were selected
for comparison. Synthetic fluorinated mica (Mica) was obtained
from CO-OP Chemical Co. (Japan). Sodium montmorillonite
(MMT) was supplied from Nanocor Co. The geometric struc-
tures of the pristine anionic clays, Mica and MMT, are
irregularly aggregated with the primary units consisting of
silicate platelets in stacks.?® The unit platelets are irregularly
shaped and have ionic charges with =SiO"Na™. Their average
dimensions were estimated to be approximately 80 x 80 x 1
nm® for MMT and 300 x 300 x 1 nm? for Mica. Due to the
presence of an intensive ionic charge character, these clays are
hydrophilic and swelling or gelling in water.?’ With similar
platelet structure but a charge-opposite cationic character, the
clay of [MgsAl,(OH);6]CO5+4H,0 (layered double hydroxide,
LDH) was prepared for comparison. The Mg—Al LDH is a clay
with cationic layers which are balanced by anions such as
carbonate and water molecules.’*3! LDH clay with an average
dimension of 200 x 200 x 1 nm? was prepared according to
the procedures reported previously in our laboratories.*?
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Preparation of CNT—Mica Hybrid. The procedure of
mixing Mica—CNT hybrid is exemplified below. CNTs (1 mg)
and Mica (1 mg) 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 the mortar and pestle
using deionized water at concentration of 1 mg of CNTs in 20 g
of water. The Mica—CNT hybrids were prepared at clay-to-
CNT weight ratios, or a values, of 0.33, 0.5, 1, 2, and 3.

Amphiphilic Dispersion in Organic Solvents or Water.
Ternary mixtures of the Mica—CNT hybrid were examined for
the dispersion ability in water and toluene in different orders
of addition. In the first example, the hybrid of Mica—CNT (2.0
mg/1.0 mg or a = 2) was added to 7.5 g of water first,
thoroughly dispersed, and then added to 7.5 g of toluene. In
the second example, the hybrid was dispersed in toluene,
homogeneously mixed, and then added to water. During the
mixing, ultrasonic vibration was applied for 2 min. Ultrasoni-
cation was operated on a BRANSON 5510R-DTH (135 W, 42
kHz).

Characterization. Ultraviolet—visible (UV—vis) absorbance
was measured by a Perkin-Elmer Lambda 20 UV —vis spectro-
photometer at 550 nm. Transmission electron microscopy (TEM)
was performed on a Zeiss EM 902A at 120 kV. Samples were
prepared by drop-coating sample solution (0.01 wt %) on a
copper target and evaporation under vacuum at ambient tem-
perature for 1 h. Field emission scanning electron microscopy
(FE-SEM) images were obtained from a JEOL JSM-6700F SEM
system. The samples were coated with Au before the FE-SEM
measurements. Thermal gravimetric analysis (TGA) was per-
formed on Perkin-Elmer Pyris 1 TGA from 100 to 900 °C in
air to examine the thermal stability of clay—CNT hybrid. The
conductivity of the hybrid was measured by a four-terminal
technique (ASTM F390). The preparation of standard specimens
for conductivity is described as following. The clay—CNT
hybrid (0. = 2) was dispersed in toluene or water, dropped on
a glass surface (20 x 20 mm), and then dried in an oven at 80
°C.

Results and Discussion

Clays Affecting the CNT Aggregation. The tubelike CNTs
are composed of conjugated sp? orbital bonds. Due to the high
aspect ratio dimensions of 40—60 nm diameter and 0.5—10 um
length, the materials tend to aggregate and are difficult for
solvating into water or organic solvents. The self-aggregation
and entanglement are mainly caused by van der Waals force
attraction. However, when CNTs were properly ground with
platelike clays such as the fluorinated mica, the pulverized
powders as a physical mixture became readily dispersible in
water. The grinding procedure for the preparation can be
monitored by the FE-SEM image. As shown in Figure 1, the
heterogeneous mixtures were observed after grinding 1 min
(Figure 1a), and homogeneity was obtained after grinding 5 min
(Figure 1b).

The CNT aggregation was significantly minimized by com-
pounding CNT with the clays at varied weight ratios. Initially,
it was found that the Mica with CNT at 2:1 weight ratio, or a
= 2 (defined as the weight ratio of clay to CNT), could render
the mixtures easily dispersible in water to generate a fine slurry.
The fine dispersion can be differentiated by the naked eye as a
black suspension from solid precipitates in the bottom layer
(Figure 1c). The controlled experiments showed that the pristine
CNTs were not dispersible in water but formed severe ag-
gregates. The efficacy for the CNT dispersion depends on the
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Figure 1. FE-SEM of CNTs and Mica under pulverizing for (a) 1
and (b) 5 min. Visual observation of the dispersion of clay—CNT
hybrids in water: (¢c) Mica—CNT, (d) MMT—CNT, and (¢) LDH—CNT,
under varied a value (a0 = clay/CNT weight ratio). Each sample
contained 1 mg of CNTs in 20 g of water.

relative amount of the Mica. The black CNTs were mostly
precipitated at the bottom of the water phase when a lesser
amount of Mica to CNT was used at a = 1—0.5. It appears
that the presence of Mica may mitigate the formation of CNT
aggregates.

