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A B S T R A C T   

The deposition of nano-silica (SiO2) on graphene oxide (GO) surface via amino-terminated hyperbranched 
polymer (HBP) was designed to improve the dispersion and interfacial interaction between GO and epoxy resin. 
The structures and morphologies of GO and GO-SiO2 sheets were characterized by FT-IR, XRD, XPS, TG, SEM and 
TEM. Epoxy composites containing GO and GO-SiO2 with 0.1 wt% loadings were prepared and systemically 
investigated. It was indicated that the GO-SiO2/epoxy composites displayed higher mechanical and thermal 
properties than that of GO or SiO2 composites. For epoxy composites containing 0.1 wt% GO-SiO2, the flexural 
strength increased by 20.57% and 23.58% compared to that of individual GO composites and individual SiO2 
composites, respectively. Furthermore, the reinforcing mechanisms have been also illuminated. This work is 
expected to be beneficial to the designing of adhesive-bonded composite structures or components.   

1. Introduction 

As a widely used thermosetting resin, epoxy resin has many 
outstanding properties such as good corrosion resistance, excellent 
thermal stability and eminent weather resistance, which have been 
widely used in coatings in electronic and aerospace industries [1–3]. 
However, the supernal crosslinking density of epoxy results in inherent 
brittleness and poor crack resistance, which restricts its application in 
some high performance fields [4]. Accordingly, enhancing fracture 
toughness of epoxy resin is indispensable. Moreover, the epoxy resins 
with high thermal resistance are necessary in high temperature appli
cations. In current, many researchers have been dedicated to add 
nanomaterials such as graphene, carbon nanotubes, inorganic nano
particles, etc. into epoxy resins to improve the mechanical and thermal 
properties [5,6]. 

Graphene, possessing excellent mechanical properties[7], has 
become an ideal candidate for assembling high performance graphene- 
based nanocomposites.[8–10]. However, the poor dispersion and 
agglomeration of graphene resulted in limited improvement in the 
composites mechanical and thermal properties[11,12]. To address the 
issues, many researchers have functionalized graphene and graphene 

oxide (GO) with small molecules or polymers to achieve better disper
sion and compatibility in matrix and has been verified to be an effective 
way[13–15]. Sahu et al. [16] have revealed that mechanical perfor
mances of GO-PAA/epoxy composites significantly improved, which 
was attributed to the improved dispersibility of GO-PAA and the better 
adhesion with the matrix. Liu et al.[17] have grafted poly (oxyalkylene) 
amines (D400 and D2000) onto GO sheets and noticed that the me
chanical properties and thermal properties improved distinctly. Mean
while, the tensile strength of 0.1 wt% D400-GO/epoxy and D2000-GO/ 
epoxy composites increased by 23.5% and 21.6%, respectively. 

Moreover, GO has become a carrier for adhering nanoparticles due to 
its high specific surface area and abundant functional groups. The 
nanoparticle functionalized GO could increase the interlayer spacing 
between GO sheets, which could exhibit a special structure and have 
advantageous for preventing re-stacking among GO sheets[18]. Silica 
nanoparticles (SiO2) have received extensive attention for reinforcing 
epoxy resin due to low cost, high strength, high temperature resistance 
and chemical stability. Therefore, to make the most of GO and SiO2, it is 
necessary to adhere SiO2 to GO surface to get better dispersibility in 
epoxy matrix. We have attached SiO2 onto GO surface through thiol-ene 
click chemistry reaction or diethylenetriamine (DETA) and tetraethyl 
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orthosilicate (TEOS)[19,20]. However, some functional groups on GO 
were eliminated due to the coverage of SiO2 onto the GO surface and no 
more reactive groups on SiO2, which led to weak interact with epoxy 
matrix. Therefore, it is necessary to develop enough reactive groups on 
SiO2 to improve the interaction between GO and epoxy matrix. 

Hyperbranched polymer (HBP), has attracted more and more 
attention because of its three-dimensional branched structure, a large 
number of terminal functional groups and strong chemical reactivity 
[21–23]. It is expected that the HBP attached on SiO2 would form a 
covalent bond with the hybrid material and the epoxy resin, thereby 
achieving better interfacial interaction. However, there have been few 
reports on the attachment of SiO2 onto GO surface via hyperbranched 
polymer. 

