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ABSTRACT: Graphene oxide (GO) is derived from oxi-
dization of natural graphite and contains many active
groups. These active groups make GO a potential compati-
bilizer for polymer blends or coupling agent for polymer
composites. In this work, a novel core-shell structured
hybrid submicroparticles of graphene oxide-encapsulated
silica (GO-SiO,) were fabricated using GO sheets via an
electrostatic assembly between ultrathin negatively
charged graphene oxide sheets and positively charged
amino-modified silica. The possible application of this new
hybrid filler was explored in preparation of maleated
polypropylene  (PP-¢g-MA)/GO-SiO, composites. The
microstructure and interface enhancement of the prepared
composites were analyzed by SEM, TEM, OM, TGA, FTIR,

and DMA measurements. A uniform dispersion of GO-
SiO, hybrids, enhanced interfacial adhesion and improved
mechanical property were evidenced. The reason might be
that graphene oxide can be covalently assembled onto the
amino-modified silica surface, and simultaneously it pro-
vides strong interaction with the PP-¢-MA due to similar
polarity or possible hydrogen bonding. This work suggests
a potential application of graphene oxide-encapsulated
particle in preparation of high performance polymer com-
posites. © 2012 Wiley Periodicals, Inc. ] Appl Polym Sci 125:
E348-E357, 2012
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INTRODUCTION

Graphene is a two-dimensional (2D) sheet carbon
material consisting of planar monolayered hexagonal
sp2 hybridized carbons.'” Recently, it has attracted
both academic and industrial interest because it can
produce a dramatic improvement in properties of
polymer/graphene composites at very low filler
content due to its unique properties such as high
mechanical properties,” electronic* and thermal con-
ductivity,” mobility of charge carriers,® and specific
surface area.” Since it was first achieved in 2004
using micromechanical cleavage from graphite,® var-
ious effective techniques such as chemical vapor
deposition,” epitaxial growth,'”'! mechanical,® or
chemical exfoliations,'>'*> have been developed to
produce graphene. Among those, oxidative exfolia-
tion of naturally abundant graphite and subsequent
reduction may offer a highly efficient route to pro-
duce chemically functionalized graphene.'*'°
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Graphene oxide (GO) is derived from the oxidiza-
tion of natural graphite flakes followed by ultrasonic
treatment of the suspension. In contrast to pristine
graphite, the graphene oxide sheets are heavily oxy-
genated, whose basal planes are decorated mostly
with eonide, hydroxyl, carbonyl, and carboxyl
groups.'”'® These active groups make GO as a
potential compatibilizer for polymer blends or cou-
pling agent for polymer composites. On the basis of
the superior natures of graphene oxide (graphene),
several core-shell hybrid particles and their applica-
tions have been developed. Yang et al.'” described a
novel strategy for the fabrication of graphene-encap-
sulated metal oxide by electrostatic forces into core-
shell hybrids. This hybrid structure enabled a good
encapsulation of electrochemically active metal oxide
nanoparticles by graphene sheets, thus leading to re-
markable lithium-storage performance. Han et al.*
introduced a straightforward hybrid assembly of
graphene and biomolecules into core/shell nano-
wires. A supercapacitor electrode with highly
entangled networks of the hollow graphene shell has
been achieved. Luechinger et al.*' showed a mechan-
ical wrapping of an inorganic particle with graphene
sheets and made them amenable to polymer disper-
sion (even at metal loadings of up to 90 wt %).
Hollow multilayer capsules and porous paper of
graphene oxide nanosheets were also skillfully pre-
pared by wusing graphene oxide (GO) sheets
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wrapped on polymer microspheres.**> Moreover, a
series of metal (metal oxide) particles including
gold,24 silver,®® pla’cinum,26 zinc oxide,? titanium
dioxide,?® etc. have been introduced onto the surface
of GO, giving rise to novel nanohybrids with
improved performance.

In this work, we described a novel strategy for the
fabrication of core-shell GO-5iO, hybrid particles by
coassembly between negatively charged graphene
oxides and positively charged amino-modified silica
particles. Silica is a very important material which
has been employed in a variety of applications in
current industry.” With the ultrathin GO sheets
coated on silica surface, its surface structure and
chemical properties are subsequently changed,
which endows it with potential specific application.
To demonstrate the applications of this new hybrid
filler, it was added into the maleated polypropylene
by melt blending. A uniform dispersion and strong
interfacial interaction were observed, resulting in an
obviously improved mechanical property. It is antici-
pated that these GO-SiO, hybrid particles may find
broad potential application in the preparation of
functionalized and reinforced polymer composites.

