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Effects of surface-modified silica nanoparticles attached graphene oxide
using isocyanate-terminated flexible polymer chains on the mechanical
properties of epoxy composites

a’c’*

Tongwu Jiang®, Tapas Kuila®, Nam Hoon Kim"’, Joong Hee Lee

3-aminopropyltriethoxysilane (APTES) surface-modified silica nanoparticles were attached to graphene oxide (GO) using isocyanate
group-terminated flexible chains in order to synthesize silica nanoparticles attached GO (SATPGO). The SATPGOs synthesized at
various compositions were used as reinforcing fillers to prepare epoxy composites. Fourier transform infrared (FT-IR) spectroscopy and
X-ray photoelectron spectroscopy analyses confirmed the surface modification of silica nanoparticles after surface grafting with the
silane coupling agent, 1,2,4-benzenetricarboxylic anhydride, followed by cross-linking of the surface-modified silica nanoparticles to
GO. X-ray diffraction analysis confirmed the attachment of silica nanoparticles to fully exfoliated GO sheets. Transmission electron
microscopy images revealed that the silica nanoparticles were introduced uniformly onto the GO sheets. The mechanical properties
(impact and tensile properties) of the SATPGO/epoxy composites were dramatically enhanced with the addition of small amount of
SATPGO. The storage modulus of the SATPGO filled epoxy composites was higher than that of pure epoxy. The impact strength of the
SATPGO (0.5 wt.%)/epoxy composite improved by 154% at room temperature and by 92% at 77 K without any sacrifice of the tensile
properties. Moreover, the tensile strength and modulus of the epoxy resin improved with SATPGO loading. The improvements of the
thermal stability and mechanical properties were attributed to the synergistic effects of the silica nanoparticles, flexible polymer chains,
and GO ternary system.
decreases the shrinkage in curing and thermal expansion
1. Introduction coefficient. In contrast, the thermal conductivity and mechanical
ss properties may improve under cryogenic conditions. However, at

Epoxy has a variety of technological and potential applications in higher filler loadings mechanical properties of the composite may
aerospace, electrical, electronics, land and marine transportation deteriorate due to the agglomeration of nano-silica particles.
industries due to its superior insulation behavior, good

mechanical stability, ease of handling, low cost, excellent Recently, the novel two-dimensional material, graphene oxide
dimensional stability, good adhesion, and chemical resistance (GO), has triggered numerous fundamental and technological
compared to other thermosetting resins.'”* However, the main 0 studies on polymer composites'® because GO possesses unique
drawback of neat epoxy is its inherently brittle nature, which properties including a high aspect ratio, surface area, elastic
makes it notch sensitive and leads to a poor composite toughness. modulus, fracture strength, and thermal conductivity.'®!” GO and
The poor crack resistance of epoxy at room temperature (RT) is surface modified GO were used as a building block for new
more pronounced at cryogenic temperatures (CT), which restricts polymer composites to obtain high performance composite
the use of neat epoxy in advanced cryogenic engineering e materials.'®? The use of GO as reinforcing filler is advantageous
applications. Therefore, it is of great importance to improve the in terms of mechanical property improvement due to the presence
fracture toughness and strength of epoxy at cryogenic of various oxygen functional groups leading to strong interfacial
temperatures for cryogenic applications. Many works have been interaction between GO and polymer.**** However, it is

devoted to achieve this goal and over the years, several thermally unstable and can readily undergo exothermic
approaches have been reported. Flexible chain diamines,’ disproportionation reactions under mild heating conditions
thermoplastic poly(ethersulfone) (PSF),* polyetherimide (PEI),’ leading to the loss of thermal stability.?® Moreover, -NH,

polyphenylene (PPE),® poly(ethylene terephthalate) (PET),’ functional groups of the hardener molecules may directly react

-
S

phenoxy,® polycarbonate (PC),” silica nanoparticles,'® exfoliated with the epoxide functionalities of GO resulting incomplete
montmorillonite (MMT)," hyperbranched  polymers,' crosslinking of the epoxy resin. In order to overcome these
polyurethane,'”® and n-butyl glycidyl ether'® have all been s shortcomings, GO and silica nanoparticles can potentially be
proposed as cryogenic toughening agents for epoxy. However, cross-linked using flexible organic molecules. Thus, a unique
the use of thermoplastic toughening agents is often problematic approach involves the simultaneous functionalization and cross-
due to the high processing temperature during melt mixing, as it linking of GO and silica in order to improve their dispersion in a
causes degradation and the formation of defective composites. polymer matrix.””*® GO consists of intact graphitic regions
The removal of entrapped solvent from thermoplastic toughening  so interspersed with sp® hybridized carbons containing hydroxyl and
agents after solution mixing is also a significant issue. epoxide functional groups on the top and bottom surfaces of each
Organic/inorganic composites are frequently employed to sheet. Isocyanate-modified GO can be exfoliated in polar, aprotic
overcome these limitations. A representative organic/inorganic solvents to yield GO derivatives. In addition, the use of
system is an epoxy/silica blend. Advancements in isocyanate-containing surface modifying agents with cyano, keto,