Herein, a new method to uniformly bond SiO2 to the GO surface was 
developed. At first, the SiO2 surface was modified with KH-550 and 
amino-terminated HBP by two Michael addition reactions. Then, the 
SiO2-HBP was uniformly adhered on the GO surface by covalent bond. 
The HBP on the SiO2 surface not only reacted better with the groups on 
GO surface, but also participated in the curing reaction of epoxy resin, 
which could enhance the interfacial interaction between GO and epoxy 
matrix effectively. Moreover, the SiO2-HBP would form rigid-flexible 
structure on GO surface to transfer load effectively. The dispersibility, 
mechanical and thermal properties of GO-SiO2 in epoxy resin was 
studied. Moreover, the enhancement principle and interaction mecha
nism of nanocomposites were discussed. 

2. Experimental 

2.1. Preparation of GO-SiO2 hybrids 

GO was prepared from graphite based on modified Hummers’ 
method in our previous study[24]. The GO-SiO2 hybrids were prepared 
by amidation reaction between carboxyl groups on the GO surface and 
amino-terminated hyperbranched polymer functionalized SiO2. In 
a typical synthesis, 0.1 g GO and 0.1 g SiO2-HBP were added into 100 
mL N, N-dimethylformamide (DMF) and ultrasonicated for 1 h. Then, 
2-(7-Azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluor 
ophosphate (HATU) was mixed in the dispersion and refluxed at 80 ℃ 
for 4 h. Finally, the product was washed using DMF for five times and 
dried at 80 ℃ for 12 h, which obtained GO-SiO2 hybrids. The manu
facture procedure of GO-SiO2 hybrids were shown in Fig. 1. 

2.2. Preparation of epoxy composites 

The fabrication process GO-SiO2 reinforced epoxy composites were 
as follows: GO-SiO2 hybrids were firstly dissolved in acetone using 
ultrasonication for 1 h. Epoxy resins were added into the mixture with 
ultrasonic to ensure uniform distribution of GO-SiO2. Then the mixture 
was also evaporated off to get rid of acetone. Subsequently, the mixture 
was blended with a stoichiometric amount of H-256 (2:1 w/w) with high 
speed stirring. In order to remove excess bubbles, the mixture was 
degassed in vacuum oven for 1 h. Finally, the mixture was cast into the 
mold and cured 2 h at 100 ℃ and 4 h at 150 ℃. For comparison, the neat 
epoxy, GO/epoxy, SiO2/epoxy composites were fabricated with the 
same procedure. 

2.3. Characterizations and measurements 

The functional groups of GO power and its derivatives were 
measured by Fourier transform infrared spectroscopy (FT-IR, NEXUS). 
The spectral was recorded in the range from 500 cm− 1 to 4000 cm− 1 

with the wavenumber at 4 cm− 1 resolution. The elements chemical 
compositions and the functional groups were investigated by X-ray 
photoelectron spectroscopy (XPS, ESCALAB 220i-XL). X-ray diffraction 
(XRD, DX-2700) was used to confirm the internal structure. The sample 
was measured under the ranged from 5◦ to 45◦ with scan speed of 
3◦⋅min− 1. The surface microstructure of GO-SiO2 hybrids and fracture 
surface morphology of composites were observed by Scanning electron 
microscopy (SEM, JSM-7800F). Before the observation, the sample need 
to be sprayed with gold to obtain conductivity. Transmission electron 
microscopy (TEM, G2F30) and optical microscopy (OM) were carried 
out to investigate the dispersion in epoxy matrix. The thermal stability of 
GO-SiO2 hybrids were measured by Thermo-gravimetric analysis (TGA, 
DTG60H), the samples were heated from 30℃ to 800℃ with a heating 
rate of 10◦⋅min− 1 under N2 atmosphere. According to GB/T2567-2008, 
the tensile and flexural properties of composites were tested by universal 
tensile machine (Al-7000) using dumbbell shaped specimens at room 
temperature. The impact properties of composites were conducted by 
impact testing machine (XJJ-50), the size of samples were 80 mm (long) 
× 10 mm (wide) × 4 mm (thick) and there was no gap in the sample. 
Each test was gathered at least five valid samples and recorded the 
average parameters. Dynamical Mechanical Analysis (DMA) curves 
were recorded on a TRITEC 2000B device. The sample was heated in a 
temperature range of 25–180 ℃, with a heating rate of 5 ℃/min and 1 
Hz frequency. TGA-DTG analysis of composites were carried out by 

Fig. 1. Schematic illustration for the preparation of GO-SiO2 hybrids.  
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STAR SW at temperature region of 25–700 ℃ and heating rate of 5 
℃/min in air atmosphere. 