EXPERIMENTAL
Materials

Graphite powders were purchased from Qingdao
Black Dragon graphite. Submicro sized silica (median
size = 500 nm) was purchased from Admatechs.
Potassium permanganate (KMnQO,), sulfuric acid
(HxSO4 98%), sodium nitrate (NaNOj), and hydro-
gen peroxide (H,O,) were purchased from Kermel
Chemical reagent plant (Chengdu, China), all
reagents were used as received. 3-aminopropyl-
triethoxysilane (APS) was provided from commercial
sources, and used without purification. A maleated
polypropylene (PP-g-MA) with maleic anhydride
content = 0.9 wt %, M, = 21.1 x 10* g/mol, and
My/M,, = 32 (Chenguang Technology Chengdu,
China) was used as the base polymer.

Fabrication of graphene oxide-encapsulated

silica hybrids

Surface modification of SiO, with APS coupling
agent was performed by the following procedure:
Briefly, SiO, powder (10 g), was mixed with 0.5 mL
APS and 2 mL deionized water in 150 mL ethanol
by planetary ball mill with zirconia balls (400 rpm,
30 min) to get well-dispersed SiO, suspension. Then,
the mixture was stirred and heated up to 60°C for
24 h to realize grafting reaction completely. After
reaction, the particles were filtered from the mixture,
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then washed with ethanol and deionized water five
times to remove unreacted coupling agent.

GO was obtained by using Hummers method,*
followed by ultrasonication for 90 min to produce
well-dispersed graphene oxide sheets. The nonexfoli-
ated GO sheets were removed by centrifuged
(3000 rpm). Then the GO colloid solution was
diluted to a concentration of 0.15 mg/mL with addi-
tional deionized water.

GO encapsulated silica hybrids (GO-SiO,) were
fabricated simply by mixing the aqueous suspension
of positively charged amino-modified SiO, (SiO,-
NHJ) particles and negatively charged GO sheets.
Under optimal conditions, almost all GO sheets pre-
cipitated with SiO,-NH; where the coated GO shell
was about 1 wt % of the SiO, particles. In a typical
process, 300 mL SiO,-NH; suspension (25 mg/mL)
was slowly added into a 500-mL aqueous GO sus-
pension (0.15 mg/mL) under mild magnetic stirring
for 2 h. The obtained GO-5iO, hybrids were centri-
fuged and washed with deionized water, then dried
in a vacuum oven at 60°C for 24 h before use.

Preparation of maleated polypropylene composites

Melt blending of PP-g-MA with a weight percentage
of 1, 3, 5, and 10% of GO-S5iO, powders was con-
ducted using a mixer (HAAKE, RS600, Germany) at
a temperature of 200°C for 5 min and the screw
speed was 50 rpm. After making pieces and dried
under vacuum at 60°C for 2 h, the as-prepared sam-
ples were injection-molded into tensile testing bars
with dimensions of 75 x 4.0 x 2.0 mm® (length x
widexthickness) wusing a mini-injection system
(Thermo Scientific, USA) at melt temperature of
210°C and mold temperature of 30°C. For compari-
son, the neat PP-g-MA and samples with same
weight percentage of pristine SiO, and amino-modi-
fied SiO, were also prepared by the identical proce-
dure. In a convenient manner, the weight loading of
filler was directly labeled in front of composites. For
example, 10% PP-g-MA/GO-5i0, means PP-g-MA
with 10 wt % GO-5iO, hybrids.

To investigate the interactions between PP-g-MA
and GO-SiO, (SiO,) surface, the composites were
extracted in boiling xylene for 4 h by Soxhlet extrac-
tion technique. The extracted fillers was washed
with ethanol for five times, and then dried in a
vacuum oven at 60°C for 24 h before measurement.
The extracted fillers from PP-g-MA/GO-Si0, and
PP-g-MA/SiO, are designated as Ex-GO-SiO, and
Ex-SiO,, respectively.

