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he exploitation of the physicochem-
T ical properties of nanoparticles has

recently attracted increasing interest
because of their technological applications
such as in sensors and nanoelectronic
devices." * Synthetic hybrid nanomaterials
exhibit remarkable physicochemical proper-
ties that do not exist in the individual
components.>~’

Carbon nanotubes (CNTs) have a unique
combination of outstanding chemical, me-
chanical, and electrical properties,®® which
have been the focus of scientific research.
However, it is known that the lack of solubil-
ity as well as the intrinsic physical and
chemical inertness hinders their applica-
tion fields. The solubility and the functional-
ization on the side walls are necessary for
CNTs if they are applied in wide fields.°

In general, the conventional functional-
ized methods made nanoparticles behave
solid-like in the absence of solvent and did
not undergo a microscopic solid-to-liquid
transition below 150 °C.

It had been reported that nanoparticles
covered with functionalized ionic organic
compound exhibited liquid-like behavior in
the absence of solvent. The solvent-free
nanofluid was synthesized by attaching an
ionic corona of flexible chains onto an inor-
ganic oxide core such as SiO,, y-Fe,03, or
TiO,."""2 The functionalized MWNTs with
liquid-like behavior were synthesized by at-
taching a canopy of epoxy-terminated sili-
cone chains onto the nanotubes. The waxy
solid contained 85% w/w MWNTs and ex-
hibited fluid behavior at ambient condi-
tions." By attaching octadecyl amine
groups of polyethylene glycol (PEG) onto
the MWNTs, the amount of MWNTs was 40
wt % and melted reversibly at room temper-
ature to yield a homogeneous viscous
fluid.™
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ABSTRACT The solvent-free nonionic nanofluid hybrid material consisting of multiwall carbon nanotubes

(MWNTSs) and silica nanoparticles is prepared by a facile route. The content of MWNTSs/silica nanoparticles is up to

31 wt %. The hybrid material exhibits liquid-like behavior in the absence of solvent at 45 °C, which is a wax solid at

room temperature. The process of melting and solidification is reversible over many cycles.

KEYWORDS: carbon nanotubes - silica nanoparticles - nonionic nanofluid - hybrid
material - solvent-free

In this experiment, the MWNTSs deco-
rated with silica nanoparticles as the core
were first fabricated via a facile chemical
method, and the particular hybrid
nanoparticle-capped nonionic modifier
was engineered to a single homogeneous
phase and exhibited liquid-like behavior at
45 °C.

RESULTS AND DISCUSSION

The solvent-free nonionic nanofluid hy-
brid material of MWNTs decorated with
silica nanoparticles is shown in Scheme 1.
It was prepared by a simple facile method.
First, colloidal silica was dispersed in a
3-(trimethoxysilyl)-1-propanethiol (TSP)
aqueous solution to enhance silica nanopar-
ticle dispersion. As we know, nanoparticles
intended to flocculate and agglomerate
without modification. In order to restrain
flocculation of silica nanoparticles, the
3-(trimethoxysilyl)-1-propanethiol was uti-
lized to modify silica nanoparticles. Then
the solvent-free hybrid nonionic nanofluids
of MWNTSs decorated with silica nanoparti-
cles were fabricated by carboxylic MWNTs
and PEO-b-PPO-b-PEO. The surface of car-
boxylic MWNTSs created polar hydrophilic
groups (—COOH, (=0, —OH) in order to
enhance activity of the ends and side walls
of MWNTSs. Those groups were indispensa-
ble for MWNTSs to further react with other
groups. In our study, poly(ethylene
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Scheme 1. Synthetic route of nonionic nanofluid hybrid material of MWNTSs decorated with silica nanoparticles.
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Figure 1. FTIR spectra of (a) PEO-b-PPO-b-PEO, (b) nonionic
nanofluid hybrid material of MWNTSs decorated with silica
nanoparticles.

oxide)-block-poly(propylene oxide)-block-poly(ethylene
oxide) (PEO-b-PPO-b-PEO) reacted with the —COOH,
(=0, and —OH groups on the surface of carboxylic
MWNTs via hydrogen bonding.

