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Abstract
A novel hyperbranched polysiloxane functionalized graphene oxide (HPBSi-GO) containing abundant primary amine, 
tertiary amine and hydroxyl groups was designed and successfully synthesized though efficient “grafting to” method. 
The as-synthesized HBPSi-GO was confirmed by FT-IR, XPS and AFM. Moreover, the HPBSi-GO was incorporated into 
epoxy (EP) resin matrix to fabricate HPBSi-GO/EP composites. The results showed that the HPBSi-GO has better dispers-
ibility than that of unmodified GO in EP matrix. Interestingly, the mechanical and frictional properties of HPBSi-GO/EP 
composites were simultaneously superior to those of neat epoxy resin. AFM and TOM results revealed that the good 
properties mainly attributed to the unique inorganic–organic structure of HBPSi-GO, as well as the good interfacial 
adhesion between HBPSi-GO and EP matrix.
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1 Introduction

Epoxy resin (EP), as a kind of typical thermosetting 
polymer, is widely used in coatings, construction, elec-
tronic and other fields due to its good adhesive prop-
erty, high chemical stability and excellent mold ability 
[1, 2]. However, the cured EP exhibits inherent brittle-
ness resulting from its rigid structure, which hinders 
its potential applications in advanced fields such as 
automotive manufacturing, aerospace engineering and 
microelectronics industry [3–5]. Therefore, many mate-
rials (such as nano-SiO2 [6], nano-Al2O3 [7] and carbon 
nanomaterials [8, 9], etc.) have been introduced into 
EP resin to achieve excellent thermal and mechani-
cal properties. Within those nanomaterials, graphene 
oxide (GO) has drawn great attention for its unique 
lamellar structure, enormous surface area and amounts 
of oxygen-containing groups. Tang et al. [10] prepared 
a series of GO/EP composites and found that GO could 

significantly enhance the toughness of the epoxy resin. 
Kausar et al. [11] found that GO could act as an ideal 
reinforcing material to enhance the thermal, mechanical 
and other properties of epoxy composites by summariz-
ing the progress of GO modified epoxy resins. Never-
theless, the aggregation of GO caused by the Van der 
Waals force between GO sheets and the weak interfa-
cial adhesion between GO and resin matrix weaken the 
enhancement effect between GO and EP [12]. Therefore, 
in the last few years, various kinds of functionalized GO 
have been fabricated by introducing small molecules 
and polymers [13–18] onto the graphene oxide sheets 
to improve various properties including the dispersity 
in composites and the interface bonding performance 
between fillers and matrix. Yuan et al. [13] attached γ-m
ethacryloxypropyltrimethoxysilane (KH-570) onto GO 
sheets via the covalent bonding, and the novel fillers 
can effectively improve wear and corrosion resistance 
of polyimide matrix. Joseph et al. [14] synthesized the 
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GO covalently grafted polyhedral oligomeric silsesqui-
oxanes (POSS) for extremely low dielectric property in 
syndiotactic polystyrene. Furthermore, the functional-
ized GO with octa-aminophenyl polyhedral oligomeric 
silsesquioxanes (OapPOSS) [15] and diamine-function-
alized GO with 4,4′-diaminodiphenyl sulfone (DDS) [16] 
were synthesized to enhance the EP composites, the 
results showed that the fillers have better dispersity on 
the entire composites, and the composites showed con-
siderable improved thermal and mechanical properties 
compared to those of pristine EP. Therefore, the func-
tionalized graphene oxide is widely used as reinforcing 
filler to enhance the mechanical and other properties 
of epoxy resin.

Hyperbranched polysiloxane (HBPSi), as a kind of 
inorganic–organic hybrid material, has aroused great 
interests in recent years because of its highly branched 
structure, low surface energy and high density of func-
tional groups [19, 20]. Therefore, the functionalized 
GO with HBPSi has better dispersity in the composites 
and enhanced interfacial adhesion between nanoparti-
cles and resin matrix. Yan’s group [21, 22] prepared GO 
functionalized by hyperbranched polysiloxane through 
hydrosilylation reaction, and incorporated it into cyanate 
ester (CE) and bismaleimide (BMI) to fabricate nanocom-
posites. It is found that the mechanical properties, ther-
mal stability, moisture resistance and tribological per-
formance of the nanocomposites are superior to those 
of neat CE and BMI resin. However, to our knowledge, 
no report on the EP composites modified by HBPSi-GO 
has been reported up to now. Recently, an innovative 
strategy to synthesize HBPSi [23] was proposed, which 
overcomes the significant shortcomings of conventional 
approaches: the catalysts for hydrosilylation reaction 
are precious and hydrolysis of organosiloxane results in 
gelation easily. Furthermore, Niu et al. [24] synthesized 
a novel hyperbranched polysiloxane contains epoxy 
groups and doped it into BMI resin to prepared HBPSi-
EP/BMI composites. The results showed that the optimal 
loading of HBPSi-EP (8.0 wt%) could greatly improve the 
toughness and thermal performance of BMI composites, 
which exhibited the unexpected effect in thermosetting 
resins.