nanotechnology as well as processing techniques have resulted in  ss and azidosulfonyl functionalities would allow for further
the commercial availability of nanometer scale silica particles as modification of the surface properties and chemistry of modified
reinforcing fillers for polymer composites. The use of nano-silica GO
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In this study, a new strategy to prepare cross-linked GO with
modified silica is proposed. Herein, the surface of silica
nanoparticles was modified with 3-aminopropyltriethoxysilane
(APTES) and carboxyl group-terminated silica was obtained via
grafting of 1, 2, 4-benzenetricarboxylic anhydride (TMA) to the
silanized silica. Isocyanate-terminated flexible chains were
synthesized by the reaction of toluene diisocyanate (TDI) with
different molecular weight poly(ethylene glycol) (PEG) chains.
APTES-modified silica nanoparticles attached GO (SATPGO)
via isocyanate group-terminated flexible chains were prepared
from carboxyl group-terminated silica nanoparticles and GO. The
effects of SATPGOs on the dispersion in epoxy and mechanical
properties of the composites were investigated.

2. Experimental
2.1. Materials

Concentrated sulfuric acid (98%), hydrochloric acid, and
hydrogen peroxide were purchased from Samchun Pure Chemical
Co. Ltd, Korea. Potassium permanganate purchased from Junsei
Chemical Co. Ltd, Japan was used as the oxidizing agent.
Dibutyltindilaurate (DBTDL), 1,2,4-benzenetricarboxylic
anhydride (TMA), sodium bicarbonate, p-toluenesulfonic acid
(PTSA), and poly(ethylene glycol) (PEG 200, 400, and 600) were
purchased from Alfa Aesar, USA. Toluene diisocyanate (TDI)
was purchased from Tokyo Chemical Industry Co. Ltd, Japan.
The diglycidyl ether of bisphenol A (DGEB-A) epoxy YD-128
was purchased from Kukdo Chemical Co. Ltd, Korea, and had an
epoxide equivalent weight of 172.8 g/equiv. JEFFAMINE® D-
230 amine, a polyether diamine curing agent, was supplied by
Kukdo Chemical Co. Ltd, Korea. Expanded graphite was
purchased from Sigma-Aldrich, USA and used as received. The
silane coupling agent, 3-aminopropyltriethoxysilane, and silica
foam (particle size of 7 nm) were purchased from Sigma-Aldrich,
USA.

2.2. Preparation of GO, APTES-modified SiO,, and carboxyl
group-terminated SiO,

GO was prepared according to the modified Hummer’s method,
as reported previously.”® For silane modification of SiO,,
approximately 0.5 mL of APTES was dissolved in 150 mL of
ethanol under stirring for 10 min. Approximately 2 g of silica
foam was dispersed into the solution by ultrasonication for 30
min. The ternary mixture was stirred and heated to 60 C for 8 h to
complete the silanization reaction. Silica particles were separated
from the mixture and washed several times with a mixture of
ethanol and DI water to remove excess coupling agent. The
obtained product was designated as SA. The as-prepared SA was
dispersed into THF via ultrasonication to obtain an oozing, blue,
and transparent liquid. TMA was then added to the suspension
and the mixture was stirred for 8 h at room temperature. Excess
TMA was removed by washing with DI water via centrifugation.
The obtained product was designated as SAT.

2.3. Synthesis of SATPGO

SATPGO was synthesized from PEG and TDI in the presence of
DBTDL. PEG was heated under vacuum at 120°C for 120 min to
remove moisture. A stoichiometric amount of dried PEG was
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added drop-wise to TDI for 15-30 min under a dry nitrogen
atmosphere. DBTDL (0.1 wt%) was used as a catalyst for the
reaction. The reaction mixture was refluxed at 80°C for 2 h to
prepare the isocyanate-terminated flexible chain cross-linker.
SAT (1.5 g) was ultrasonicated in anhydrous THF (50 ml) for 30
min and then, the isocyanate cross-linker and GO were
introduced into a three-necked flask under stirring. A catalytic
amount of PTSA was added to the mixture and the mixture was
heated to 70C for 5 h. The final product was washed with
sodium bicarbonate solution to remove the catalyst, followed by
washing several times with DI water. The final product was then
freeze-dried. The details of the synthesis procedure are shown in
scheme 1. The SATPGOs prepared with various molecular
weights of PEG,qy, PEGygy, and PEGgy, where the subscripts
refer to the molecular weight of PEG, were designated as
SATPGO,, SATPGO,, and SATPGO;, respectively. The yield of
each SATPGO was approximately 80%.

2.4. Fabrication of SATPGO-filled epoxy composites

A stoichiometric amount of SATPGOs (SATPGO;, SATPGO,, or
SATPGO;) was ground to a fine powder using a mortar and
pestle. The fine powder was dispersed into acetone via water bath
ultrasonication for 1 h. DGEB-A monomer was heated to 60 C in
a drying oven to reduce its viscosity. An acetone dispersion of
SATPGO was then added to the epoxy at 80C under vigorous
stirring. After complete evaporation of the acetone, the mixture
was further vacuum degassed for 1 h. After cooling to room
temperature, the D-230 (30 wt.% of epoxy) curing agent was
added and the above mixture was mixed thoroughly in a vacuum
mixer for 5 min. Finally, the gas-less, homogeneous mixture was
poured into a silicon mold, cured at 80C for 2 h, and then post-
cured at 125°C for 3 h.