The groups on the hybrid material of MWNTSs deco-
rated with silica nanoparticles were studied by FTIR (Fig-
ure 1). Because TSP content in the hybrid material was

(a) (b)
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very low, the curve of FTIR spectra lacked any TSP ab-
sorption bands. After reaction of the hybrid of MWNTSs
and silica nanoparticles with PEO-b-PPO-b-PEOQ, the FTIR
spectra of the hybrid material showed the characteris-
tic absorption peaks of PEO-b-PPO-b-PEO, such as C—0
(1099 cm™"), CH;5 (1450 cm™ "), and CH, (2847 and 2907
cam).

The microstructure of MWNTs decorated with silica
nanoparticles could be clearly observed from the TEM
images (Figure 2). As shown in Figure 2a, the carboxy-
lic MWNTSs revealed the presence of typical hollow
tubes. In the case of the hybrid material, well-
distributed and isolated silica nanoparticles were found
to densely ornament the walls of MWNTs uniformly.
The TEM images revealed that the average diameter of
spherical silica nanoparticles was <10 nm, and the TSP
avoided further precipitation and aggregation of silica
nanoparticles.

DSC was used to characterize the thermal proper-
ties of the hybrid material of MWNTs decorated with
silica nanoparticles. The DSC heating trace of pure plu-
ronic copolymer of PEO-b-PPO-b-PEO showed a large
endothermic peak at 62 °C, which was the melting of

100nm

(c)

Figure 2. TEM images of (a) original MWNTSs and (b) nonionic nanofluid hybrid material of MWNTs decorated with silica
nanoparticles.

www.acsnano.org



W
o

32°C
20 |
S 1ot
3
o OF
®
@
T
10k
20 F
62°C
i 1 " 1 i 1 1 " 1 " 1 2 1 A 1
-20 0 20 40 60 80 100 120 140
Temperature/(°C)

(a)

Heat Flow/(W/g)
N o N & O

b & b

20°C
54°C
1 1 1 1
20 40 60 80 100
Temperature/(°C)

(b)

Figure 3. DSC curves of (a) PEO-b-PPO-b-PEO and (b,c) nonionic nanofluid hybrid material of MWNTs decorated with silica

nanoparticles at different amplified times.

crystalline regions of PEO-b-PPO-b-PEO (Figure 3a),
and the heat of fusion (AH;) related to this phase transi-
tion was 124 J/g. The DSC cooling trace of pure PEO-b-
PPO-b-PEO revealed a large exothermic peak at 32 °C,
which corresponded to a crystallization of PEO-b-PPO-
b-PEO, and the heat of crystallization (AH,) related to
this phase transition was 118 J/g. For the hybrid ma-
terial, the DSC heating trace showed a second-order
transition at 19.6 °C and an endothermic first-order
transition at 54 °C, corresponding to the Tq and Ty, of
PEO-b-PPO-b-PEO, respectively (Figure 3b). The AH; re-
lated to this phase transition was 37.5 J/g at 54 °C. The
hybrid nanoparticles acted as nucleating agents for the
PEO-b-PPO-b-PEO. In the meantime, they induced crys-
tallization and increased the amorphous regions of the
PEO-b-PPO-b-PEO. The increased amorphous regions
explained the T, appearance of hybrid material at 19.6
°C. The hybrid material, in the cooling process, exhib-
ited an exothermic peak at 20 °C, corresponding to AH,
being 38.2 J/g. Because the hybrid nanoparticles acted
as nucleating agents, it accelerated the sample fusion
and crystallization at lower temperature. In addition,
the melting peak at 1 °C and freezing peak at —10 °C
may be caused by the residual water.