Characterization

FTIR was employed to characterize chemical struc-
ture of Si0O,, Ex-5i0,, and Ex-GO-5iO,. The spectra
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were recorded between 400 and 4000 cm ' on a
Nicolet-560 infrared spectrometer. Zeta potential
measurements were performed using a Zetasizer
3000 (Malvern Instruments, UK), and the GO and
silica samples were diluted to 0.05, 2 mg/mL,
respectively, before measurements.

Transmission electron microscopy (TEM) observa-
tions were carried out to examine the micro-mor-
phology of hybrids on a Tecnai F20 S-TWIN TEM
under an acceleration voltage of 200 kV. The scan-
ning electron microscopy (SEM) experiments were
performed using a FEI Inspect F scanning electron
microscopy (SEM) instrument with an acceleration
voltage of 20 kV. The microscopic morphology of
hybrid particles and cryogenically fractured surfaces
of composites were observed. The dispersions of
particles in the matrix via melt blending were col-
lected by the Leica DMIP optical microscopy (OM).

The thermal stability was studied by Thermal
gravimetric analysis (TGA) test, conducted at Q500
Thermogravimetric analyzer (TA instruments, USA)
from 30 to 550°C at nitrogen atmosphere with the
heating of 10°C/min.

Dynamic mechanical analysis (DMA) tests of neat
PP-¢g-MA and composites were carried out using a
DMA Q800 analyzer (TA instruments, USA) to
determine their thermomechanical properties. The
three-point-bend mode was used, and the measure-
ment was carried out on a rectangular shaped part
in the size of 30 x 4.0 x 2.0 mm® (length x wide x
thickness) from —50 to 100°C at a heating rate of
3°C/min and an oscillatory frequency of 1 Hz.

Standard tensile tests were performed on a dumb-
bell-shaped specimen using an SANS Universal ten-
sile testing machine according to the ASTM D638-03
standard with a crosshead speed of 50 mm/min.
Five samples were used for each measurement and
the average result was reported.

RESULTS AND DISCUSSION

Self-assembly and morphology of graphene
oxide-encapsulated silica

Recent studies showed that GO sheets could be
regarded as two-dimensional conjugated macromole-
cules with huge molar masses, and the unique mole-
cule-colloid duality GO sheets were proved repeat-
edly as an ideal 2D building block by assembling
into macroscopic materials with hierarchical struc-
tures via certain interactions.'”*"** Originating from
ionization of the carboxylic acid and phenolic
hydroxy groups introduced by chemical oxidation
on the sheets surface, GO exhibited high negatively
charged surface. Thanks to its negatively charged
surface, GO could coassemble with some positively
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materials via mutual electrostatic

20,33

charged
interaction.
Here, the SiO, was firstly modified by APS, which
could be ionization of amino groups to form posi-
tively charged SiO,-NHJ particles.”® Therefore, it is
easy to assume that electrostatic driving force can
take place between these two materials. To clarify
this process, zeta potential tests were taken to exam-
ine the surface charges of GO, 5iO,, and amino-
modified SiO, aqueous suspensions. With pH value
7, the GO had a high negatively charged surface
with  potential value of —39.6 mV. Apparently, this
charge originated from the ionization of the carbox-
ylic acid and phenolic hydroxy groups that were
located on the graphene oxide.>* Meanwhile, the
surface charges of the silica switched from negative
(€ potential = —25.6 mV) to positive ({ potential =
42.2 mV) after APS modification. For amino-modi-
fied SiO, particle, the grafting and the protonating
effect of amino group on its surface made its surface
positively charged in aqueous media. When the
oppositely charged GO sheets and SiO,-NH; par-
ticles met through a simple solution mixing, the elec-
trostatic assembly might be triggered, forming the
core-shell structure of GO-SiO, hybrids afterward.
The morphology and microstructure of the GO-
S5iO, hybrids and the pristine SiO, are shown in
Figure 1. Macroscopically, the hybrid particles show
dark gray color in contrast with the white color that
pristine SiO, particles show [Fig. 1(a)], indicating
that the surface of the SiO, particles were coated
uniformly with GO sheets. Microcosmically, the GO-
SiO, hybrids showed crinkled and rough textures
that were associated with the presence of flexible
and ultrathin graphene oxide sheets. In most cases,
the edges of individual as well as overlapping GO
layers could be observed, particularly at the interface
between aggregated particles, where the GO layers
appeared to link neighboring particles together
[Fig. 1(c)]. In contrast, SEM images of uncoated SiO,
particles showed only smooth unfeatured surfaces
[Fig. 1(b)]. Close inspection of the fine features of
the GO-SiO, hybrids by TEM confirmed the
extremely thin (<5 nm), flexible, and corrugated
nature of the GO shells [Fig. 1(d)]. This result sug-
gests an intimate encapsulation of the silica particles
by GO sheets. Therefore, the novel core-shell struc-
tured GO-SiO, hybrids were fabricated by electro-
static attraction through a simple solution mixing.