3. Results and discussion 

3.1. Characterization of GO-SiO2 hybrids 

The XPS spectra were used to further confirm the chemical compo
sition of GO and its derivatives, as presented in Fig. 2 and Table 1S. Two 
peaks for GO were observed, which were carbon element (69.9%) and 
oxygen element (30.1%). For SiO2-NH2, the C1s and N1s appeared 
which proved successful functionalization with KH-550 onto SiO2. After 
functionalized with HBP, the peak intensity of carbon and nitrogen 
gradually increased. For GO-SiO2, the Si2p and N1s were observed, 
which implied that silica was successfully covalent bonded onto the GO 
surface. 

The high-resolution spectra of C1s and N1s were listed in Fig. 2b-e. In 
Fig. 2b, GO presented five functional groups, C = C (284.4 eV), C-C 
(285.2 eV), C-O (286.6 eV), C = O (288.0 eV) and O-C = O (289.2 eV), 
which derived from the aromatic ring and the oxygen functional groups 
on the GO surface, respectively[25]. In Fig. 2c, owing to the introduced 
amine modified SiO2, two new peaks were founded at 285.8 eV and 
288.8 eV, which corresponded to C-N and N-C = O, respectively. 
Moreover, a new peak arised at 284.4 eV corresponded to C-Si, which 
confirmed that SiO2 was chemically adhered onto GO surface success
fully. The N1s band of SiO2-HBP in Fig. 2d were deconvoluted to two 
peaks at 399.6 eV and 401.5 eV, which corresponded to –NH and N-C =
O. For GO-SiO2, the intensities of N1s band at 401.5 eV distribution to N- 
C = O increased, which implied that the amidation reaction occurred 
between GO and SiO2. These consequences also afforded the testimony 
for the successful attachment of SiO2 onto the GO surface via covalent 
bond. 

The TGA and DTG results showed the weight loss of SiO2, SiO2-NH2, 
SiO2-HBP, GO and GO-SiO2 hybrids under N2 atmosphere (Fig. 3). SiO2 
presented good thermal stability which came to the char residue of 

93.63% at 800 ℃. SiO2-NH2 displayed two mass loss stages, the first 
weight lost were founded in the range of 30–100 ℃, which was attrib
uted to evaporation of water on the surface of SiO2-NH2. The second 
weight lost occurred at 500℃ was probably owing to the decomposition 
of amine groups and carbon chain of silane molecules[26]. Compared to 
SiO2-NH2, the char residue of SiO2-HBP declined by 6.20% from 90.90% 
to 84.70%. The decrease in char residue was mainly due to the 
decomposition of hyperbranched polymer, indicating that the nano-SiO2 
was successfully modified by hyperbranched polymer. In the case of GO, 
there were three temperature intervals of mass loss: (1) Weight loss from 
30 ℃ to 140 ℃ was because of the volatilization of absorbed water; (2) 
The weight loss in the temperature range of 140-330℃ was caused from 
the decomposition of the oxygen-containing functional groups on the 
GO surface; (3) The weight loss over 330 ℃ was attributed to the 
decomposition of carbon skeleton[27]. The decomposition behavior of 
GO-SiO2 hybrids was similar to GO. However, compared with GO, the 
thermal stability of GO-SiO2 hybrids improved greatly. In addition, the 
decomposition rate of GO-SiO2 hybrids was significantly slower than GO 
from the DTG curve, which was mainly due to the deposition of 
hyperbranched polymer grafted SiO2 onto GO surface. Therefore, 
adhering SiO2 was advantageous to improve the GO thermal stability. 

3.2. Morphology of GO-SiO2 hybrids 

The morphologies and structures of GO and GO-SiO2 hybrids were 
investigated by SEM and TEM. Fig. 4a showed that GO has a sheet-like 
structure with many wrinkles [28]. Compared with GO, the GO sur
face was uniformly covered with a layer of nano-silica in Fig. 4b, and 
became extremely rough. The TEM image of GO and GO-SiO2 hybrids 
(Fig. 4c-d) were further used to analyze the morphological structure. 
The GO surface was glazed and tidy and there were some small ripples 
on GO surface. This was consistent with the SEM results. The TEM image 
of GO-SiO2 hybrids showed that a large amount of nano-SiO2 has 
adhered uniformly to the GO surface. This further proved that GO-SiO2 
hybrids were successful synthesized. Moreover, the wrinkled GO 

Fig. 2. (a) XPS spectra, (b) C1s spectra of GO and (c) GO-SiO2, (d) N1s spectra for SiO2-HBP and (f) GO-SiO2.  
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nanolayers with coverage of hyperbranched polymer grafted SiO2 par
ticles would offer strong interfacial interaction with polar polymer 
matrix [29]. 