In order to understand the nature of Mica—CNT interaction,
two other clays including MMT and the cationic type of LDH
were further examined. The use of different clays in geometric
dimensions and charges, for example, Mica (300 x 300 x 1
nm?), MMT (80 x 80 x 1 nm?), and LDH (200 x 200 x 1
nm?), allow the understanding of their size effect for the CNT
dispersion in water. In Figure 1d,e, the photographs illustrate
the fine CNT dispersion obtained by the addition of MMT at a
= 6 (or 6 times the clay weight to CNTs). For comparison,
Mica is more effective than MMT under the same agitating
condition of mechanical stirring or shaking. These results
indicate that the platelet size may be the dominating factor for
the fine dispersion. The dispersion was further measured by
analyzing the suspension using UV —visible spectrometry. As
shown in Figure 2a, the absorbance at 550 nm for the CNTs
becomes more intense with the increasing amount of added
Mica, implying the increase of CNT content in water.3>3*
Experimentally, the comparison of dispersing ability by the
UV —visible absorbance is plausible since the absorbance
actually correlates well with the hybrid concentration by
following the Lambert—Beer law.** The standard curves of
absorbance against concentration were established at 550 nm
(Figure 2b) for the hybrids using three different clays. According
to the UV —vis analysis in Figure 2a, the Mica is most effective
for enhancing the CNT dispersion in water. The absorbance
reached a maximum when the Mica—CNT weight ratio ap-
proached a. = 2—3, but required a higher o value of 6 for the
comparative MMT. In considering their ionic charges, the LDH
is ionic, with cationic charges on the platelet surface and nitrate
anionic species as the counterions. The ionic charge interaction
between CNTs and clay, through the clay surface anions
(=Si07) in MMT and Mica structures or cations in LDH, may
be the second reason for affecting the CNT dispersion. The
apparent dispersing experiments indicated that LDH was also
effective but required additional ultrasonic agitation during
mixing as shown in Figure 2b (LDH—CNT). In general,
ultrasonic vibration was found to be able to provide additional
agitation energy. The dispersion of Mica—CNT was further
examined by TEM (Figure 2¢,d), showing a rather fine disper-
sion in water in contrast to that of the pristine CNT.
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Figure 2. (a) UV—vis absorbance of clay—CNT at different a values of hybrids in water. (b) Three standard curves of clay—CNT hybrids at
different CNT content. The increase of UV —vis absorbance in (a) indicated the dispersing ability of the clay species improvement of CNT dispersion
in reference to the standard curves in (b) of absorbance vs CNT in water. In TEM (c and d), the pristine CNT showing serious aggregates and a
loose dispersion for CNT—Mica (at o. = 2) at low concentration of 107 wt % CNT.

The role of Mica in assisting the CNT dispersion in other
mediums was also investigated. It is known that CNTs are only
sluggishly dispersible in organic solvents such as DMF, but
precipitate in water and solvents such as ethanol and toluene.
In contrast, inorganic clay materials such as MMT and LDH
are generally hydrophilic and swollen in water, but lack
dispersing ability in most organic mediums. However, due to
the presence of the fluorinated functionality, the synthetic Mica
is actually amphiphilic or behaves with a dual dispersing
property in water as well as in most common solvents, such as
ethanol, acetone, dimethylformamide, and toluene. As sum-
marized in Table 1, Mica and MMT could generally affect the
CNT dispersion in most organic mediums. For example, the
pulverized Mica—CNT hybrid at o = 2, after thorough grinding
and ultrasonic agitation, became dispersible for most organic
solvents. It appears that the presence of Mica actually affects
the CNT self-entanglement through interaction with the involved
medium.

Amphiphilic Property for Dispersion. Being dispersible in
both water and toluene, the Mica—CNT hybrid (o0 = 2) is
considered to be amphiphilic in nature. This dual hydrophilic/
hydrophobic dispersion behavior was further shown to be in an
irreversible manner. Figure 3a shows the grinding procedure
of preparation of Mica—CNT hybrid. The hybrid was dispersed
in water first and then toluene was added; after shaking and

TABLE 1: Dispersion of CNT, Mica, and the Hybrid in
Various Mediums

solvent Mica“ MMT* CNT? Mica—CNT*
H,O + +4 — +
ethanol + — - +
acetone + — - +
DMF + - + +
toluene + — - +

“Mica or MMT, 2 mg in 20 g of solvent. * CNT (1 mg) in 20 g
of solvent. “Mica—CNT (2.0 mg/1.0 mg or a = 2) dispersed in
20 g of solvent. “4, good dispersion. ¢ —, poor dispersion or
precipitation.

allowing settlement, the black Mica—CNT remained in the water
phase (Figure 3b). In contrast, if the same hybrid powder was
dispersed in toluene first, a toluene suspension remained in the
toluene phase even after vigorous agitation with water (Figure
3c). The order of solvent exposure to either water or toluene
determined the hybrid’s preference in an irreversible manner
(Supporting Information, movies S1 and S2). The phenomenon
is explainable by adopting the concept of stable “micellelike”
microstructures, the formations of water-in-oil (W/O) and oil-
in-water (O/W) phases as shows in Figure 4e.