Dispersion of core-shell structured GO-SiO,
hybrids in maleated polypropylene composites

To explore the properties and applications of these
novel hybrids, the hybrids were added to maleated
polypropylene (PP-¢g-MA). The composites were sim-
ply prepared via melt compounding of maleated
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Figure 1 (a) Photographs of pristine SiO, and GO-SiO, hybrids; SEM images of (b) pristine SiO, and (c) GO-SiO,
hybrids; (d) TEM images of GO-SiO, hybrids, showing core-shell structure with ultrathin GO sheets (<5 nm). [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

polypropylene pellets with the hybrids. The macro-
scopical dispersion can be conveniently observed by
optical microscopy. Figure 2 shows the optical
microscopy (OM) images of the pristine SiO, and
GO-SiO, hybrids (10 wt %) dispersed in the
maleated polypropylene. On the basis of the submi-
crometer size of SiO, and the properties of matrix,
SiO, particles with some aggregations are observed
in the matrix. Meanwhile, the GO-5iO, hybrids are
well dispersed in the PP-¢-MA as uniform black
spots. It indicates that the compatibility between
5i0, and maleated polypropylene is improved by
introducing well-functional GO shell. Moreover,
microcosmic dispersion and interface analysis will
be discussed in the following SEM observation.

Interfacial interaction of core-shell structured
GO-SiO, hybrids in maleated
polypropylene composites

The interfacial interaction between filler and poly-
mer is a vital factor to obtain high performance
polymer composites. Switching the surface feature of

filler is a popular way to enhance interfacial interac-
tion. Thus, the interfacial interaction between the
GO-5i0; hybrids and PP-g-MA should be systemati-
cally investigated.

Figure 3 shows the SEM images of fractured
microstructure of PP-g-MA/SiO, and PP-g-MA /GO-
5i0, composites with 10 wt % filler. Before SEM
investigation, the injection molding samples were
cryo-fractured in liquid nitrogen, perpendicularly to
the flow direction. For the composites filled with
5i0,, many holes caused by pulled-out SiO, particles
are visible and a few SiO, particles with smooth
surfaces left in the fracture surface [Fig. 3(a,b)].
However, stronger interfaces are observed in frac-
ture surfaces of composites filled with GO-SiO,
hybrids. The hybrid particles show a well dispersion
and tight coalescent in the matrix. The coated resin
on the GO-5iO, hybrid can be clearly observed in
the high magnification image as shown in Figure
3(d), indicating a strong interfacial interaction
between GO-5iO, hybrids and PP-g-MA matrix.

To further compare the interfacial interaction of
5i0, with PP-¢-MA and GO-5iO, hybrids with PP-g-

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Optical micrographs showing the dispersion of fillers (10 wt %) in the PP-g-MA matrix: (a) the composite con-
tains the pristine SiO, and (b) the composite contains the core-shell structured GO-5iO, hybrids.

MA, both of the composites were extracted in boil-
ing xylene for 4 h by Soxhlet extraction technique.
The extracted fillers were characterized by FTIR and
TGA. Figure 4 shows the FTIR spectra of the pristine
Si0,, Ex-Si0,, and Ex-GO-SiO, fillers. Because of the
natural strong absorbency of SiO,, the typical absor-
bant peaks of SiO, are shown in three kinds of fill-

ers. Typically, the peaks at 1120 cm ' and 805 cm ™!
are ascribed to the asymmetric and symmetric
stretching vibration of Si—O—Si.*> Compared with
pristine SiO,, Ex-5i0,, and Ex-GO-5iO;, fillers shows
two new peaks at 1462 cm ' and 1380 cm ', which
can be ascribed to the bending vibrations of —CH,—
(or —CHj3 asymmetric bending vibrations) and the

