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Double dimensionally ordered nanostructures:
toward a multifunctional reinforcing nanohybrid
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Monodisperse 0D nano-TiO,, namely a ball cactus, with a BET surface area of 280 m? gt and a pore

volume of 1.0 cm?® g~* was firstly synthesized by a solvothermal method. A double dimensionally ordered

nanostructure filler system consisting of a 0D ball cactus and 2D layered MMT was constructed. The

comprehensive performance of TiO,/MMT/EP nanocomposites was examined. The properties of the

corresponding TiO,/MMT/EP nanocomposites, including mechanical properties, thermal stabilities,

dielectric properties and surface free energies strongly depended on the loading of the double

dimensional nanofillers. Our results demonstrate the potential of double dimensional synergism of 0D
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TiO,/2D MMT as a multifunctional reinforcement in polymeric composites. These results help to

elucidate the complex interactions between nanostructures and polymer matrices, and flexible control
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1. Introduction

Titanium dioxide (TiO,), as a low cost and highly stable semi-
conductor oxide, has attracted increasing attention over the
past decades. TiO, is extensively utilized in diverse fields as core
components for plastics, lithium-ion and perovskite solar cells,
photocatalysis and catalyst supports, photochemical degrada-
tion of toxic chemicals."* All these applications significantly
depend on its crystal structure, crystallinity, morphology,
specific surface area and particle size.>” The rise of nanotech-
nology provides a brand new methodology for high perfor-
mance TiO,-polymer materials. The controllable synthesis of
TiO, with unusual morphologies and dimensions can endow
the matrices with particular features and qualities. For example,
TiO,-polystyrene (PS) nanoparticles synthesized by surface
modification methods have been used for polymer hybrid thin
films, which displayed very high transmittance in visible light
because of the homodispersed TiO, nanoparticles among the
polymer matrix.* Highly dispersed nano-TiO,~-PMMA hybrids
have been used to prepare polymer electrolyte membrane with
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over this multi-dimensional synergies concept could contribute to the development of adaptable
structural materials for advanced applications.

high heat resistance and recyclability in advanced Li-ion battery
industry.® In addition, nanoporous TiO, interconnected in
conjugated polymers can be applied in solar cells.*

Epoxy resin (EP), used at the forefront of many engineering
applications, has attracted considerable attention over the past
few decades and enters a variety of markets including coatings,
adhesions, electronic devices, and aerospace,"** owing to its
good mechanical properties and excellent durability to chem-
ical corrosion.® The demand for high performance epoxy
resins is expected to grow in coming years. The structural
composition is essentially important to enhance the properties
of EP for advanced applications. However, the composition-
structure-property relationship is still desired to figure out for
the practical multifunctional applications of epoxy materials. In
light of this issue, both the academic and industrial commu-
nities have been devoted to develop ideal additives.'*** TiO,/EP
nanocomposites have potential applications, particularly in
organic photovoltaics, fire retardant composites, etc.>*>¢ As
a result, much effort has been put into the fabrication of TiO,
nanotubes, nanowires, or shuttle-shape nanocrystals.>>* In
comparison, the fabrication of well-crystallized TiO, remains
a grand challenge. TiO, with nanorods exhibit low density, big
BET surface area and surface permeability.*® Among all these
TiO,-based modifiers, which were just single dimensional, for
example, 0D nanoparticles, 1D nanotubes, or 2D nanolayers,
there were inevitable limitations. The single dimensional
nanofillers cannot meet the rising demands for toughening
materials. Two different nanofiller assemblies, intimately
blended at the nanoscopic scale, have been reported for
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introducing reinforcements and generally have the superiorities
of low energy-cost and consistency with standard industrial
techniques.** They also reduce or even eliminate the problem of
agglomeration, often occurred when nanofillers are random
scattered in a polymer matrix. The assembly of the second
component not only improves its distribution effect, but it also
introduces extra properties to the nanocomposites.** Polymer
based nanohybrids with synergies between the polymer chains
and nanoparticles display peculiar mechanical, electrical
performance and heat stability possess widespread applications
in civil engineering, electronic devices, automobile machinery
and aerospace.*®** Obtaining a homogenous distribution of
nanofillers among the polymer crossing network is the key issue
for achieving good quality nanohybrids.*® Although functional
modification is the commonly applied approach to enhance
nanofiller distribution effect within the matrix backbone and to
reinforce the mechanical performance,?”*® in most cases, it may
lead to a structure disruption and a decrease in other proper-
ties, which is the least desirable for enhancing comprehensive
properties. However, the construction of TiO,-based EP nano-
composites enhanced by multi-dimensionally ordered nano-
structures has been rarely reported to date.

A flexible configuration of dimensionally different nano-
materials (such as zero-dimensional (0D) nanoparticles, one-
dimensional (1D) nanowires, nanorods, and two-dimensional
(2D) nanolayers) as building units having two or more scales
ranging from the micro-/nano-scale to the macroscopic scale
can contribute to the generation of multidimensional nano-
composites. Emerging multi-dimensional nanostructure mate-
rials provide peculiar chance to tailor govern the mechanical,
thermal and electronic performance of polymer nano-
composites.***® The integration of low-dimensional nano-
materials with unique physical and chemical properties into
a composite with hierarchical structures can endow full
strengths of the component unit. This strategy has enabled the
fabrication of multifunctional substance owing to attractive
performances for special applications. Montmorillonite (MMT)
is a typical 2D layered crystalline hydrated aluminosilicate
mineral. The structural unit is a ‘sandwich structure’ and the
interlayer spacing is about 2-3 nm, which can benefit the
interlayer exchange, polymerization, absorption and catal-
ysis.*** MMT-based nanocomposites have present ultrahigh
mechanical reinforcement and high temperature durability due
to the multiple noncovalent effects between the monodispersed
MMT nanosheets and polymer chains.**** The optimal perfor-
mance of MMT-based nanohybrids can be obtained by fine
dispersed and highly exfoliated structures of nanofillers in the
resin. Natural MMT is hydrophilic and incompatible with EP
matrix, thus is normally considered unsuitable to host non-
polar polymers without preliminary modification.** The
simple incorporation of MMT into EP can generally achieve
increased tensile modulus, but reduced tensile strength and
fracture strain often occurred, which was mostly due to the
nonuniformity of MMT layers and the existence of imperfec-
tions.” Kunigal and his coworkers employed a new dispersion
approach, namely “high shear melt mixing process”, to prepare
nonagglomerated-distributed EP-MMT nanocomposites.*® The
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observation revealed that the storage modulus (E') was higher
than that of the pristine EP with the MMT loading increased
from 2 wt% to 7 wt%. However, the glass transition temperature
(Ty) was decreased, which suggested that the MMT layers in EP-
MMT system did not attain homogeneous dispersions, thus
resulted in inadequate interaction between EP matrix and MMT
layers, and the macromolecular segmental motion was not
effectively hindered, hence the free volume among the polymer
crossing networks increased and T, decreased. The properties
of EP have also been improved by incorporating other flexible,
cross-linkable polymers to construct full- or semi-
interpenetrating networks in polymer nanocomposites to opti-
mize the EP matrix system. Unfortunately, most thermoplastic
modification used in the epoxy system often comes at the
expense of other desired properties. For example, the poly-
urethane (PUR)-modified EP/MMT system* and the poly(methyl
methacrylate) (PMMA)/EP/MMT ternary system® typically had
high stiffness and fracture toughness compared to most ther-
moset modifications. Nevertheless, there was a decrease in the
thermal properties and Tg, mainly due to the decreased cross-
linking density of the nanohybrids. The efficient and facile
exfoliation of MMT is of significant importance in practice.