Herein, a novel hyperbranched polysiloxane contain-
ing primary amine, tertiary amine and hydroxyl groups 
was prepared via transesterification through simple 
one-pot method. The HBPSi covalently-grafted gra-
phene oxide (HPBSi-GO), which was synthesized by a 
simple “grafting to” method, was introduced into epoxy 
resin to fabricate HPBSi-GO/EP composites. The results 
demonstrated that the as-prepared nanoparticles can 
improve the mechanical and frictional properties of 
the composites. This is mainly ascribed to the excellent 

dispersity and the unique inorganic–organic structure 
of HBPSi-GO.

2  Experimental

2.1  Materials

Diglycidyl ether of bisphenol A (DGEBA)-type epoxy resin 
(E-51) with epoxy value of 0.48–0.54 mol/100 g was pur-
chased from Guangzhou Suixin Chemical Co., Ltd., China. 
4,4′-Diaminodiphenylsuifone (DDS, Shanghai Aladdin 
Biochemical Technology Co., Ltd., China) was used as 
curing agent. GO nanosheets were prepared from natu-
ral graphite flakes (500 mesh, Qingdao Hensen Graphite 
Co., Ltd., China) by a modified Hummers method [25, 26]. 
(3-Aminopropyl) triethoxysilane (APTES) was purchased 
from Jingzhou Jianghan Fine Chemical Co., Ltd., China. 
Dicyclohexylcarbodiimide (DCC) and 4-dimethylamino-
pyridine (DMAP) were purchased from Shanghai Aladdin 
Biochemical Technology Co., Ltd., China. Ethanol absolute 
and acetone were purchased from Guangdong Guanghua 
Sci-Tech Co., Ltd., China. All reagents were used as received 
without further purification.

2.2  Synthesis of HBPSi‑GO

The schematic diagram of the synthesis of HBPSi-GO is 
shown in Fig. 1. Firstly, A novel hyperbranched polysilox-
ane (HBPSi) containing primary amine, tertiary amine and 
hydroxyl groups was synthesized by transesterification [23, 
27, 28] of APTES with MDEA.

Secondly, the HBPSi-GO was synthesized by introducing 
HBPSi into the GO sheets via amide formation between 
primary amines of HBPSi and carboxyl groups of GO. The 
detailed process is presented as follows: 0.3 g GO was dis-
persed in 130 mL DMF by ultrasonic treatment for 30 min. 
Successively, the obtained GO suspension, 1.0 g DCC and 
0.2 g DMAP were added into a 250 mL three-necked flask, 
respectively, in which DCC and DMAP acted as dehydrat-
ing agent and catalyst. Subsequently, 1.0 g HBPSi was 
dissolved in 10 mL DMF, then the suspension was added 
into the flask. The mixtures reacted at 70 °C for 24 h under 
nitrogen atmosphere. Then the product was washed with 
ethanol absolute for three times and dried in a vacuum 
oven at 60 °C for 12 h. The structure of HBPSi-GO is shown 
in Fig. 1.

2.3  Fabrication of HBPSi‑GO/EP composites

The HBPSi-GO/EP composites with different contents of 
fillers were fabricated using a casting method. Firstly, 
HBPSi-GO was dispersed into acetone by ultrasonic 
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treatment for 15 min and then mixed with E-51 epoxy. 
The mixtures were heated for 20 min at 100  °C in oil 
bath with mechanical stirrer to remove the solvents. 
Next, the curing agent DDS was doped into the mixtures 
with a certain percentage. Subsequently, the mixtures 
were heated to 130 °C for 30 min with mechanical stir-
rer. Afterwards, the EP pre-polymer was poured into a 
pre-heated mold coated with release agent and put in a 
vacuum oven to remove the bubbles. Finally, the sample 
was cured at 170 °C for 4 h and 230 °C for 2 h, then the 
mold was cooled to room temperature and demolded to 
obtain the HBPSi-GO/EP composites.