Figure 3 SEM images of fractured microstructure of (a,b) PP-g-MA/SiO, and (c,d) PP-g-MA/GO-SiO, composites with

10 wt % fillers.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 FTIR spectra of the SiO,, Ex-SiO,, and Ex-GO-
SiO, fillers. The inset picture is magnified images for the
peak belonging to bending vibration of —CH,— and —CHj
groups, respectively. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

symmetric bending vibrations of —CHj;, respec-
tively.* It indicates that matrix resin is still com-
bined with the extracted fillers. Furthermore, the
intensity of the two new peaks of Ex-GO-SiO;, fillers
is obviously stronger than that of Ex-SiO, (the inset
picture of Fig. 4), implying more resin clinged to the
extracted hybrids surface. There are two points that
should be noticed. One is that the silane coupling
agent of APS also has —CH,— groups. It should be
further discussed combining with the following
TGA experiment to clarify where the —CH,— groups
might mainly come from. The other is that it is hard
to identify the peak at about 1720 cm™' related to
the C=O vibration of carboxylic groups, which may
be contributed to the functional groups of GO sheets
and the maleic anhydride. It is possible that the
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Figure 5 The weight loss curves for the neat PP-g-MA,
Ex-SiO,, and Ex-GO-SiO,. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com. |
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absorbency of Si—O—Si is much stronger than the
absorbency of carboxylic groups and the content of
GO sheets and maleic anhydride is quite less com-
pared with the content of SiO,. To further estimate
the amount of matrix reserved on the fillers, ther-
mogravimetric analysis (TGA) measurements were
used. The weight loss curves of the neat PP-g-MA,
Ex-5i0, and Ex-GO-SiO, are presented in Figure 5
and the corresponding data is listed in Table L. It is
found that the main weight loss of neat PP-g-MA
takes place in a temperature range between 300 and
450°C and 100 wt % weight loss of that takes place
above 500°C. In contrast, the Ex-SiO, curve shows a
little weight loss about 5.2% at temperature above
500°C, resulting from the quite little resin coated in
the particle. While the Ex-GO-S5iO2 curve shows
more notable decrease at temperature above 450°C.
From the weight loss of Ex-GO-SiO, around 500°C,
the amount of the resin reserved on Ex-GO-SiO, par-
ticles is about 8.2 wt % higher than that of Ex-S5iO,
particles. As the TGA result proved, the weight of
residual matrix is much more than the possible
weight of APS (no more than 2 wt % of SiO,). There-
fore, we believe the two enhanced peaks at 1462
cm 'and 1380 cm ™' mainly belong to the residual
resin. In addition, it is easy to believe that the resin
reserverd on the filler is the interphase, which can
enhance the interfacial interaction between the filler
and matrix. In other words, the interfacial thickness
and interaction of PP-g-MA with GO-5iO, particles
are better than that of PP-g-MA with SiO, particles.
Generally, neat GO shows about 40% weight loss
from 200 to 300°C in N, atmosphere.37 However, in
this work, the whole weight of GO coated on SiO, is
only about 1 wt % (see Experimental section). As a
result, the weight loss in this temperature range will
be no more than 0.4 wt %. Therefore, the weight loss
would be quite slight so that it can not be observed
in this region. Moreover, compared with neat PP-g-
MA, the onset temperature of weight loss of Ex-GO-
S5i0, (at 3 wt %) is significantly increased for
107.8°C. The effect of improved compatibility on
enhanced thermal stability of matrix with GO has
been widely reported in literature.®* The result
indicates that there is a strong interaction between
the polymer matrix and the GO at the interface.
Because of this, the mobility of the polymer

TABLE I
Thermo Gravimetric Analysis (TGA) Data of the Onset
Temperature of Weight Loss (3%), Residual Weight, and
Increased Temperature (AT 3o,

Tonset (3%) Residual AT(S%)
C) weight (%) C)
PP-¢-MA 329.6 0 -
Ex-5i0, 434.5 94.8 105.9
Ex-GO-5i0, 437.4 86.6 107.8

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Effect of filler content on the (a) yield strength
and (b) tensile modulus of PP-g¢-MA composites with SiO,,
amino-modified SiO, (ASiO;), and GO-S5iO, hybrids.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

segments near the interface has become suppressed
and introducing GO enhances the formation of char
on the surface of polypropylene. As a consequence,
it reduces the rate of decomposition. Combined with
the ruselt of SEM, FTIR, and TGA, it is demon-
strated that a thicker interphase and a stronger inter-
action were achieved by using this GO-5i0, hybrid
particles filled PP-g-MA compared with pristine
SiO;, filled PP-g-MA.