In this work, monodisperse 0D nano-TiO,, namely ball
cactus, was synthesized by a solvothermal method. A double
dimensionally ordered nanostructure filler system consisting of
0D TiO, ball cactus and 2D layered MMT was obtained. The
comprehensive performance of TiO,/MMT/EP nanocomposites
co-reinforced by 0D mesoporous TiO, ball cactus and 2D layered
MMT nanoparticles was described. The morphology, mechan-
ical, thermal, dielectric properties and the intercalate properties
have been examined extensively. The purpose of this work is to
clarify the multi-dimensionality behavior in matrix/
nanoparticle interface and efficiently utilize the peculiar prop-
erties of these polymer nanocomposites. This concept is desired
to contribute to the advanced applications of nanomaterials in
polymer matrices.

2. Experimental section

2.1. Sample preparation

2.1.1. Synthesis of nano-TiO, ball cactus. Nano-TiO, was
prepared according to the literature with a few modifications.>
0.47 g of TiF, (Alfa Aesar, 98%), 2 g Co(NH,), and 1.02 g NaBr
(AR) were slowly added into 30 mL distilled water. Vigorous
magnetic stirring was needed because this process was highly
exothermic. Then a transparent solution was formed after
60 min. The above solution was quickly dumped into a 45 mL
autoclave and proceeded solvothermal reaction. The reaction
temperature and time were 190 °C and 24 h. After the sol-
vothermal reaction, the mixture was nature air cooled to room
temperature. The mixture was centrifuged at 16 000 rpm for
30 min, and rinsed with distilled water and ethanol repeatedly
and subsequent drying in electricity heat oven at 80 °C for 24 h
and calcined in muffle furnace at 550 °C for 4 h.

2.1.2. Fabrication of TiO,/MMT/epoxy nanohybrids. In the
first step, the MMT (Sinopharm Chemical Reagent Co. Ltd.)
were ground and sieved to particle sizes <140 pm. The mixtures

This journal is © The Royal Society of Chemistry 2017
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of nano-TiO, ball cactus and processed MMT were added with
weight ratio of 1/1 at room temperature to the aqueous solution
of PVP (Alfa Aesar, M,, = 1.3 x 10° Da, 0.2 ¢ mL™") and
mechanically stirred for 4 h at 80 °C, followed by ultrasonication
for 30 min to produce sufficient dispersions (illustrations
demonstrated in Fig. S1 of the ESIt). Nanohybrids compositions
were displayed in Table S1.1 The above solution was centrifuged
at 16 000 rpm for 30 min, and washed by distilled water and
ethanol repeatedly and subsequently dried in oven at 80 °C for
48 h.

In the second step, 100 g of bisphenol-A type EP (E-51,
molecular structure illustrated in Fig. S2t), 80 g methyl tetra-
hydrophthalic anhydride (MTHPA, Alfa Aesar), 1 g 2-ethyl-4-
methylimidazole (Alfa Aesar, AR) and various amounts of
TiO,/MMT mixtures were slowly fed into a 500 mL three-necked
round bottomed flask and mechanically stirred for 1 h. These
blends were completely mixed and mechanically stirred for 2 h
and ultrasound dispersed evenly for 1 h and degassed in
a vacuum oven to eliminate air bubbles. All the above opera-
tions are conducted at room temperature. The bubble-free
viscous materials were slowly added to a aluminum mold to
proceed the curing reaction: preliminary cured, further heating
and post-cured. The curing condition was 90 °C/3 h, 150 °C/2 h
and 180 °C/2 h, respectively. Finally, the aluminum molds were
naturally cooled down.

For the need of XRD measurements, MMT/EP nano-
composites had also been prepared. The preparation process
was the same as that of TiO,/MMT/epoxy nanohybrids.

2.2. Gel content of TiO,/MMT/epoxy nanohybrids

The gel fraction of the nanohybrids (50 x 10 x 1.0 mm?®) was
tested using CHCI; as the extraction agent. The extraction
reaction included continuous extraction with CHCI; in a round
bottom flask for 72 h or more until the sample weight was
constant, according to the standard test method ASTM D2765-
84.°>% After the extraction, all the nanohybrids were dried and
the gel content was calculated by the following formula (1):

Gel content (%) = % x 100% 6))]
0
m. and m, indicate the weight of the sample after and before the
extraction, respectively.