OM and TEM measurements were performed to investigate the dis
persibility and interfacial compatibility of GO and GO-SiO2 hybrids in 
epoxy resin, as shown in Fig. 5. In Fig. 5a, GO (0.1 wt%) was easy to 
aggregate and presented poor dispersion in epoxy matrix due to its large 
specific surface area and van der Waals force[30]. TEM results showed 
similar situation in Fig. 5c. In contrast, it could be seen in Fig. 5b that the 
aggregates were significantly less than GO, which indicated that SiO2 
could inhibit the re-aggregation of GO and thereby improved dispersion 
in matrix. Moreover, the GO-SiO2 hybrid emerged better embedding in 
the epoxy matrix in Fig. 5d compared with that of GO because that the 
SiO2 surface was grafted with amino-terminated hyperbranched poly
mer. It was also anticipated that better dispersion and interfacial 
interaction of GO-SiO2 hybrids would be conducive to improve thermal 
and mechanical properties in composites. 

The thermo-mechanical properties of GO, SiO2 and GO-SiO2 rein
forced epoxy nanocomposites were investigated by DMA. The curves of 
storage modulus, loss modulus and loss factor (tan δ) of the neat epoxy 
and nanocomposites were presented in Fig. 6a, b, c. The value of storage 
modulus and glass transition temperature (Tg) of the nanocomposites 

were listed in Table 2S. The storage modulus declined as the tempera
ture increased owing to the softening of polymer matrix[31]. The stor
age modulus of GO-SiO2/epoxy (19.2 MPa at 125 ◦C) was higher than 
that of epoxy, GO/epoxy and SiO2/epoxy nanocomposites, which was 
mainly benefited from the well dispersion and an improved interfacial 
interaction between GO-SiO2 sheets and epoxy, confirmed by the OM 
and TEM measurements. Moreover, the SiO2-NH2 grafted onto the GO 
surface could react with the epoxy resin. Thus, the introduction of GO- 
SiO2 was supposed to improve the storage modulus of the GO/epoxy 
nanocomposites. 

Tg was calculated on the basis of the temperature at maximum loss 
modulus, the GO-SiO2/epoxy presented the highest Tg, a good dispersity 
and strong interfacial interactions between the GO-SiO2 and epoxy 
matrix promoted heat and stress transfer, which was a important factor 
for the performance enhancement of the GO-SiO2/epoxy nano
composites. The GO-SiO2 could also boost the curing rate and cross- 
linking density of the epoxy due to the reactions between the amino 
groups and the epoxy groups[32]. 

The thermal stability of nanocomposites reinforced with GO, SiO2 
and GO-SiO2 was measured in air and a two-stage degradation was 
presented in Fig. 6c, the first range up to 400 ◦C ascribed to labile bond 
cleavage and the second stage up to 600 ◦C assigned to char formation 

Fig. 3. TGA (a) and DTG (b) curves of SiO2, SiO2-NH2, SiO2-HBP, GO, GO-SiO2.  

Fig. 4. SEM and TEM images of GO (a, c) and GO-SiO2 (b, d).  
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and graphitization[33]. The decomposition temperature (Td) for pure 
epoxy and GO/epoxy was near 530 ℃. However, the Td of SiO2-GO/ 
epoxy reached 578 ℃, which strongly implied the increment of thermal 
stability of epoxy by introducing SiO2-GO nanohybrid. The better 

thermal stability of SiO2-GO/epoxy might be attributed to stabilizing 
mechanism against heat penetration, the SiO2-GO nanohybrids could act 
as a barrier against heat and postpone it[34]. 

Fig. 5. OM and TEM images of nanocomposites: (a, c) 0.1 wt% of GO/EP, (b, d) 0.1 wt% of GO-SiO2/EP.  

Fig. 6. Storage modulus (a), loss factor (tanδ) (b) and loss modulus (c) from DMA and TGA curves (d) for epoxy and its nanocomposites.  
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3.3. Mechanical properties of composites 

Fig. 7 and Table 3S showed the tensile and flexural performances of 
pure epoxy and its composite with 0.1 wt% filler. The tensile strength 
and elastic modulus of pure resin were 64.5 ± 2.8 MPa and 2.6 ± 0.1 
GPa, respectively. The tensile strength and modulus of GO/EP and SiO2/ 
EP increased by 20.28%, 19.32% and 17.61%, 7.20% compared with 
pure epoxy, respectively, which indicated that nano-particle had 
obvious enhancement effect, even with a small amount of addition in 
epoxy resin. Surprisingly, the composites reinforced with 0.1 wt% GO- 
SiO2 showed 37.81% and 28.41% improvements in tensile strength and 
elastic modulus (88.8 ± 4.3 MPa, 3.4 ± 0.2 GPa) compared with pure 
epoxy, respectively. Moreover, the flexural strength and modulus of GO- 
SiO2 composites enhanced by 20.57%, 2.15% and 23.58%, 9.21% 
compared with that of GO and SiO2 composites. This manifested that the 
reinforcement effect of GO-SiO2 hybrids on epoxy composites was more 
effective than individual GO or SiO2. It is expected that the adhering of 
HBP grafted SiO2 particles onto GO sheets could generate a particular 