2.5. Characterization

Fourier-transform infrared (FT-IR) spectra of expanded graphite,
Si0,, SA, SAT, GO, and SATPGO were recorded on a Thermo
Fisher Scientific spectrometer (Thermo Scientific, USA) using
the attenuated total reflectance (ATR) technique. The spectra
were scanned at RT over the frequency range of 4,000-500 cm™.
The X-ray diffraction (XRD) patterns of expanded graphite, SiO,,
GO, and SATPGO were measured on a D8 ADVANCE X-ray
diffractometer (Bruker, Germany) using Cu-Ka radiation (A=
0.154 nm) at a generator voltage of 40 kV and a current of 50
mA. The scanning range was fixed at 1-60° with a scanning rate
of 2° min™'. Thermogravimetric analysis (TGA) was conducted
from 30°C to 800°C at a heating rate of 10 °C min"' under a
nitrogen and air atmosphere using a Q50 thermogravimetric
analyzer (TA Instruments, USA). The calorimetric measurement
of the composites were also performed using a Q50 differential
scanning calorimeter (DSC) (TA Instruments, USA) equipped
with a thermal analysis data station, operating at a heating rate of
10 °C min" under a constant flow of nitrogen of 50 mL min™
from the ambient temperature to 300 °C. The glass transition
temperature (T,) was taken as the midpoint of the capacity
change. Dynamic mechanical analysis (DMA) was performed
using a Q 800 DMA (TA instruments, USA) in the fixed
frequency mode at 1 Hz with an amplitude of 0.40 mm, in the
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temperature range of 30-150 °C, at a heating rate of 2 °C min".
Rectangular specimens with dimensions of 60 x 10 x 3 mm® were
used for DMA test. X-ray photoelectron spectroscopy (XPS) of
GO and SATPGO was performed with monochromatic Al-Ka
(1,486.71 V) radiation at the KBSI Jeonju Center using an
AXIS-NOVA analyzer (Kratos Analytical Ltd, UK). Powdered
samples of GO and SATPGO were used for the XPS analysis.
Atomic force microscopy (AFM) was performed using a Digital
Instrument Nanoscope Illa scanning probe microscope operating
under tapping mode. AFM samples were prepared by spin-
coating the dispersions of GO and modified GO onto freshly
cleaved silicon substrates at 3000 rpm.

The fracture surfaces of the specimens after impact testing were
examined on a JSM-6701F (JEOL, Japan) field emission
scanning electron microscope (FE-SEM). Prior to examination,
the fracture surfaces were sputter-coated with gold to improve the
conductivity. Elemental analysis was also performed with the
same equipment. Transmission electron microscopy (TEM)
images were recorded using a JEM-2200FS (JEOL, Japan). For
this analysis, GO was dispersed into water (~0.2 mg mL™") and
sonicated for 30 min. The suspension was dropped onto a 400-
mesh lacey carbon copper grid. Similarly, SATPGO (~0.2 mg
mL") was dispersed into THF by ultrasonication for 30 min,
followed by drop casting onto a 400-mesh lacey carbon copper
grid. The samples were dried at RT prior to the TEM analysis.
The TEM samples of the SATPGO-filled epoxy composites were
prepared by the microtome method. About 70-80 nm thick slices
of the composite film were cut using a microtome (Leica Ultracut,
Germany) using a diamond knife and were transferred onto 400-
mesh copper grids (Ted Pella, Inc., USA) at room temperature.

Dumbbell-shaped tensile specimens were prepared according to
the ASTM D 638-10 standard and tested using a mechanical
testing system (MTS, Landmark™, USA) under a 10 kN load cell
with a cross-head speed of 2 mm min™'. The dimensions of the
working section of the tensile specimen were 63.5 mm (length) x
9.53 mm (width) x 3.2 mm (thickness). Six specimens were
evaluated for each test group. The cryogenic tensile testing was
performed in a cryogenic chamber. The impact strength was
measured using a Zwick/Roell HIT25P Izod impact tester
(Zwick/Roell, Germany) according to ASTM D-256. The
dimensions of the specimens for the impact test were 64 mm
(length) x 12.7 mm (width) x 6.35 mm (thickness). The
specimens for the cryogenic impact testing were immersed in
liquid nitrogen for over 5 min to reach a temperature of 77 K
before evaluation. Impact testing was performed immediately
after mounting the specimen and each test was completed in a
couple of seconds. Single edge notched bending (SENB) tests
were performed to measure the mode I fracture toughness of pure
epoxy and the composites by determining the critical stress
intensity factor, K¢, following the ASTM D 5045-99 method.
The specimen dimensions were 150 mm x 20 mm x 10 mm. A
prefab slot notch with a depth of ~4 mm was created by a fretsaw
and a sharp pre-crack was initiated with a razor blade in the
notch. All tests were carried out at 20 C using a universal testing
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machine (ULM-T2, R&B Co., Korea) with a constant crosshead
speed of 10 mm min™". The load-deflection curves of all of the
specimens obtained from the SENB testing were linear until
breaking, especially when the stress near the crack tip was small.
The fracture toughness, K;c, was calculated using linear elastic
fracture mechanics as follows:*'

S
Kie=— L5 /() M
3¢/2[1.99— x(1-x)(2.15-3.93¢ +2.7x%)]
f()= @
21+2x)(1-x)72
ag
x= (3)

where S is the span length, Pc is the maximum load, B and W are
the thickness and width of the specimen, respectively, and a, is
the pre-crack length of the specimen.