The content of the organic canopy on the surface
of nanoparticles influenced the properties of hybrid ma-
terial. So the TGA was carried out to confirm the ther-
mal stability (see Figure 4). The TGA traces showed that
the sample did not contain any residual solvent. The
weight loss above 180 °C was due to decomposition of
the organic alkyl groups. The organic and inorganic
(MWNTSs and silica nanoparticles) content was 69 and
31 wt %, respectively.

Usually, a dynamic spectrum can be used to under-
stand the structures and properties of material. It is
well-known that the dynamical storage modulus G’
and loss modulus G’ of rheometrics mechanical spec-
trometry exhibit the relationship between the molecu-
lar motion and rheological behavior of the material.’
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Corresponding rheological behavior of the sample was
carried out at 60 °C (Figure 5a). It showed that G’ and
G'’ stay basically identical with the stress increasing.
G’ embodies the elastic behavior of materials, which
was the driving force of molecule deformation, and G"’
was the consumption energy of viscous deformation
for materials.’®" It also showed that the G'’ for the hy-
brid material was higher than the G'. It suggested that
the hybrid material was liquid material, whose G'’ was
higher than the G'.'® In addition, Figure 6 illustrates a
complex fluid behavior of hybrid material at the full
spectrum from the simple Newtonian fluid following
the law of G'(w) « @ and G"'(w) * w at low angular fre-
guency to non-Newtonian fluid at high angular fre-
quency. The hybrid material was a waxy solid at room
temperature, which undergoes solid-to-liquid transition
at 45 °C, resulting in a fluid with considerably high vis-
cosity (see Figure 5b). The process of melting and solidi-
fication was reversible over many cycles.

There are not enough theoretical bases to explain
their fluidity. According to our supposition, the size
and nature, such as the chain length, chain flexibility,
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Figure 4. TGA traces of nonionic nanofluid hybrid material
of MWNTSs decorated with silica nanoparticles under nitro-
gen atmosphere.
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Figure 5. (a) Rheological behavior at 60 °C. (b) Reversible melting and solidifying behavior of nonionic nanofluid hybrid

material.

and asymmetric structure of the modifier, are expected
to significantly influence the building-up on the nano-
particle and interfacial and interparticle interaction and,
further, the fluidity of the hybrid material. In addition,
the grafting density on the core of the particles, the na-
ture of the nanoparticle, and other factors also contrib-
ute to the fluid-like behavior. The 0.12 mg- g~ hybrid
material in deionized water was placed for a different
time to observe their dispersion. Figure 6 showed that
the concentration only decreased 4% from 0.12t0 0.115
mg - g~ then trended to stability after placed for 200 h.
Interaction between the modifier of the hybrid ma-
terial and water prevents agglomeration and increases
their dispersion and stability in water.

At last, the conductivity of the hybrid material in
deionized water was investigated. As shown in Figure

| ]
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Figure 6. Curve of concentration versus time for hybrid material in

water.
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83, the electrical conductivity increased with the hy-
brid material volume fraction increasing. When the vol-
ume fraction was up to 15.2%, electrical conductivity in-
creased slowly. This increase in conductivity suggested
that an infinite network of percolated hybrid material
started forming. The critical concentration of hybrid ma-
terial, f,, was calculated by the law o « (f — £.)!,'® where
fis the volume fraction of filler. The conductivity expo-
nent t generally reflects the dimensionality of the sys-
tem with values typically around 1.3 and 2.0 for two and
three dimensions, respectively. Figure 7a represents a
percolation threshold of about 4.44 vol % and an expo-
nent t of 0.34 for the hybrid material in water. The low
value of t = 0.34 reflected the decrease in system di-
mensionality due to the MWNTSs' high aspect ratio. Dif-
fusion processes and particle—particle interaction
forces played an important role in the agglomeration
and network formation.2® When the hybrid material vol-
ume fraction was less than £, the conductive network
was not formation, so the conductivity was low. When
the content increased up to f, the conductive network
formed and the conductivity increased rapidly. Figure
7b shows the positive temperature coefficient for con-
ductivity. The electron was easy to move with higher
energy at higher temperature that led to the increase
of conductivity. In addition, we found that the quality
of the hybrid material dispersion had a pronounced ef-
fect on the conductivity in experiment.