2.3. Characterizations and measurements

XRD characteristics were performed on a diffractometer (Philips
PW 3050) using Cu-Ke. monochromatic radiation. The Bragg's
angle is set from 20 to 80°. The morphology characteristics of
the nano-TiO, ball cactus were conducted by SEM, Nova
NanoSEM 450. The structure of the obtained nano ball cactus
was identified by TEM via a JEOL 2100F device. Using a non-
local density functional theory (NLDFT), the pore size distri-
bution (PSD) was determined. The N, adsorption data was used
in the PSD calculation and a slit pore model was assumed. N,
adsorption and desorption isotherms were tested at —196 °C on
ASAP 2020 micromeritics analyzer. The elementary composition
of the samples was characterized by XPS on a VG MultiLab 2000
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system. TGA analysis (NETZSCH Instruments High Resolution
STA 409PC) was catried out in N, at a flow rate of 70 mL min~"
with a heating rate of 20 °C min ™" and a scanning range of RT to
1000 °C. A DMA device was used to perform the mechanical
property test of the samples. The samples were cut in the shape
of 50 x 10 x 1.0 mm?® and tested in 3 point bending mode. The
thermal transitions were measured in the temperature range of
20-200 °C at a heating rate of 4 °C min~'. The flexural and
tensile tests were performed at room temperature using
a microcomputer controlled electronic universal testing
machine (CMT-4101, SANS Co. China) integrated with a force
sensor (10 N/50 N). The reproducibility of the data was ensured
by repeating the mechanical tests for at least five times using
samples of 80.0 mm x 10.0 mm x 4.0 mm. At room tempera-
ture and according to Chinese standard of GB/T 1043-1993, the
impact strength of the cured specimens was measured on
a Pendulum Impact Testing Machine (Model ZBC from
SHENZHENG SANS TESTING MACHINE Co. LTD). The
response of the materials including maximum stress or fracture
to the applied load was recorded for the average value of the 5
samples of each material group. Dielectric properties were
measured at room temperature in air by two parallel plate
modes at a frequence range of 10° Hz to 10°® Hz by Precision
Impedance Analyzer (Agilent 4294A). The size of the sample was
~20 mm x 10 mm x 2 mm. In order to form a parallel plate
capacitor, the sample was placed between the two copper elec-
trodes. The measurement of the advancing contact angle of the
sample was conducted at room temperature on a contact angle
goniometer (Datephysics, OCA20) by injecting a 5 pL liquid drop
and at least three droplets were dispensed at distinct regions of
the same piece of the film, and at least two were used. Deionized
water and n-hexadecane were utilized as benchmarks for the
surface free energy measurement using a two-liquid geometric
method.

3. Results and discussion

3.1. Characterization of nano-TiO, ball cactus

Before fabrication of TiO,/MMT/EP nanocomposites, we exam-
ined the crystal phase of the TiO, ball cactuses. Fig. 1 reveals the
small-angle XRD of the TiO, ball cactuses. It was obvious that
TiO, ball cactuses was the anatase phase.

As revealed in Fig. 2A-C, the TiO, ball cactuses are mono-
disperse, ~3 pm in diameter, and consisted of numerous
regular and homogeneous nanothorns having a uniform
diameter of 65 nm. The length of each nanothorn was 200-
250 nm. The TEM image in Fig. 2C reveals that the ball cactuses
are mainly composed of nanoparticles. They endow them with
rough and porous surface. It was additionally demonstrated by
the pore analysis of the TiO, ball cactuses (Fig. 3). The HRTEM
in Fig. 2D showed that the distance between each adjacent
lattice fringe was about 0.35 nm. This value is just corre-
sponding to the d spacing data of (101) planes for anatase TiO,.

Fig. 3 showed the BET curves of nano-TiO, ball cactus. It
reveals N, adsorption-desorption isotherms and the pore size
distributions. The ball cactus show type II isotherms with
a noticeable hysteresis loop (Fig. 3A), indicating the presence of

RSC Adv., 2017, 7, 1177-1190 | 1179
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Fig. 1 XRD pattern of nano-TiO, ball cactus.

Fig. 2 (A) SEM image of the TiO, ball cactus, (B) magnified view of the
surface, (C) TEM image of nanothorns and (D) high resolution TEM
image of ball cactus.

mesoporous structure of nano-TiO, ball cactus. The pore size
distribution then demonstrated that the ball cactus possessed
a uniform mesopore diameter of 6.1 nm (Fig. 3B). Their BET
surface area (Sggr) is found to be 280 m> g’1 and their total pore
volume (Vi) is 1.0 m® g%, It is known that the diameter of
every bisphenol-A type EP monomer molecule (E-51) is at the
Angstrom meter scale (10~"° m) size, which is smaller than that
of the nano-TiO, ball cactus. Thus, the mesopore size deter-
mined using the BJH method is expected to be sufficiently large
for EP molecular chains to breezily run through the internal
mesoporous gaps. The uniform mesopores and the narrow pore
size distribution are attributed to the interstitial space between
uniform-sized nano-TiO, ball cactus.

Fig. 4 depicts the XPS spectra of the TiO, ball cactus samples.
Fig. 4A reveals the full spectrum of ball cactus. It can be seen
that the O 1s and Ti 2p peaks were situated at the binding
energies at 529 and 459 eV, respectively, and the Ti LMM and O
KLL Auger peaks were also acquired at binding energies of 1106
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Fig. 3 (A) Nitrogen adsorption—desorption isotherms and (B) corre-
sponding pore size distributions of nano-TiO, ball cactus.

and 975 eV, respectively. Fig. 4B reveals the Ti 2p core level
spectrum, which consists of two obvious Ti 2p,,, and Ti 2pz,
photopeaks with the binding energies of 464.5 and 458.7 eV,
respectively, which was in line with the studies from Siemen-
smeyer and Schultze.® The binding energy at 458.7 eV is
evident, being indicative of the presence of Ti*". In addition, the
XPS spectrum of O 1s is also made up of three major peaks
(Fig. 4C), and the first strong peak situated at a low binding
energy of 529.7 eV is assigned to the bulk oxygen bonded with
titanium (Ti-O), while the second shoulder peak at 531.5 eV
belongs to the surface hydroxyl groups (Ti-OH). Furthermore,
the broader shoulder peak at 533.5 eV was assigned to oxygen
from H,O in the TiO, sample.*

3.2. Characterization of TiO,/MMT/EP nanocomposites

To investigate the interactions of 0D TiO, ball cactus and 2D
layered MMT confined within the intramolecular space of epoxy
resin, the small angle XRD (SAXRD) patterns of TiO,/MMT/EP
nanocomposites were obtained in the range of 26 from 2-10°,
in which the layered structure information and the inter-
lamellar distance of MMT can be reflected® (Fig. 5B-F). Based
on the SAXRD results, the exfoliation degree of MMT can be
evaluated by the interlamellar spacing of MMT calculated using
the following Bragg equation: nA = 2d sin 6, where A is the
wavelength (A = 1.5418 x 10~ '° m) of the incidence X-ray, n is
the series of diffraction (n = 1),  is the incident angle, and d is

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 XPS spectra of nano-TiO, ball cactus. (A) Wide-survey spec-
trum, (B) Ti 2p core level and (C) O 1s core level.

the interlamellar spacing of MMT. For the sake of comparison,
the SAXRD pattern of pure MMT was also examined under the
same conditions (Fig. 5A). The diffraction peak at 2 = 5.82° in
Fig. 5A can be assigned to the interlayer structures of MMT.>’
The XRD data indicated that the d-spacing of MMT is 1.52 nm
which is calculated from the peak position using the Bragg
equation. The XRD patterns of TiO,/MMT/EP nanocomposites
changed significantly. TiO,/MMT/EP nanocomposites at filler
concentrations of 2, 4, 5, 6 phr even gave no diffraction peak in
260 range (Fig. 5B-D), pointing out the uniformly dispersed
delaminated single MMT layers in the epoxy matrix. The
diffraction peak and corresponding d-spacing of MMT and
TiO,/MMT/EP nanocomposites are listed in Table 1. When the
amount of 0D TiO,/2D MMT increased to 8 phr, small shoulder
was appeared at 260 = 2.07°, which was in line with the d-spacing

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 XRD patterns of pure MMT (A) and TiO,/MMT/EP nano-
composites at filler concentrations of 2 (B), 4 (C), 5 (D), 6 (E) and 8 phr
(F), respectively.