Mechanical reinforcement of GO-SiO, hybrids in
maleated polypropylene composites

The core-shell structured hybrid particles can hold
great promise to reinforce polymer composites due
to its large aspect ratio and strong interfacial interac-
tion with matrix. The reinforcement effect of these
hybrid particles is obvious for the tensile properties
as illustrated in Figure 6. It is obvious that the
improvement of mechanical properties of composites
filled with GO-5i0O, is stronger than that of compo-
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sites filled with SiO, and amino-modified SiO,.
Comparing with the neat PP-g-MA, the yield
strength increased from 30 to 33.6 MPa for compo-
sites containing 10 wt % GO-5iO, hybrids, while the
yield strength only increase to 31.2 and 31.5 MPa for
composites containing 10 wt % SiO, and amino-
modified SiO, particles, respectively. More impor-
tantly, the tensile modulus of composites containing
10 wt % GO-5iO, hybrids is up to 1034 MPa com-
pared with 948 MPa for composites containing 10 wt
% Si0O, and 805 MPa for neat PP-g-MA. Although
the silane coupling agent with amino group might
also have good interaction with PP-g-MA, the effec-
tive coupling group and contactile surface area of
amino-modified SiO, are much less than that of GO-
SiO,. This might be the reason why there is a little
effect of amino-modified SiO, particles on enhancing
PP-g-MA. It is well known that the loads can be
transferred from the matrix to the filler through an
interfacial region. Therefore, the mechanical rein-
forcement of maleated polypropylene composites
filled by GO-5iO;, hybrids can be another proof of
interfacial enhancement.

What is more, DMA measurement can be an effec-
tive method to estimate the interfacial interaction
between the filler and matrix.***' Especially, the
storage modulus is much sensitive to the particle
dispersion and interfacial interaction in matrix.
Figure 7 shows the dynamic storage modulus (G)
versus the temperature curves of PP-¢-MA and its
composites. The data of storage modulus values at
—40, 20, and 60°C from the DMA results for neat
PP-g-MA and its nanocomposites are summarized in
Table II. On the whole, the storage modulus of filled
PP-¢g-MA increases with addition of both types of
fillers. It was found that the reinforcing effect of
GO-5i0, hybrids is more prominent in PP-g-MA/

5x10°

[ PP-g-MA
) —_ 10% PP-g-MA/SIO,
R
mrm;ﬁ“’%% 10% PP-g-MA/GO-Si0,
8 - "Q\‘.
3x10° - %
= %%o.-% %,
R, I,
'y, B

2x10° frmmmm e t'?; %Q\“ _“'“"'

Storage modulus G' (MPa)

30 0 30 60 90 120
Temperature (°c)

Figure 7 Storage modulus (G') versus temperature of PP-

g-MA and its composites tested by DMA at a frequency of

1 Hz. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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TABLE II
DMA Data of Storage Modulus (G') of PP-g-MA
and Its Composites at Various Temperatures,
and the Corresponding Temperatures When Storage
Modulus Is at 2GPa

G G G
(MPa, (MPa, (MPa, T(ZGPa)
—40°C) 20°C) 60°C) °O)
PP-g-MA 3658 2025 660 20.5
10% PP-g-MA/SiO, 4050 2340 763 25.8
10% PP-g-MA /GO-5i0, 4275 2470 867 29.1

GO-5i0, than PP-¢-MA/SiO, at whole test tempera-
ture range. For example, the storage modulus of PP-
g-MA composite containing 10 wt % GO-SiO,
hybrids increases dramatically to 4275 MPa (at
—40°C) in the glassy region, which is 17% larger
than that (3658 MPa) of neat PP-g-MA as well as 6%
larger than that (4050 MPa) of composite containing
10 wt % SiO, particles, indicating that the hybrids
are homogeneously dispersed and have strong inter-
facial adhesion with the matrix. In addition, the
curves of storage modulus (G') show a few degrees
shift to high temperature with addition of fillers,
indicating an increase of glass transition temperature
and thus increase of interfacial interaction by adding
fillers. This should be explained by the fact that the
presence of hybrid fillers in the composite will
increase the hindrance of the segmental motion of
the PP-g-MA chains due to the effects of interfacial
interaction. Typically, when storage modulus is at 2
GPa, the corresponding temperatures of neat PP-g-
MA, 10% PP-g-MA/SiO, and 10% PP-g-MA/GO-
5i0; are 20.5, 25.8, and 29.1°C, respectively.
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The mechanisms of interfacial enhancement
of GO-SiO, hybrids in maleated polypropylene
composites and outlook