2.4  Characterization

Fourier transform infrared (FT-IR) spectra of the samples 
were collected using a PerkinElmer-283B FTIR spectrom-
eter (Perkin Elmer Inc., Waltham, USA) ranging from 4000 
to 400 cm−1 with a resolution of 2 cm−1. The chemical 
change and elemental compositions of the samples sur-
face were confirmed by X-ray photoelectron spectros-
copy (XPS, Quantum 2000, ULVAC-PHI Inc., Japan), and 
Al Kα (1486.8 eV) was used as the X-ray source. Atomic 
force microscopy (AFM, Hitachi High-Tech Science Co., 
Japan) images of the GO and HBPSi-GO were observed 

Fig. 1  The schematic diagram of the synthesis of HBPSi-GO
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with tapping mode to study the morphologies. X-ray dif-
fraction (XRD) was carried out with Bruker D8 ADVANCE 
(Bruker AXS GmbH, Germany), using Cu Kα radiation 
(λ = 1542 nm). The XRD data were recorded from 5° to 85° 
with the scanning rate of 0.02°  s−1. Raman spectra were 
obtained on a Raman microscope (Renishaw Invia Plus, 
UK) using a 633 nm argon ion laser. Thermogravimetric 
analyses (TGA) of GO and HBPSi-GO were investigated with 
a Q50 thermal analyzer (TA Instrument, USA) from 50 to 
800 °C with a heating rate of 10 °C  min−1 in argon atmos-
phere. Transmission optical microscopy (TOM, MM-8, Pu 
Dan Optical Instrument Co., Ltd., China) was used to ver-
ify the dispersion stability of GO and HBPSi-GO in epoxy 
matrix. Bending and impact tests were accomplished with 
a universal testing machine (CMT-6303, Shenzhen SANS 
Testing Machine Co., Ltd., China) according to the Chinese 
standard GB/T2567-2008. The dimensions of samples for 
tending and impact tests were (80 ± 0.2) × (15 ± 0.2) × (4 ± 

0.2)  mm3 and (80 ± 0.2) × (10 ± 0.2) × (4 ± 0.2)  mm3, respec-
tively, and each item has more than five effective samples. 
Scanning electron microscope (SEM) was carried out on a 
Hitachi S-570 instrument (Hitachi High-Tech Science Co., 
Japan) to observe the surface morphology of impact frac-
ture, and the specimens were treated by spray-gold before 
testing.

3  Results and discussion

3.1  HBPSi‑GO characterization

XPS spectra were obtained to illuminate chemical change 
and element composition on the surface of specimens. 
The full range spectra of GO and HBPSi-GO are presented 
in Fig. 2a. The peaks for the C 1s and O 1s are observed 
at 284.27 and 532.15  eV, respectively. However, as for 

Fig. 2  XPS spectra of a GO and HBPSi-GO; b C 1s of GO; c C 1s of HBPSi-GO, and d FT-IR spectra of GO and HBPSi-GO
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the spectrum of HBPSi-GO, three new peaks appear at 
101.80, 153.25 and 400.09 eV, attributing to Si 2p, Si 2s 
and N 1s, respectively. The N and Si elements were derived 
from HBPSi, demonstrating the successful synthesis of 
HBPSi-GO.

Moreover, three characteristic peaks can be separated 
from the XPS spectrum of C 1s of GO, 284.8 (C=C bond), 
287.0 (C–O bond) and 288.4 eV (C=O bond). As a compari-
son, five components can be found in the spectrum of 
C 1s of HBPSi-GO, which are located at 283.8 (C–Si bond), 
284.8 (C=C bond), 285.7 (C–N bond), 286.4 (C–O bond) and 
288.8 eV (C=O bond). The appearance peaks of C–Si and 
C–N bonds confirm that the HBPSi has been successfully 
grafted onto the GO surface.

The FTIR spectra of GO and HBPSi-GO are shown in 
Fig. 2d. The characteristic absorption peaks of GO can be 
seen at 3400 (–OH), 1724 (C=O), 1626 (C=C) and 1055 cm−1 
(C–O). By contrast, the disappeared absorption peak at 
1724 cm−1 is assigned to carboxyl group of GO. In addi-
tion, the new absorption peaks at 2934, 1119, 1649 and 
1536 cm−1 are related to methyl groups, Si–O–C bond, C=O 
bond and N–H of secondary amide group, respectively, 
indicating that the HBPSi has been chemically grafted onto 
the surface of GO sheets.