Table 1 26 and d-spacing of pure MMT and the MMT dispersed in
TiO2/MMT/EP nanocomposites

Interlayer

Sample 26 (°) space (nm)
MMT 5.82 1.52
TiO,/MMT/EP 2 phr None >4.26
nanocomposites 4 phr None >4.26

5 phr None >4.26

6 phr None >4.26

8 phr 2.07 4.26

of 4.26 nm (Fig. 5F). This implied that 2D MMT in TiO,/MMT/
EP nanocomposites cannot be exfoliated and existed in the
form of an intercalated layered structure.

For comparing and analyzing the interaction behaviors
between 0D TiO, ball cactus and 2D layered MMT, the XRD
patterns of MMT/EP (Fig. 6) and TiO,/MMT/EP nanocomposites
(Fig. 7) were collected. As can be seen in Fig. 6, in the mixing
stage of MMT/EP nanocomposites, the layered structure of
MMT does not change even it was mechanically stirred for 4 h.
However, as the curing reaction proceeds, the diffraction peak is
shifted to a lower value and become broadened. When the
curing time was 1, 2 and 4 h, the diffraction peak of the corre-
sponding products was 4.45, 3.02 and 2.35, respectively. The
corresponding d-spacing is 1.98, 2.93 and 3.75 nm, respectively.
The XRD patterns confirmed that the intercalation of MMT in
the MMT/EP system occurred mainly in the curing stage.
Nevertheless, the MMT still could not be fully exfoliated even
when the curing reaction was completed.

In the XRD patterns of TiO,/MMT/EP nanocomposites
(Fig. 7), it was clear that the diffraction peak was slightly splitted
and shifted to a lower value as the mixing time extension.
Additionally, the peak height was gradually decreased. When
the sample was stirred for 4 h, the diffraction peak entirely

RSC Adv., 2017, 7, 1177-1190 | 1181
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Fig. 6 XRD patterns of MMT/EP nanocomposites during the prepa-
ration stage.
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Fig. 7 XRD patterns of TiO,/MMT/EP nanocomposites during the
preparation stage.

disappeared and did not show any change after the cure reac-
tion was completed. These features indicated that the 2D
layered MMT in the TiO,/MMT/EP system could be fully exfo-
liated into individual layers during the mixing process.

Compared with the intercalation behavior of MMT in the
TiO,/MMT/EP system, in the absence of the 0D TiO, nano-
particles as the second filler, the layered structure of 2D MMT
layers in the MMT/EP system eventually cannot be completely
exfoliated. The elastic force exerted by cross-linked EP mole-
cules inside the MMT galleries are found responsible for exfo-
liation of MMT layers from the intercalated tactoids.*® However,
the elastic force is not strong enough to thoroughly exfoliate the
2D MMT layers into individual MMT lamellae.

XRD results regarding the degree of intercalation are verified
by TEM micrographs. TEM results of pure EP and TiO,/MMT/EP
nanohybrids are depicted in Fig. 8. Fig. 8A shows the nano-
structure of pure epoxy. Fig. 8B shows the nanostructure of
TiO,/MMT/EP nanocomposites at filler concentration of 2 phr.
It can be observed that dark lines are present with a sheet
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Fig. 8 TEM images of pure epoxy (A) and TiO,/MMT/EP nano-
composites at filler concentrations of 2 (B), 4 (C), 5 (D), 6 (E) and 8 phr
(F). respectively.

thickness of about 1 nm, which correspond to MMT lamellar
structure. The black shadows correspond to nano TiO,. For the
0D TiO, nanoparticles, the size of the nanostructures has been
decreased. Hence, the black dots look much smaller than that
of the former that exists on its own. The gray areas represent the
epoxy matrix. This is direct evidence that MMT layers have been
delaminated into epoxy matrix. At filler concentration of 4 phr,
MMT lamellae are also present and black dots (nano TiO,) are
far away from each other (Fig. 8C). At filler concentration of 5
phr, the interlayer spacing of exfoliated MMT lamellae
increases. Notably, the individual MMT lamellae (1 nm thick)
and nano TiO, are displayed in a staggered and homogeneously
dispersed distribution in epoxy matrix (Fig. 8D). At higher filler
concentrations (6, 8 phr), a partial of nano TiO, have been
agglomerated (Fig. 8E and F). The interlayer spacing of MMT
decreases to about 3-4 nm (Fig. 8F). Therefore, these TEM
micrographs are consistent with the XRD data. Interlayer
spacing of MMT decreases to about 3-4 nm (Fig. 8F).

In summary, based on the analysis of the above XRD and the
TEM data, we argue that the exfoliation behavior of 2D layered
MMT in the TiO,/MMT/EP system was entirely different from
that in the MMT/EP system, which was caused by the integra-
tion of 0D TiO, ball cactus. There are mainly two reasons for the
structural transformation of 2D MMT and 0D TiO, nano-
particles. The first one derives from the external high shearing
forces produced by high energy ultrasonic stirring and high-
speed centrifugation.® The 2D layered MMT and the 0D TiO,
nanoparticles possess different geometrical shapes, thus they
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display different movement behaviors. Moreover, they bear
different loading and give strong adhesion under high shear
stress. Finally, the 2D MMT layers are exfoliated into individual
MMT lamellae and the 0D TiO, nanoparticles are changed in
their magnitude and the length scale during the frequently
occurred mutual contact and detachment among the rigid
interacting particle-particle interfaces. The second reason
derives from the internal nanoscale forces of TiO,/MMT/EP
itself. It has been proved that there are nanoscale forces
surrounding the nanoscopic components.®® That is, as the in
situ polymerization of EP monomer and TiO,/MMT fillers
proceeds, the gradual increase of the conformational entropy
for the crosslinked molecules system triggers the structure
transformation of EP matrix, 2D MMT and 0D TiO,. The inter-
particle forces between 0D TiO, and 2D layered MMT, confined
within the intramolecular space of EP resin, are strengthened
when they close to each other as a result of the continually
increased crosslinking density of the TiO,/MMT/EP nano-
composites. When the interparticle interaction forces are strong
enough because of the greatly shortened interparticle distances
during the heat curing reaction, the cross-linked EP molecules
inside the MMT galleries exert elastic force to exfoliate the 2D
MMT layers into individual MMT lamellae from the intercalated
tactoids, and the 0D TiO, nanoparticles are eventually fractured
into small fragments.