3. Results and Discussion
3.1. FT-IR spectroscopy analysis

FT-IR spectroscopy was employed to investigate the
functionalization of GO, as shown in Fig. 1. The characteristic
band intensities of GO corresponding to C=0 carbonyl stretching
at 1,723 cm’!, O-H deformation at 1,404 cm™, C—-OH stretching
at 1,226 cm’', and epoxy and alkoxy stretching vibrations at
1,053, respectively, were significantly decreased in the modified
GO (SATPGO,, SATPGO, and SATPGO;), suggesting partial
reduction of GO during the surface modification process.*>** The
broad band at 3,400 cm™ and intense peak at 1,621 cm’! were
assigned to the vibrations of adsorbed water molecules and
skeletal vibrations of non-oxidized carbon domains, respectively.
In comparison to the pristine silica, silane coupling agent-
modified silica revealed characteristic stretching vibration peaks
for Si-O-Si and Si-OH at 1,113 and 943 cm™, respectively. A Si-
OH bending vibration peak appeared at 804 cm™. New peaks for
SA (1,570 to 1,350 cm™) corresponding to N-H, C-H, and C-N
stretching or bending vibrations of the APTES moieties were
observed. These observations confirmed the silane modification
of the SiO, nanoparticles. Upon treatment with isocyanate, the
C=0 stretching vibration of GO at 1,733 cm’! became obscured
by the appearance of a stronger absorption band at 1,703 cm™. It
may be attributed to the carbonyl stretching vibration of surface
hydroxyl carbonate esters in SATPGO,, SATPGO,, and
SATPGO;. The new peak at 1,646 cm” was assigned to the
amide carbonyl stretching mode. The band at 1,543 cm™ was
attributed to either amides or carbonate esters, corresponding to
coupling of the C-N stretching vibration with the CHN
deformation vibration. The contraction vibration peaks at 1,652
and 1,714 ecm™ corresponding to —CO-NH- and -C=O groups,
respectively, indicated that TMA was effectively grafted onto the
surface of the silanized silica. Thus, the FT-IR analysis suggested
partial reduction and surface modification of GO with silanized
silica nanoparticles.
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3.2. XRD analysis

Fig. 2 shows the XRD patterns of graphite, SiO,, GO, and
SATPGO,. The interlayer distance of the precursor-expanded
graphite was 0.34 nm, as indicated by the (002) peak near 26°.%
Upon oxidation, the interlayer spacing of GO increased to ~0.76
nm, indicating the presence of oxygen functional groups. The
XRD pattern of SATPGO, displayed a broad band centered at 20
= 22.2° suggesting the formation of a few layers of silanized
silica functionalized GO sheets. It is expected that the existence
of branched silica nanoparticles prevented the aggregation of
functionalized GO sheets. The presence of surface modifiers
might be helpful for the dispersion of the silica nanoparticles and
GO in the epoxy matrix. The XRD pattern also confirmed the
absence of any ordered crystalline structure.*® Moreover, there is
no detectable peak in the small angle area, suggesting the
formation of partially exfoliated GO sheets.

3.3. XPS analysis

XPS was utilized to further explore the chemical interactions
between the cross-linked GO and silane-modified silica. Fig. 3
(a,b) show the XPS survey curves of GO and SATPGO,. The
high resolution scan spectra in the Nls, Si2p, Ols, and Cls
regions are shown in Fig. 3(c-f). The survey spectrum of
SATPGO, displays the existence of Si2p (95 and 110 eV), Cls
(285 eV), Ols (533.2 eV) and N1s (400 and 407 eV) bands. The
XPS elemental analysis indicated that SATPGO, was composed
of silicon (9.19%), carbon (52.28%), oxygen (25.8%), and
nitrogen (11.38%). The presence of Si and N in the SATPGO,
might be originated from APTES and isocyanate, respectively.
The Cls spectra GO (Fig. 3 (c)) showed different chemical
environments including C-C/C=C, C-O, C-O-C and O-C=0O at
284.2, 286.4, 288.3 and 289.4 eV, respectively. *"** Similarly, the
Cls XPS of SATPGO, showed four peaks corresponding to C-
C/C=C, C-0O, C-O-C and C=0 at 284.5, 286.4, 288.2 and 287.4
eV, respectively. The disappearance of O-C=0O peak suggested
partial reduction of GO with silanized silica nanoparticles.
Interestingly, the peak intensities of the oxygen functionalities
decreased significantly in SATPGO,, further confirming the
partial reduction of GO. The appearance of two strong bands for
Si2p at 102.2 and 103.8 eV indicated the formation of Si-C and
Si-O-Si bonds, respectively. The deconvoluted Nls XPS of
SATPGO, exhibited two peaks at 399.6 and 399.8 eV
corresponding to C-N and -NH-C=0/-NH, respectively.** All of
these findings suggested the simultaneous surface modification of
GO with silanized silica nanoparticles via isocyanate-terminated
flexible chains and partial reduction of GO.