In summary, the capped hybrid nanomaterials con-
sisting of MWNTSs and silica nanoparticles were pro-
duced by a facile approach. The content of MWNTSs and
silica nanoparticles was up to 31 wt % in the capped hy-
brid material. The hybrid nanomaterial showed solid
behavior at room temperature, which can flow at 45 °C.
The process of melting and solidification was revers-
ible over many cycles. It can be stable when dispersed
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Figure 7. (a) Log—log plot of the conductivity vs volume fraction; (b) plot of the conductivity with volume fraction at differ-

enttemperature.

in water for 200 h due to amphiphilic properties of the
modifier molecule. The conductivity of the hybrid ma-

EXPERIMENTAL SECTION

Materials and Preparation. The carboxylic MWNTSs (>95%) were
synthesized by chemical vapor deposition (CVD) and were pro-
vided by Chendu Organic Chemicals Co., Ltd. The diameter was
about 20—30 nm, and the length was several micrometers.
MWNTSs were used in our experiment without further purifica-
tion. 3-(Trimethoxysilyl)-1-propanethiol (TSP, 97%) was obtained
from Momentive Performance Materials. The pluronic copoly-
mer, PEO-b-PPO-b-PEO (M,, = 14 600, PEO = 82.5 wt %), and col-
loidal silica (HS30, surface area 220 m?/g, concentration 30 wt
%) were from Aldrich.

Colloidal silica was diluted with deionized water to a concen-
tration of 10 wt %. To the suspension was added dropwise a di-
lute ethanol solution of TSP (8 wt %/wt) while stirring and then
stirred at room temperature for 30 min; 0.1 g of carboxylic
MWNTs was added into the silica/TSP solution and stirred for 30
min. At last, 100 mL of PEO-b-PPO-b-PEO (1 wt %) solution was
added into the suspension and then stirred for 3 h, followed cen-

terial exhibits that the percolation threshold is about
4.44 vol %.

trifugation at 8000 rpm for 30 min, resulting in a homogeneously
black solution, and the supernatant liquid was collected, concen-
trated, and dried at 60 °C. The residual material was carefully
rinsed with water and acetone several times to remove excess
unreacted TSP and PEO-b-PPO-b-PEO. Finally, the product was
dried at 60 °C until the weight was constant.

Characterization. The surface groups on the hybrid material
were investigated by Fourier transform infrared (FTIR) spectrom-
etry (WQF-310) using KBr pellets. Differential scanning calorime-
try (DSC) traces were collected using a Q1000 TA Instruments at a
heating rate of 10 °C/min. Thermogravimetric analysis (TGA)
measurements were taken under N, flow by using TGAQ50 TA in-
struments. Transmission electron microscope (TEM) images were
obtained at an accelerating voltage of 100 kV with the Joel H-600
instrument. For this study, a few drops of an aqueous dispersion
of hybrid material were placed on a copper grid, and the sol-
vent was evaporated prior to observation. Rheological proper-
ties were studied by using the rheometer of TA Instruments (AR-
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Figure 8. UV—vis adsorption spectrum of (a) linear calibration curve and (b) nonionic nanofluid hybrid material of MWNTSs decorated

with silica nanoparticles.
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G2). The moduli G’ and G’ were measured at a constant
temperature in the stress range of 10—10 000 Pa. The con-
trolled variable was 6.28 rad - s~'. Then the conductivity appara-
tus was used to estimate the conductivity of the hybrid material.
The dispersion of hybrid material in water was observed through
an ultraviolet spectrophotometer (UV—vis). Water was a refer-
ence solution, and the samples with different concentration
were scanned and then the linear calibration curve drawn (see
Figure 8). We scanned the upper liquid after depositing a period
time and then calculated their concentration to evaluate the dis-
persion of hybrid material.
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