3.3. Mechanical properties

Mechanical properties of neat EP and TiO,/MMT/EP nano-
composites are determined from the respective tensile, flexural
and impact resistance measurements. The corresponding
stress—strain results of all the nanocomposites are depicted in
Fig. 9, and the specific tensile properties are listed in Table S2.§
The value for averaged tensile strength for TiO,/MMT/EP
nanocomposites at the TiO,/MMT concentration of 2 phr
(85.74 MPa), 4 phr (97.42 MPa), 5 phr (98.84 MPa), 6 phr (93.38
MPa), and 8 phr (76.62 MPa) samples are remarkably improved
by 112.23, 142.13, 144.65, 131.14, and 89.65%, respectively,
which was compared with neat EP (40.40 MPa). The averaged
Young's modulus of TiO,/MMT/EP nanocomposites at the TiO,/
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Fig. 9 Stress—strain curves of neat EP and reinforced

nanocomposites.
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MMT concentration of 2 phr (2.97 GPa), 4 phr (3.06 GPa), 5 phr
(3.36 GPa), 6 phr (3.00 GPa) and 8 phr (2.96 GPa) are higher than
that of the neat EP (0.50 GPa). The tensile strength and Young's
modulus was significantly raised when nano-TiO, ball cactus
and MMT were introduced into the EP matrix. The elongation at
break of TiO,/MMT/EP nanocomposites at the TiO,/MMT
concentration of 2 phr (10.28%), 4 phr (10.44%), 5 phr (10.52%),
and 6 phr (10.46%) are higher than that of the neat EP (9.98%).
It was noted that the 5 phr of TiO,/MMT based nanocomposites
system displayed the optimum tensile strength and tensile
modulus values, which were raised by 572% and 144%,
respectively when compared to those of pure EP. By compar-
ison, the values for averaged tensile strength, tensile modulus
and the elongation at break for MMT/EP nanocomposites at the
MMT concentration of 5 phr are 79.32 MPa, 2.54 GPa and
11.19%, respectively. Obviously, the TiO,/MMT/EP nano-
composite at the TiO,/MMT concentration of 5 phr has a better
tensile performance than that of the MMT/EP nanocomposite at
the MMT concentration of 5 phr, indicating the 0D TiO,/2D
MMT synergistic reinforcement in EP matrix.

There were two principal reasons as illustrated in Scheme 1.
The first one was ascribed to the surface hydroxyl groups of
monodisperse nano-TiO, ball cactus and their high specific
surface area, which benefited the interfacial interaction
between 0D TiO, filler and EP matrix (Scheme 1b). Furthermore,
the 2D layered MMT as the second filler could provide syner-
gistic reinforcement interactions and additional regulatory
effects, which meant that these double dimensionally different
nanoscale particles formed efficient stiff particle-matrix inter-
facial layer and thus increased crosslink density of the EP
network due to their percolated structure. The 2D layered MMT
and 0D TiO, fillers, which were well dispersed in the
surrounding EP matrix could hinder the entanglement problem
of each component and thus make them more scattered as
illustrated in Scheme 1b. It can lead to a better dispersion effect
and increased tensile strength. Additionally, the synergistic

***ﬁ 0D TiO,

AR oo MvT
ﬂ 3D TiO/MMT/EP

nanocomposites

Scheme 1 Schematic illustration showing: (a) OD TiO, + 2D MMT:
interaction of 0D TiO, and 2D MMT; (b) 3D highly cross-linked
network of TiO,/MMT/EP nanocomposites formation process during
heat curing; (c) the strong particle—matrix interactions between the
rigid OD TiO,/2D MMT particles and EP, which were able to carry the
external load from all directions.
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interactions could resist the tensile stress that is perpendicular
and parallel to the layered plane of MMT, Scheme 1c, respec-
tively. The tensile strength and tensile modulus of the nano-
composites were decreased when the concentration of TiO,/
MMT was high (6 phr, 8 phr). It was mainly attributed to the
irregular arrangement of the TiO,/MMT nanofillers among the
EP matrix.

It could be correlated with the SEM analysis of the tensile
fracture morphology observations (Fig. 10). At the micrometer
scale, the neat EP exhibited a smooth, glossy microstructure
without any plastic deformation, Fig. 10A. In Fig. 10B-F, it was
clearly indicated that the surface roughness increased with
random orientation especially at higher loadings (6, 8 phr) of
TiO,/MMT into the EP matrix and exhibited irregular disper-
sion. In the amplified picture of the fracture surface of (2, 4 phr)
TiO,/MMT/EP nanocomposites, Fig. 10B and C, the 0D TiO, are
found to be linked to each other, and its high surface area is
good for the highly cross-linked molecule network within the
2D MMT. It is apparent that the (5 phr) TiO,/MMT/EP nano-
composites, Fig. 10D, displayed rugged scallops and ductile
fracture characteristics. Additionally, the 2D MMT could be
pulled out with EP linked to the 0D TiO,, showing an efficient
contact and interfacial interaction among the macromolecular
crossing networks.*** All the 0D TiO, nanoparticles are
uniformly spreaded within EP matrix and there is no entan-
glement, further showing the proposed double dimensionally
ordered nanofiller reinforcing mechanism as illustrated in
Scheme 1b. Thus, it could be concluded that the 5 phr of TiO,/
MMT based nanocomposites system showed good compatibility
and had proper distribution of 0D TiO, and 2D MMT.