3.4. Morphological analysis

The TEM images of GO and SATPGO, revealed a large area GO
sheet with wrinkles on the copper grid (Fig. 4 (a-c)).* The TEM
image of SATPGO, showed the presence of silica nanoparticles
on the rGO sheets. The isocyanate-terminated flexible chain
cross-linked APTES-modified silica nanoparticles were attached
to the surface of GO. The rGO sheets with wrinkles are known to
be a favorable configuration for providing strong interfacial
interactions with a polar epoxy matrix.* The HR-TEM image of
SATPGO, shown in Fig. 4b confirmed the presence of modified
silica nanoparticles on the surface of the as-prepared few layer-
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functionalized rGO sheets. The selected area electron diffraction
(SAED) pattern of SATPGO, (Fig. 5c¢) showed a six-fold
symmetric pattern, indicating the crystalline structure of partially
reduced GO. The appearance of unresolved diffraction spots in
the SAED pattern of SATPGO, was attributed to isocyanate-
terminated flexible chain cross-linked APTES-modified silica on
the rGO sheets.*

The SATPGO, and GO were characterized by AFM as shown in
the supporting information (Fig. S1). The AFM images of
SATPGO, exhibited little aggregated particles, indicating silica
nanoparticles were wrapped around GO sheets as shown in Fig.
S1 (a). The thickness of SATPGO, was in the range of 30-90 nm.
However, the thickness of the pristine GO sheet was ~1.26 nm,
indicating single layer of GO in Fig. S1 (b). In addition, single
silica nanoparticles were not found in the scanned area of the
mica substrate, confirming good attachment of silica particles on
the surface of graphene with the flexible polymers.

The microstructure of the SATPGO, was investigated by FE-
SEM analysis as shown in Fig. S2. The FE-SEM image of
SATPGO, showed the light gray particles (Fig. S2 (a)),
confirming the attachment of silica nanoparticles on the rGO
sheets. Elemental mapping of Si using energy dispersive X-ray
(EDX) analysis was carried out to confirm the existence of silica
nanoparticles (blue particles) on the surface of GO sheets in Fig.
S2 (b). This observation is in good agreement with the
observation of TEM analysis confirming the decoration of rGO
sheets with SiO, nanoparticles.

3.5 Raman spectra analysis

Raman spectroscopy was utilized to characterize GO and its
derivatives. Fig. 5 shows the Raman spectra of GO, SATPGOs,
and the SATPGOs/epoxy composites. The spectrum of GO
showed two prominent peaks at ~1342 and 1595 cm’
corresponding to the D and G peaks, respectively.*** The G band
is attributed to the vibration of sp® hybridized carbon, whereas the
D mode corresponds to the sp® hybridized carbon, defects
associated with the vacancies and grain boundaries. It is
interesting to note that the intensity ratios of the D to G bands
(Ip/Ig) in SATPGOs increased as compared to that of the pristine
GO. The attachment of silica nanoparticles on the surface of GO
sheets led to an enhancement of the Ip/I ratios, as shown in Fig.
5. Ferrari et al. showed that both the G and 2D bands can be used
to clearly identify graphene sheets up to the 5 layers.*® Bilayer
sheets have a broader and symmetrical 2D peak, while graphene
sheets with more than five layers or bulk graphite exhibit similar
characteristics.* It was previously reported that the G peak
position of single layer graphene shifted to lower frequencies and
the intensity of the 2D band decreased after the stacking of more
graphene layers.*>*® The peak positions of the G bands of GO,
SATPGOs, and SATPGOs/epoxy composites were centered at
~1,595 cm’'. These results indicated that the SATPGOs had fewer
layers as compared to the GO. Moreover, the SATPGOs and
SATPGOs/epoxy composites exhibited a broader and
symmetrical 2D peak in the 2,500-3,500 cm™ region, suggesting
the formation of a few layers of functionalized GO. The Raman
spectra results agreed well with the TEM observations. The XPS
results indicated that most of the oxygen functional groups were
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eliminated and sp® hybridized carbons were converted to sp>
hybridized carbons due to the cross linking reaction. The single
or few layer-modified GO sheets would be dispersed well in the
epoxy, resulting in enhanced interfacial interactions between the
SATPGO and epoxy and thus, enhanced mechanical properties.