Regarding the nature of “micellelike” microstructures, both
types of dispersions in water and toluene were analyzed by
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Figure 3. Irreversible dispersion phenomenon of Mica—CNT at a = 2. (a) Grinding procedure of Mica—CNT hybrid. Hybrid was dispersed in
either water (d) or toluene (e); both dispersions remained in the original solvent after adding the other solvent (f and g). After vigorous shaking,
the dispersion settled into distinct layers in an irreversible manner (h and 1).

using TEM, TGA, and a device of electrical conductivity.
At a low concentration of CNT dispersion (107* wt %) in
water, the TEM images showed a better CNT—Mica hybrid
dispersion in water while a large aggregation was observed
for the pristine CNT as shown in Figure 2c,d. At a higher
concentration such as 107 wt % CNT, different morphologies
of microstructures were identified. For example, more visible
Mica platelets of micrometer size aggregation were found
for the hybrid being exposed to water (Figure 4a,b). On the
contrary, when the same Mica—CNT hybrid was dispersed
in toluene, the CNT aggregates appeared to be on the surface
of microstructures (Figure 4c,d). On thermal stability, the
Mica—CNT hybrid exhibited different decomposition patterns
when being exposed to water or toluene. The hybrid after
dispersing in water is thermally more stable than that in
toluene. There is a 50 °C difference in the decomposition
patterns for delaying the weight loss (Figure 5). It appears
that the Mica surrounding CNTs in an O/W microstructure
may have a shielding effect for the CNT decomposition, in
comparison with the naked CNTs in the W/O hybrid.
Furthermore, the micellelike microstructures can be further
indirectly evidenced by the performance of conductivity.
When the hybrid was coated on the glass substrate, the
specimen from toluene suspension had a higher conductivity
at 107* S/cm than that from water suspension, at 1075 S/cm.
The result of the 2 order of magnitude difference is derived
from the same batch of pulverized powder (o = 2). Hence,
two forms of W/O and O/W types or different arrangements

of CNT-in-Mica and Mica-in-CNT microstructures are
indirectly evidenced.

Explanation for the Formation of Mica—CNT Micro-
structures. The formation of two Mica—CNT microstructures
is attributed to the randomization of the noncovalent bonding
forces among individual CNTs and clays in different hydro-
philic water or hydrophobic toluene mediums. The initial
grinding of two nanomaterials, tubelike CNTs and platelike
clay, could largely redistribute the original CNT self-
aggregation. Their CNT entanglement force may be mitigated
or blocked by the neighboring platelets due to the difference
in their geometric shapes. Furthermore, since the clay is
hydrophilic, contact with water could render the hybrid to
form an O/W microstructure, comprising CNTs as the core
and Mica as the surrounding corolla. Similarly, the opposite
water-in-oil (W/O) or Mica-in-CNT microstructures is pos-
sibly generated since the CNTs favored the toluene in the
continuous phase. Two different types of microstructures
could be generated and stabilized through vigorous agitation
in the selected solvent.

Conclusion

The aggregating behavior of CNTs in various organic
mediums or in water was significantly reduced by simply
grinding CNTs with clays into fine powder. In particular,
the CNT dispersion in water and toluene was significantly
enhanced by Mica that was more effective than MMT or LDH
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Figure 4. TEM images of Mica—CNT hybrid dispersed in water (a
and b) and in toluene (c and d) at 1073 wt % CNT. Mica—CNT hybrid
was obtained from the same batch; however, hybrid has completely
different microstructures when exposed to water or toluene. In water,
hybrid shows more Mica appearance; on the contrary, more hairy CNT
composition was observed. Conceptual illustration (e) shows the mixing
of the two materials and their possible oil-in-water (O/W) and water-
in-oil (W/O) microstructures.
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because of its high aspect ratio geometric shape and anionic
character. A mechanism involving the formation of CNT—Mica
and Mica—CNT micellelike microstructures, resembling the
organic surfactants in oil-in-water and water-in-oil forms, is

Lan and Lin

proposed. The existence of two different microstructures was
indirectly evidenced by observing the differences in thermal
stability due to the Mica shielding in CNT-in-Mica micro-
structure and variable electrical conductivity (10™* vs 1076
S/cm). The clay-assisted CNT dispersion in water without
using an organic dispersant may offer significant advances
for CNT applications.
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