The flexural properties neat EP and TiO,/MMT/EP nano-
composites are shown in Fig. 11. It was clearly indicated that the
flexural strength as well as the flexural modulus were greatly
increased when the nano-TiO, ball cactus and MMT were
introduced into the EP matrix. It was attributed to the strong
particle-matrix interactions between the rigid double dimen-
sionally different nanoscale particles and EP, which were
capable of carrying and withstanding any part of the external
forces. TiO,/MMT/EP nanocomposites imparted a high portion
of interface. As presented in the inset in Fig. 11, the values for
averaged flexural strength and flexural modulus of MMT/EP

Fig. 10 SEM micrographs showing tensile fracture morphology of
neat EP (A) and TiO,/MMT reinforced nanocomposites at filler
concentrations of 2 (B), 4 (C), 5 (D), 6 (E) and 8 phr (F), respectively.
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Fig. 11 Flexural modulus (A) and flexural strength (B) of neat EP and
TiO2/MMT reinforced nanocomposites at filler concentrations of 2, 4,
5, 6 and 8 phr, respectively.

nanocomposites at the MMT concentration of 5 phr are
209.3 MPa and 8.9 GPa, respectively, which are lower than that
of the TiO,/MMT/EP nanocomposite at the TiO,/MMT concen-
tration of 5 phr. These results demonstrate that the 2D layered
MMT as the second filler can provide synergistic reinforcement
interaction between the rigid 0D TiO,/2D MMT particles and
the EP matrix. It was well known that the effect of the interfacial
adhesion among the nanocomposites generally played an
essential action in transfer stress ability of the materials.®>*
The hydroxyl groups on the nano-TiO, ball cactus surface
ensured well filler-polymer bonding, which can facilitate the
stress transfer properties of the nanocomposites system. A lot of
external and internal energy could be offseted at the
nanoparticle/polymer interface. The gradual increase in flexural
strength as well as the flexural modulus revealed that external
stresses were efficiently transferred via the interface. In the
same way corresponded a high interfacial stiffness at fillers
concentration of 5 phr to the high composite modulus. It was
noted that when the concentration of the fillers was 5 phr, the
flexural modulus and flexural strength were increased by 163%
and 181%, respectively compared to those of neat EP. However,
when the concentration exceeded 5 phr, the failure strain
underwent a mild drop. The decline proposed that a lot of fillers
at the moment dominated, and they reduced the deformation
within the polymer networks by hindering forces mechanically,
which was evidenced by the difference among their SEM
micrographs of flexural fracture morphologies.

Fig. 12 shows the fracture surfaces for the neat EP matrix and
TiO,/MMT/EP nanocomposites. Fig. 12A displays a brittle
characteristic characterized by vast smooth surfaces, hyperbolic
lines, as well as the fracture bands along the crack propagation
direction. In contrary to the neat EP, the fracture surfaces of
TiO,/MMT/EP nanocomposites are rougher (Fig. 12B-F).
Fig. 12B distinctly displays lots of hyperbolic lines spitting via
the crack propagation. The above micro-rough structure could
be due to matrix shear yielding within the rigid nanofillers. The
surface of (5 phr) TiO,/MMT/EP nanocomposite exhibits the
highest roughness (Fig. 12D). It was extensively rugged, which
meant that cracks moved quickly, allowing little polymer
deformation as the yielding process was more quickly.

This journal is © The Royal Society of Chemistry 2017
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Fig. 12 SEM micrographs showing flexural fracture morphology of
neat EP (A) and TiO,/MMT reinforced nanocomposites at filler
concentrations of 2 (B), 4 (C), 5 (D), 6 (E) and 8 phr (F), respectively.

The dependence of the impact strength of neat EP and TiO,/
MMT/EP nanocomposites on fillers content is shown in Fig. 13.
The reinforcing effect was obvious even at low filler loading (2
phr) and achieved the highest level found for 5 phr TiO,/MMT,
which was increased by 51.8% compared to that of neat EP. At
higher contents (6 phr, 8 phr), the impact strength decreased
gradually. However, they remained superior impact strength
over the neat EP and no unexpectedly decrease was noticed.
This result can be interpreted as crack pinning and crack tip
blunting. On one hand, propagating cracks can be hindered by
stiff 0D TiO, nanoparticles. When the propagating crack comes
across TiO, nanoparticles, it is momentarily restrained and
crowded out among these nanoparticles, forming secondary
cracks.®*** Additionally, crack tip blunting often come up
because of the localized shear yielding and damage zones of the
interface of MMT/EP and fracture of 2D MMT nanoparticles.
The exfoliated MMT lamellae act as stress centers as they
possess different elastic characteristics over the neat EP. When
the local stress surpasses the yield stress of neat EP, the shear
yielding of the MMT/matrix interface will occur. Therefore, the
TiO,/MMT/EP nanocomposite is capable of consuming large
amounts of energy upon fracture. As shown in the inset in
Fig. 13, the impact strength of the MMT/EP nanocomposite at
the MMT concentration of 5 phr is 19.3 k] m~>. It is lower than
that of the TiO,/MMT/EP nanocomposite at the TiO,/MMT
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Fig. 13 Impact resistance of neat EP and reinforced nanocomposites.
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concentration of 5 phr. All the above results fully indicate the
existence of the synergies between 0D TiO, ball cactuses and 2D
MMT lamellae in EP matrix.

SEM of the impact fracture surface was explored to illustrate
the fracture toughening behavior in TiO,/MMT/EP nano-
composites. With the addition of the double dimensional
nanofillers, rougher and random fracture surfaces are gener-
ated (Fig. 14B-F). A large number of river-shaped crazings and
dimples appear in the surface of impact fracture for TiO,/MMT/
EP nanocomposites. It is probably due to the blocking actions
and crack pinning of 0D mesoporous TiO, nanoparticles and 2D
layered MMT nanoparticles in the EP crosslinking system.®>%
Additionally, vast river-shaped lines are crooked, which are
good for the fracture toughness by discharging the extra tension
within the crack fronts. This phenomena is owing to the stiff 0D
mesoporous TiO, nanoparticle filler and layered 2D MMT
nanoparticles, which prompted the EP matrix to generate lots of
plastic deformation and consume large fracture energy. Oppo-
sitely, the neat EP shows totally smooth surface (Fig. 14A) and
a typical brittle fracture. It indicates the hindering effect of
crack transfer is fairly low.