3.6. TGA and DSC analysis

TGA was performed to investigate the thermal stability of SiO,,
SA, SAT, GO, SATPGO,, SATPGO,, SATPGO;, and their
epoxy composites in a N, atmosphere (Fig. 6 (a)). GO showed a
slight weight loss from RT to 150C and a significant loss from
150 to 200C caused by the decomposition of oxygen-containing
functional groups.*”* The weight of GO further decreased up to
800C due to the degradation of carbon backbone. Pristine silica
showed a loss of hydroxyl groups in the range of 250-800C with
a calculated weight loss of ~2.3%.* Similarly, the onset
degradation of SA was initiated at 200°C, suggesting the
decomposition of the terminal amine groups of the silane
coupling agent grafted on the surface of the silica. In contrast, the
weight loss (~7.3%) in the second stage between 550-800C was
attributed to the decomposition of Si-O-Si bonds and short alkyl
branched chains. The weight loss of SAT showed a similar trend
to that of SA and ~12.7% weight loss was recorded in the range
of 550-800 C. The degradation of SATPGO occurred in the range
of 150-450°C due to the thermal decomposition of isocyanate
group-terminated PEG chains and carboxyl group-terminated
short chains grafted onto the silica surface. The negligible weight
loss between 450-800°C was attributed to the decomposition of
silane coupling agent-saturated alkyl chains near the surface of
the silica and removal of more stable oxygen-containing groups.*
The SATPGO curves exhibited similar trends to those obtained
for SA and SAT. However, SATPGO, was more stable than
SATPGO,; and SATPGO;. The TGA curves of neat epoxy and
the SATPGO; (0.5 wt.%), SATPGO; (0.5 wt.%), and SATPGO;
(0.5 wt%) filled epoxy composites are shown in Fig. 6(h-k). Neat
epoxy and SATPGO/epoxy composites showed significant
weight loss at ~350C due to the decomposition flexible cross-
linker chains and short chains attached to the surface of silica.
The enhanced thermal stability of the composites was due to the
strong interfacial interactions between fillers and epoxy matrix.
In addition, the interpenetrating networks of the flexible surface
modifiers and epoxy chains might also played an important role
in enhancing the thermal stability of the composites. The TGA
curves performed in air atmosphere showed two decomposition
stages as shown in Fig. 6 (b). The first stage was due to the
thermal degradation of epoxy network and the second one was
due to the oxidation process of the char moiety.”’ The thermal
stabilities of all the materials studied under N, and air atmosphere
were compared in Table S1. Interestingly, thermal stability of the
composites in air atmosphere is more stable than that at N,
atmosphere. It may be attributed to the formation of protective
charred layer of SiO, on the surface of the composite materials,
disrupting the oxygen supply from the atmosphere to the
specimen.’”

The DSC curves of pure epoxy and SATPGOs/epoxy composites
were presented in Fig. S3. The pure epoxy had a glass transient
temperature (T,) of ~93.8 °C. In contrast, the SATPGOs (0.5
wt%)/epoxy composites exhibited higher T, (93.8 - 96.2 °C) as

%
=3

10

10:

11

S

3

5

S

compared to the neat epoxy. It may be due to the presence of
SATPGOs in the epoxy matrix, which restricted the molecular
mobility of the polymer chains resulting the increase of T, values.
It is expected that the presence of SATPGOs in epoxy would
affect the crosslinking density of the resin, which may also be
responsible for the change of T,.

3.7. Mechanical properties

Fig. 7 (a-c) show the effects of the SATPGO content on the
tensile strengths, tensile modulus, and impact strength of the
epoxy composites studied at RT and CT. Mechanical properties
of the composites studied both at RT and CT were appreciably
higher than that of epoxy matrix. Initially, the tensile and impact
strengths  increased with increasing filler content and
demonstrated maximum values at a 0.5 wt.% of filler loadings.
The addition of 0.5 wt.% of SATPGO,;, SATPGO,, and
SATPGO; resulted 119, 154, and 128% improvements of impact
strength at RT as compared to pure epoxy. Similarly, the
improvements of the tensile strength of the composites with the
same contents were 14, 19, and 16%, respectively. The impact
and tensile strengths of the composites at CT showed similar
trends to those at RT. The improvement in impact strength of
epoxy composites filled with 0.5 wt.% of SATPGO;, SATPGO,,
and SATPGO; at CT were 67, 92, and 80%, respectively. The
improvement in tensile strength at CT was recorded as 41, 49,
and 45%, respectively. The improvement in impact strengths of
the composites was attributed to the interfacial interactions
between the fillers and epoxy.” The combination of crack
trapping, bridging and blunting mechanism among the flexible
chain surface modifiers, silica nanoparticles and GO might also
played an important role in controlling the mechanical properties
of the composites.” In addition, it is expected that the load is
transferred from the matrix to filler causing higher stiffness of the
composites. Interestingly, the impact strength at RT was higher
than that at CT for neat epoxy and composites. In contrast, the
tensile strength at CT was consistently higher than that at RT for
the same content of SATPGOs. It may be attributed to the
decreased molecular mobility of the epoxy matrix resulting brittle
nature of the composites at CT.>* Thus, the tensile strengths of
the composites at CT were higher than those measured at RT. It is
also interesting to note that the mechanical properties of the
composites were changed with the variation of SATPGOs types.
Among the studied SATPGOs, SATPGO,/epoxy composites
exhibited highest impact and tensile strengths. It may be
attributed to the better compatibility of the medium molecular
weight flexible polymer chain modified SiO,-GO with the epoxy
matrix.