As mentioned above, the novel core-shell structure
GO-5i0, hybrids shows enhanced interfacial interac-
tion with maleated polypropylene. It is due to the
ultrathin GO sheets with special large surface and
well-functional groups as a flexible shell coated on
SiO, to switch the surface feature of the filler. To
understand the formation processes precisely, the
scheme of overall fabricating procedure of self-as-
sembly core-shell structured GO-5iO, hybrids and
its polymer composites are plotted in Figure 8. The
fabricate procedure of polymer/GO-5i0O, composite
involves three steps: SiO, particles were firstly modi-
fied by surface grafting of 3-aminopropyltriethoxysi-
lane (APS) to render the SiO, surface positively
charged. Meanwhile, the graphite was oxidized into
negatively charged graphene oxide by Hummers
method. Then, the amino-modified SiO, particles
were assembled with graphene oxide to form core-
shell structured GO-SiO, hybrids by electrostatic
interaction. Finally, the resulting hybrids were
added into polymer via melt blending resulting in
polymer composite. Here, the interfacial enhance-
ment of this hybrid composite is determined by not
only the interaction between GO and modified SiO,
but also the interaction between GO and the matrix.
For the interaction between GO and modified SiO,,
It is thought that the epoxide groups in the GO
sheets react with the amino groups on the modified
SiO, particle surface via a ring-opening reaction,**?
as well as the amido linkage between carboxylic and

Melt blending
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Figure 8 The scheme of overall fabricating procedure of self-assembly core-shell structured GO-SiO, hybrids and its
polymer composites, including (1) modification of SiO, by grafting 3-aminopropyltrimethoxysilane (APS) and preparation
of graphene oxide (GO) sheets by Hummers method, (2) hybrid assembly between positively charged amino-modified
SiO, and negatively charged GO by electrostatic interactions, and (3) melt blending. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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amino groups is supposed to be formed during ther-
mal processing.*>** Thus, the GO sheets and SiO,
particles bond together by forming covalent chemi-
cal bonds to form a robust core-shell structure. On
the other hand, graphene oxide (GO) contains abun-
dant oxygenous groups both on the basal planes and
at the edges of graphene oxide sheets'”'®*>; thus, it
is logical to obtained good compatibility between
PP-g-MA and GO-5iO, hybrids due to the similar
polarity and possible H-bonding of polar groups
between PP-¢g-MA and GO.'**! Therefore, the strong
interfacial interaction and improved mechanical
properties of PP-g-MA/GO-5iO, composites can be
achieved.

Furthermore, the ultrathin graphene Oxide shells
of this hybrid can be reduced into graphene through
chemical or thermal reduction.”'>***” These reduced
graphene Oxide-based hybrid particles can be a great
diversity of technological applications includin
nanoelectronic and photoelectronic components,'**
energy storage materials,”” polymer compo-
sites,'***" electrocatalysis,”' etc. The novel hybrids
also provide a useful way to disperse and design
architectural graphene.'”*'*' Moreover, maleated
polypropylene has long been used as compatibilizer
in commercial blend and composites. These hybrids
filled maleated polypropylene composite can be fur-
ther blend with other polymers to achieve special
functionalization and performance.

CONCLUSIONS

In summary, a novel core-shell structured hybrid
particle was coassembled by ultrathin negatively
charged graphene oxide sheets and positively
charged amino-modified silica through a simple so-
lution mixing. SEM, OM, FTIR, TGA, and DMA
demonstrated that this hybrid shows a good disper-
sion and enhanced interfacial interaction with PP-g-
MA, thus leading to improved mechanical perform-
ance. We believe that this work will provide a
potential application of graphene oxide-encapsulated
particle to achieve special performance.
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