Our 0D TiO,/2D MMT-inspired nanocomposite is prepared
by heat curing of E-51, nano-TiO, ball cactus and layered MMT
nanoclay platelets, which stack in a well-ordered layered struc-
ture to form a crosslinking system (Scheme 1). Kinds of other
techniques to generate forceful TiO, and/or MMT-reinforced
materials have been conceived.®*® Nevertheless, our approach
has the superiority of not only offering peculiar domination of
the nanostructure, but also of being facile, facilitating scale-up
and large manufacturing. Scheme 1 illustrates the possible
structure and 3D networks of TiO,/MMT/EP nanocomposites.
These basic building blocks are linked by the double dimen-
sionally ordered fillers to form a highly cross-linked network.
The fine nano-TiO, ball cactus can be availably implanted into
the gaps between layered MMT and EP matrix. In addition to the
heat curing reaction of EP resin, the cross-linking reaction
between EP and 0D TiO,/2D MMT nanoparticles could addi-
tionally be involved in the case. The functional hydroxyl groups
on the surface of the nano-TiO, ball cactus enable interface
designs that improve the interfacial strength in the resultant

Fig. 14 SEM micrographs showing impact fracture morphology of
neat EP (A) and TiO,/MMT reinforced nanocomposites at filler
concentrations of 2 (B), 4 (C), 5 (D), 6 (E) and 8 phr (F), respectively.
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nanocomposites. Additionally, the 2D MMT can strengthen the
crosslinking density by their layered nanosheets. The syner-
gistic interfacial interaction is one important approach for
constructing integrated TiO,/MMT/EP 3D networks. Several
typical interfacial interactions in the synergistic building blocks
include hydrogen bonding, ionic bonding, branched polymers,
linear molecules and polymers, and three-dimensional (3D)
thermosetting resin networks. The roughness on the surface of
0D TiO, and 2D MMT nanoparticles will also result in an
enhanced mechanical interlocking with the EP and, conse-
quently, in better adhesion. Thus, the TiO,/MMT/EP nano-
composites with below 5 phr TiO,/MMT, in which the layered
MMT lamellae are totally homogeneously distributed among
the EP matrix, are toughened and strengthened simultaneously.
This indicates that TiO,/MMT nanohybrids can possess high
bending energy that could keep out strong energy from all
directions before yield generates. We emphasize that such
double dimensionally ordered nanostructure filler marks an
perfect model system for exploring synergistic reinforcement
effects on polymer mechanics in usual.

3.4. Dynamic mechanical analysis

DMA is a high-efficient strategy for the characterization of
interfaces and allows exploring glass transitions or secondary
transitions and yield signals on the structure of nano-
composites. The typical DMA thermograms of neat EP and TiO,/
MMT/EP nanocomposites are depicted in Fig. 15. The storage
modulus (£') for all nanocomposites went up to a higher value

E' (Pa)

10° L L L L ' L L L
40 60 80 100 120 140 160 180 200 220

Temperature (°C)

40 60 80 100 120 140 160
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180 200

Fig. 15 Storage moduli (A) and tan ¢ curves (B) of neat EP and rein-
forced nanocomposites.
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relative to the neat EP when the nanofiller loading increased
(Fig. 15A). For neat EP the value was 349 MPa, and this value
gradually increased to 378, 393, 563, 452, 365 MPa for TiO,/
MMT/EP nanocomposites at the loading of 2, 4, 5, 6, 8 phr,
respectively. Additionally, the modulus decreased as the
temperature boosting, but retained a higher stiffness than the
EP as the temperature exceeded 150 °C. The increase in E' can
be attributed to the full exfoliation of 2D MMT layers in TiO,/
MMT/EP nanocomposites. Each exfoliated MMT lamella with
nano TiO, surroundings was just like extremely large and rigid
crosslinking plane, which was equivalent to increase the
amount of cross-links for the epoxy matrix. The interpenetrated
fillers of the 0D TiO, and the 2D layered MMT into the cross-
linked epoxy networks led to increased crosslinking density
and strong stiffening effect on the epoxy matrix. This is a strong
advantage of TiO,/MMT/EP nanocomposites compared with the
neat EP. It was because that it could retain the high modulus
even when the temperature exceeded the glass transition
temperature (Ty).

As shown in Fig. 15B, as nanofillers increased, the T, peak of
TiO,/MMT/EP tended to change to slightly higher values
compared with the neat EP (128.9 °C) while the damping peak
decreased. It was ascribed that firstly the double dimensionally
different nanoparticles play significant action in the hindering
effect of heat conduction. The vertical heat transfer can be
effectively retarded owing to the great length-diameter ratio of
2D MMT. Meanwhile, the heat convection & conduction can be
restrained by 0D TiO, ball cactus in all directions including the
horizontal direction. Secondly, under ultrasonic radiation, the
MMT and TiO, ball cactus catalyze the polymerization of EP in
the stirring process and thus alter the cured network systems.
The confinement and the decline in the mobile range of
molecule segments of polymer occurs as a result of the inter-
calation of 0D TiO, and 2D MMT into the crosslinking networks
of epoxy matrix.

3.5. Thermo gravimetric analysis

Thermal stability of the neat EP and TiO,/MMT/EP nano-
composites was investigated using TGA. The results are dis-
played in Fig. 16 and the specific parameters are listed in
Table 2. As shown in Fig. 16, it was apparently shown that all the
TGA curves had just a degradation stage. When the temperature
was <250 °C, all the samples revealed the similar thermal
behavior and the weight loss could be nearly ignored. The
weight decrease occurred mainly over 250 °C and was
completed below 600 °C. The degradation temperature for Tse,
of the cured systems decreased with increasing mixed fillers
loading (0-5 phr), and for neat EP the Ts, was 345.4 °C, for
TiO,/MMT/EP nanocomposites at the loading of 5 phr the Tse,
increased to 368.3 °C. Ty, and Tax Showed the same tendency.
When the temperature was ranging from 300 °C to 500 °C, all
samples displayed a quick thermal degradation. As shown in
Table 1, it also led to an increase in residual weight. The char
yields at 600 °C for the cured samples also increased as the
mixed fillers loading increase, the char yield of neat EP was
7.5%, whereas the value for TiO,/MMT/EP nanocomposites at

This journal is © The Royal Society of Chemistry 2017
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Fig. 16 TG curves of neat EP and reinforced nanocomposites.