The tensile modulus of the composites at CT was also higher than
that at RT. The improvements of the tensile modulus of the
composites with 1.0 wt.% of SATPGO,, SATPGO,, and
SATPGO; at CT were 20, 33, and 27%, respectively. These
improvements were decreased to 17, 31, and 23% at RT. Unlike
other toughening agents, SATPGO simultaneously enhanced the
impact and tensile properties at RT and CT because of the
complex structures of the rigid silica nanoparticles, flexible
polymer cross-linker, and GO with a high aspect ratio. The stress-
strain curves of neat epoxy and SATPGO/epoxy composites
measured at two different temperatures (RT and CT) are shown in
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supporting information (Fig. S4). It is evident that the tensile
strength and failure strain are simultaneously enhanced both at
RT and at CT by the introduction of SATPGOs. Moreover, the
SATPGO/epoxy composites exhibited relatively ductile behavior
compared to pure epoxy. The Kjc values of neat epoxy and the
SATPGO/epoxy composites were measured at 25 °C, as shown in
Fig. 8. The high cross-link density of neat epoxy resulted
brittleness and a low fracture toughness indicating poor energy
absorption during fracture.”® The fracture toughness increased
with increasing SATPGO contents and reached a maximum value
at 0.5 wt% loading. The addition of 0.5 wt.% SATPGO,,
SATPGO,, and SATPGO; to the epoxy matrix resulted in
enhancement of the critical stress intensity factor (Kic) by ~ 77,
90, and 84%, respectively. The fracture toughness can be
attributed to the stress field in the matrix, which depends on the
elastic and dynamic moduli of the particles packing with a
constant particle volume.”> As the SATPGOs content increased,
the inter-particle distance increased, leading to heterogeneity in
the epoxy matrix due to the cross-linked flexible chains and
interpenetration by epoxy molecules. Therefore, the heterogeneity
and strong interactions appeared to strengthen and toughen the
epoxy matrix, resulting in the higher strength and fracture
toughness of the SATPGO/epoxy composites compared to neat
epoxy. Moreover, the introduction of flexible chains between the
silica particles and GO sheets led to the absorption of a higher
fracture energy and reduced the brittle nature of the epoxy
matrix. -

DMA was performed to measure the storage modulus, loss
modulus and damping behavior of the SATPGOs filled
30 composites. The storage modulus and tan & of the pure epoxy and
the composite are shown in Fig. 9. Evidently, the storage
modulus of the composite was enhanced with the addition of
SATPGOs as compared to that of the pure epoxy. The storage
moduli of SATPGO;, SATPGO,, and SATPGO; filled epoxy

35 composites at 30 °C were 2149, 2382 and 2295 MPa, respectively.

These values were almost 3.6, 14.9 and 10.7% higher than that of
the pure epoxy. The increase in storage modulus in the glassy
region suggested strong interfacial bonding among the polar
functional groups of rigid SATPGOs with epoxy matrix. It is also
expected that the stress is transferred from the matrix to the rigid
fillers resulting the increase in storage modulus of the SATPGOs
filled epoxy composites.’”! Interestingly, SATPGO, filled
composite showed highest storage modulus among the tested
samples, indicating that PEGyy is the most effective flexible
polymer chain in the preparation of effective reinforcing filler.
The tan & is a conversed value that represents a difference in
temperature. The peak temperature at tan 0., of the
SATPGO/epoxy composites was 1-3 °C higher as compared with
the pure epoxy composites, showing the enhanced thermal
property attributed to the introduced SATPGOs. It agreed well
with the T, value from the DSC curve.*®

3.8. Fracture surface analysis of the composites

The impact fracture surfaces of pure epoxy and SATPGOs/epoxy
composites were analyzed by FE-SEM, as shown in Fig. 10(a-k).
ss The FE-SEM images of neat epoxy (fractured at RT and CT)
revealed that the cracks spread freely and regularly throughout

=)

S

S

3

the entire surfaces. Moreover, the fracture surfaces were very
smooth accounting poor impact resistance of neat epoxy at RT
and CT. Interestingly, the CT-fractured surfaces were smoother,
plainer, and glassier than at RT suggesting more brittle nature of
epoxy at CT than that at RT.® The fracture surfaces of the RT-
fractured composites (Fig. 10c, f, and I) became very rough with
the incorporation of SATPGOs (0.5 wt%), suggesting improved
impact strength of the composites. The fracture surfaces of the
SATPGO,/epoxy composite were coarser than the composites
containing SATPGO; and SATPGO;, indicating higher impact
strength of the composites. The formation of interfacial shear
zones in the composites was also very clear as compared to that
of the neat epoxy.®® This morphological difference agreed well
with the variation of impact strength with filler changes
(SATPGO, to SATPGO, to SATPGOs). The SiO, nanoparticles
attached with the GO sheets effectively prevented crack
propagation, resulting rough fracture surfaces. The strong
interaction between SATPGOs and epoxy matrix was confirmed
by the EDX analysis where a core silica particle was interacted
with the epoxy resin. In comparison to original SiO, nanoparticle
size (about 0.007 pum), a much larger sized SATPGOs (1.8-4.3
um) were recorded during fracture surface analysis. It may be
attributed to the overwrapped epoxy on the silanized silica
particle, as shown in Fig. 10(e, h, and k). However, there was no
significant difference in fracture surface morphology between the
RT-fractured and CT-fractured composites.