three-dimensional point-plane structure and play a synergistic effect, 
furthermore, the polar-polar interaction between HBP and epoxy resin 
could increase the interfacial adhesion, so that the stress can be trans
ferred and dispersed from matrix to GO-SiO2 effectively and increased 
the mechanical performances. 

The impact strength of pure epoxy and its composites with GO, SiO2 
and GO-SiO2 was presented in Fig. 7e. The composites with 0.1 wt% GO 
and SiO2 showed about 23.83% and 30.91% improvement compared to 
the pure epoxy, which was on account of the strong interfacial inter
action between the oxygen functionalities of GO or SiO2 and the epoxide 
groups of resin[35,36]. Surprisingly, the composites reinforced with 0.1 
wt% GO-SiO2 showed 86.86% improvements in impact strength (39.5 ±
3.0 kJ/m2), which was ascribed to the high aspect ratio of GO-SiO2, 
better dispersion and interfacial interaction of GO-SiO2 with epoxy. 
Therefore, the adhering of SiO2-HBP onto GO sheets might be conducive 
to consume more fracture energy and facilitate the stress transfer and 
lead to an enhancement in impact strength. 

In order to understand the enhancement mechanism of composites, 

Fig. 7. Mechanical properties of epoxy and its nanocomposites: (a) stress–strain curves of tensile; (b) stress–strain curves of flexural; (c) tensile strength and elastic 
modulus; (d) flexural strength and modulus; (e) impact strength. 
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the fracture surfaces morphologies of GO/EP and GO-SiO2/EP compos
ites after impact were observed by SEM, as shown in Fig. 8. For GO/EP 
(Fig. 8a), there were some ripples and obvious gaps on the surface, 
manifesting unevenly dispersed and weak interfacial adhesion between 
GO and epoxy resin. Relatively, the surface of GO-SiO2/EP emerged 
step-like delamination and numerous smaller ripples in Fig. 8b, and 
some GO-SiO2 sheets appeared to well disperse in the epoxy. The gen
eration of the ripples was accompanied by the creation of new fracture 
surfaces [37], and much more fracture energy would be expended for 
GO-SiO2/epoxy composites. 

The improved mechanical performances of composites at lower filler 
loadings might be ascribed to the following mechanisms: (1) The 
attachment of SiO2 on GO surface might suppress re-aggregation to 
improve dispersibility in epoxy matrix; (2) The grafting of amino- 
terminated hyperbranched polymer onto SiO2 surface might facilitate 
the formation of covalent bonds and interlocking effect with epoxy resin, 
thereby enhancing the interfacial adhesion of GO-SiO2 with the resin 
[38]; (3) The peculiar three-dimensional point-plane structure of GO- 
SiO2-HBP might conduce to produce a gradient modulus interface with 
the epoxy to transfer load effectively; (4) More fracture energy was 
absorbed effectively by SiO2-HBP rigid-flexible structure, meanwhile, 
the propagation path of crack became more complicated and tortuous, 
the schematic diagram of stress transfer in nanocomposites was 
exhibited in Fig. 10a,b. Therefore, HBP, SiO2 and GO could exert the 
synergistic strengthening and toughening effect, and increase the me
chanical properties of composite. 

4. Conclusion 

In this work, a new strategy for preparing GO-SiO2 hybrids with the 

assistance of amino-terminated hyperbranched polymer has been 
developed and incorporated epoxy to obtain superior mechanical and 
thermal properties of composites. The silica functionalized by amino- 
terminated hyperbranched polymer could be easily adhered to the GO 
surface through covalent bonds, improving the dispersibility of GO and 
promoting better interaction with epoxy matrix. The storage modulus, 
tensile, flexural, impact strength and storage modulus for 0.1 wt% GO- 
SiO2/epoxy composites improved by 46.6%, 37.81%, 42.09%, 86.86% 
and 46.56% compared to neat epoxy, respectively. The improvement 
was attributed to the synergistic effect among GO and SiO2 and the 
strong interaction with the epoxy matrix, which might effectively pro
mote the load transfer from the epoxy to the GO-SiO2 sheets. It is 
believed that this work could provide an effective method for future 
material modification and a new way for the application of high- 
performance nanocomposites. 
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