Table 2 Thermal
nanocomposites

stability of neat EP and TiO/MMT/EP

samples  To”(C)  Tiwl Q) Tmal(C) Y (%)
0 345.4 371.5 414.4 7.5
2 358.3 382.1 416.8 8.3
4 361.8 383.4 423.6 9.0
5 368.3 390.6 425.2 10.9
6 355.6 377.7 420.8 12.1
8 348.7 370.8 417.6 12.9

“ The temperature for 5% weight loss. ” The temperature for 10%
weight loss. © Maximum weight loss temperature. ¢ Char yields at
600 °C.

the loading of 8 phr was increased to 12.9%. It was indicated
that the thermal stability of the TiO,/MMT/EP systems was
enhanced with the importing of the mixed fillers. Each exfoliated
MMT lamella with nano TiO, surroundings was just like
extremely large and rigid crosslinking plane, which was equiva-
lent to increase the amount of cross-links for the epoxy matrix.
The better dispersion of the hybrid fillers would contribute to the
more strong synergistic effect. It is well known that the chemical
structure and the crosslinking density play important roles in
controlling the heat endurance of the thermosets. Generally
a higher crosslinking density of crosslinking networks contrib-
utes to higher heat endurance. The enhanced behavior for the
TiO,/MMT/EP nanocomposites is attributed to the existence of
0D TiO, and the exfoliated 2D layered MMT and the forceful
interaction between the EP macromolecule segments and
uniform nano TiO, ball cactus, which increased the crosslinking
density and inhibited the molecular mobility of polymer chains.

3.6. Dielectric behavior

The effect of 0D TiO, and 2D layered MMT on the formation of
the conductive pathway and the dielectric properties of TiO,/
MMT/EP nanocomposites were examined at 10> Hz to 10° Hz
as a function of the filler loading of neat and TiO,/MMT/EP
nanocomposites (Fig. 17). It was noted that the incorporation
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Fig. 17 Frequency dependence of dielectric constants (A) and
dielectric loss (B) of neat EP and reinforced nanocomposites.

of 0D TiO, and 2D layered MMT into the EP matrix increased
the dielectric constant (¢) values. The & for TiO,/MMT/EP
nanocomposites were increased as the filler loading increased
to 5 phr. The ¢ of neat EP was 3.26 at 1 kHz, whereas the ¢ of
TiO,/MMT/EP systems with filler loading of 2, 4, 5 phr were
3.36, 3.58, 3.90, respectively. The dielectric loss of neat EP
matrix was 0.010, and the dielectric loss of EP nanocomposites
with the filler loading of 2, 4, 5 phr were 0.024, 0.031, 0.041,
respectively. These results were probably due to the rising
interfacial areas and crosslinking density generated by the
hybrid fillers of 0D TiO, and 2D layered MMT during the
formation of nanocomposites. When the filler loading was
larger than 5 phr, the dielectric constant of the nanocomposite
showed a decreased value. This phenomenon may be related to
the phase inversion.

3.7. Contact angle and surface free energy

For the sake of reinforcing the modulus without the sacrifice of
the low surface energy of the TiO,/MMT/EP nanohybrids, it was
anticipated to be best to introduce the double dimensionally
different 0D TiO,/2D MMT fillers into the EP macromonomer.
In that case, the cross-linking density was raised, contributing
to an improved modulus. Surface tensions of the neat and TiO,/
MMT/EP nanocomposites were determined using the Owens—
Wendt-Kaelble method (OWK):*°

1 1
(Hr) + (2r)°

2
1 +cos @ 2)

r, =
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in which 0 is the static contact angle, ry, is the surface tension of
the test liquid, and r{ and f are the dispersive unit and the
polar unit of the liquid surface tension.

The contact angles are measured with water and n-hex-
adecane as probe liquids (Fig. 18 and 19), and the details are
listed in Table 3. The advancing contact angle of the neat EP was
estimated with water to be ca. 56°. Upon adding 0D TiO,/2D
MMT to the system, the water advancing contact angle for the
organic-inorganic nanocomposites was increased as the TiO,/
MMT loading in EP matrix increased. As shown in Table 3, the
surface free energies calculated from the difference in the
advancing angles of the TiO,/MMT/EP nanocomposites were
lower than that of neat EP (46.59 mJ m™2). This observation
indicated that when the 0D TiO,/2D MMT was incorporated into
organic polymers, the surface hydrophobicity of the nano-
composites will be improved. The TiO,/MMT/EP nano-
composites were therefore more hydrophobic than the neat EP.
Inorganic nanoparticle-polymer nanocomposites have found
great potential in the fabrication of superhydrophobic
surfaces.” It is well confirmed that nanostructures and
morphologies on surfaces play a significant action in control-
ling the hydrophobicity of nanohybrids. In TiO,/MMT/EP
system, there were homogeneously dispersed distribution of
exfoliated MMT individual layers and nano TiO, within the EP
matrix, which were investigated by SEM and TEM results. These
formed double dimensionally ordered nanostructures contain
air-traps.” In this state, the air layer can be trapped among the

Fig. 18 The advancing contact angle for water of neat EP and rein-
forced nanocomposites.

Fig.19 The advancing contact angle for n-hexadecane of neat EP and
reinforced nanocomposites.
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Table 3 Surface free energies of neat EP and reinforced nano-
composites calculated from contact angles of test liquids

Contact angle [°]

Surface free

Samples H,0 Ci6Hzy energy [mJ m 2]
0 56 29 46.59
2 62 32.5 42.10
4 70 19 38.70
5 71 21.5 37.55
6 70.5 27 37.58
8 64 19.5 42.00

ordered nanostructures, which can firmly prevent water drop-
lets from intruding into the surface microstructures and thus
give rise to a very slippery, high-hydrophobic surface. Because of
the own merits of lower surface tension, the greater durability of
these TiO,/MMT/EP nanohybrids would be a superiority
compared with the common approaches and their high
modulus makes them beneficial for physical damage resistance
in long-term water borne tasks.

4. Conclusions

We proposed a double dimensionally ordered nanostructure
filler system consisting of 0D mesoporous TiO, ball cactus
nanoparticles and 2D layered MMT nanoparticles to fabricate
TiO,/MMT/EP nanohybrids with enhanced comprehensive
performance due to the synergies between 0D TiO, and 2D
MMT. From the systematic study, it was clarified that the
synthesized mesoporous TiO, ball cactus embedded in the space
among the layered MMT nanoparticles played a significant
action in raising comprehensive performance. The configura-
tion of TiO, ball cactus and MMT into EP demonstrated their
ability to synergistically improve the tensile, flexural and impact
properties at low filler contents (~2 phr). Moreover, the nano-
reinforcements produced a significant enhancement on the heat
endurance and char yield of the nanocomposites system. Thus
the TiO,/MMT/EP nanocomposites reinforced with optimized
double dimensional fillers loadings possessed better mechan-
ical, thermal and thermal mechanical properties than neat EP.
Thus the TiO,/MMT/EP nanohybrids fabricated in our work
could be studied for a high performance and advanced indus-
trial applications that demand excellent durability. Our concept
reported here teach lessons for kinds of polymers and also will
be a key approach to establish a more ingenious multi-
dimensional filler system toward outstanding nanocomposites.
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