3.9. Microstructure analysis of the composites

TEM images of the SATPGO,/epoxy (Fig. 11(a) and (b)),
SATPGO,/epoxy (Fig. 11 (c) and (d)) and SATPGOs/epoxy (Fig.
11 (e) and (f)) composites are compared in Fig. 11. SATPGOs
particles were dispersed in the epoxy. All the composites showed
similar dispersion of nanoparticles in epoxy matrix and good
interactions. However, SAPTGO, composites showed less
aggregated nanoparticles as compared to the SAPTGO,; and
SAPTGO; filled composites resulting better mechanical
properties. However, in the case of the SAPTGO;/epoxy
composite, an aggregated morphology was recorded. The TEM
observations and mechanical property analysis demonstrated that
the dispersion of the SATGOs in the epoxy was dominated by the
molecular weight of the flexible chain surface modifiers.
Furthermore, the epoxy composites filled with 0.25 and 1 wt%
SATPGO were also characterized using microtome TEM.
Comparatively good dispersion at lower loading and a little
aggregation at higher loading were observed (Fig. S5 in the
supporting information).

4. Conclusions

Isocyanate group-terminated PEG flexible chains were used as
cross-linkers to attach silica nanoparticles on GO sheets to
prepare SATPGO. The SATPGO/epoxy composites possessed all
of the advantages of the individual component materials. FT-IR,
XRD, TGA, XPS, and TEM characterization were used to
investigate the structural as well as morphological features of SA,
SAT, SATPGO, and SATPGO/epoxy composites with various
SATPGO contents. The impact and tensile strengths, tensile
modulus, and fracture toughness were measured to investigate the
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mechanical properties of the SATPGO/epoxy composites.
Improvement of the mechanical properties was due to the
synergistic effects of the SATPGO ternary system. The fracture
surface and dispersion morphology were analyzed by FE-SEM
and HR-TEM analyses. The rough fracture surface was correlated
with the improved mechanical properties of the composites. A
load and heat were transferred easily to the silica particles and
GO from the epoxy in the composites, thereby effectively
improving the mechanical and thermal properties of the epoxy. In
addition, the presence of PEG flexible chains interpenetrating the
epoxy polymer prevented aggregation of silica nanoparticles and
GO sheets in the composites.
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Figure Captions
Fig. 1 FT-IR spectra of Si0O,, SA, SAT, SATPGO,, and GO.

Fig. 2 XRD plots of SiO,, SATPGO,, GO, and graphite. The
inset of Fig. 2 shows the XRD plots of SiO,, SATPGO,, GO, and
graphite at low angle.

Fig. 3 XPS survey curves of (a) GO, (b) SATPGO,, (c) Cls of
GO, (d) Cls of SATPGO,, (e) Si2p of SATPGO,, (f) Nls of
SATPGO..

Fig. 4 Transmission electron micrographs of (a) GO, (b)
SATPGO,, and (c) SAED patterns of (d) SATPGO..

Fig. 5 Raman spectra of GO, SATPGO,, SATPGO,, SATPGO;,
SATPGO,/epoxy (0.5 wt%), SATPGO,/epoxy (0.5 wt%), and
SATPGOs/epoxy (0.5 wt%).

Fig. 6 TGA curves of (a) SiO,, SA, SAT, GO, SATPGO,,
SATTGO,, SATTGO;, pure epoxy, SATPGO, (0.5 wt%)/epoxy,
SATPGO, (0.5 wt%)/epoxy, and SATTGO; (0.5 wt%)/epoxy in
N,, (b) pure epoxy, SATPGO; (0.5 wt%)/epoxy, SATPGO, (0.5
wt%)/epoxy, and SATTGO; (0.5 wt%)/epoxy in air.

Fig. 7 (a) Tensile strength, (b) tensile modulus and (c) Impact
strength of SATPGO/epoxy composites with various filler
content at RT and CT.
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100

Fig. 8 Fracture toughness of pure epoxy, SATPGO/epoxy
composites with various filler content.

Fig. 9 (a) Storage modulus and (b) tan & versus temperature
curves of pure epoxy and SATPGO, (0.5 wt%)/epoxy, SATPGO,
(0.5 wt%)/epoxy and SATPGO; (0.5 wt%)/epoxy.

Fig. 10 E-SEM images of impact fractured surface of (a, b) pure
epoxy at RT and CT; (c, d) SATPGO, (0.5 wt%) /epoxy at RT
and CT; (¢) EDX of SATPGO, (0.5 wt%) /epoxy, (f, g)
SATPGO, (0.5 wt%) /epoxy ar RT and CT; (h) EDX of
SATPGO, (0.5 wt%) /epoxy, (I, j) SATPGO; (0.5 wt%) /epoxy at
RT and CT, (k) EDX of SATPGO; (0.5 wt%) /epoxy.

Fig. 11 HR-TEM images of (a and b) SATPGO, (0.5
wt%)/epoxy, (¢ and d) SATPGO, (0.5 wt%)/epoxy, (e and f)
SATPGO; (0.5 wt%)/epoxy.
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