AFM images were obtained to investigate the morphol-
ogies of GO and HBPSi-GO. From these images, the lamel-
lar structure of GO and HBPSi-GO are clearly observed. Fig-
ure 3a shows the thickness of single-nanolayer GO after 

ultrasonication is 1.0–1.3 nm, which is consistent with the 
previous reports [29]. By contrast, the functionalized GO 
reveals an average thickness of 3.2–5.0 nm. The increscent 
thickness of the nanolayers demonstrates that the HBPSi 
functionalized GO has been successfully synthesized.

The XRD patterns of GO and HBPSi-GO are shown in 
Fig. 4a. The characteristic peak of 2θ at 9.68° is related to 
the (001) plane of GO. And the d-spacing of (001) plane is 
calculated to 0.91 nm according to Bragg’s law, which is 
corresponded to the AFM result. In comparison, the (001) 
peak of the modified GO is invisible, at the same time, a 
new wide peak of 2θ appears at 21.2°, which shows that 
the HBPSi-GO has been stripped to single-layer structure 
and part of the GO have been reduced during the modifi-
cation process. These XRD analysis indicate that the HBPSi-
GO has an enhanced disordered structure after grafting.

Raman spectroscopy is an effective tool for character-
izing carbonaceous materials [15]. As shown in Fig. 4b, 
Raman spectra of GO and HBPSi-GO simultaneously 
exhibit two peaks near 1320 and 1590 cm−1, which are 
attributed to the D and G bonds of GO, respectively. A gen-
eral rule is that higher disorder in carbon products leads to 
a boarder G bond, as well as a higher relative intensity ratio 
of  ID/IG [30]. The  ID/IG value of HBPSi-GO (1.17) is higher 
than that of GO (1.01), indicating that the HBPSi-GO has a 
higher degree of disorder.

TGA were conducted to investigate the thermal stabil-
ity of GO and HBPSi-GO. As seen in Fig. 5, a slight weight 

Fig. 3  AFM images of a GO and 
b HBPSi-GO
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loss of GO and HBPSi-GO below 100 °C is mainly due 
to the evaporation of adsorbed water. For GO, a major 
weight loss (47.7%) between 100 and 310 °C is mainly 
ascribed to the decomposition of oxygen-containing 
functional groups [31]. In contrast, the decomposition 
of hydroxyl and carboxyl groups in HBPSi-GO causes a 
lesser mass loss (21.9%) between 100 and 310 °C. When 
the temperature arrives to 800 °C, the HBPSi-GO shows 
the char residual weight of 54.2%, increased by 43.1% 
than that of unmodified GO (37.9%). The enhanced ther-
mal resistance of HBPSi-GO is because that the existence 
of HBPSi can generate  SiO2 covering layer at the high 
temperature, which can resist the decomposition pro-
cess of HBPSi-GO effectively.

3.2  HBPSi‑GO/EP composites characterization

TOM was carried out to investigate the dispersion of nano-
filler in resin matrix. Figure 6 shows the images of (a) 0.2 
wt% HBPSi-GO/EP, (b) 0.6 wt% HBPSi-GO/EP, (c) 1.0 wt% 
HBPSi-GO/EP and (d) 1.0 wt% GO/EP composites. It is 
found that the HBPSi-GO can be well dispersed in epoxy 
composites, although parts of agglomeration of fillers still 
exist. As a comparison, in 1.0 wt% GO/EP composites, the 
GO sheets present serious agglomeration in epoxy matrix. 
The great dispersion of HBPSi-GO in epoxy composites is 
attributed to the exhibition of active functional groups 
on the fillers’ surface, which can actively interact with the 
epoxy matrix via chemical bonds.

It is generally believed that the mechanical strengths 
of composites are closely related to the good dispersibil-
ity of nano-fillers and interaction between fillers and pol-
ymeric matrix [32, 33]. As can be seen in Fig. 7, the impact 
and flexural strengths of the HBPSi-GO/EP composites 
increase continuously with the addition of HBPSi-GO. 
When the content of HBPSi-GO is 0.6 wt%, the impact 
and flexural strengths arrive to the maximum (132.2 MPa 
and 17.0 kJ/m2), increased by 23.9% and 56.0%, respec-
tively, in comparison with those of the pristine epoxy 
resin (106.7 MPa and 10.9 kJ/m2). Those can attribute to 
the following causes: (1) the excellent dispersibility of 
HBPSi-GO avoids agglomeration in resin matrix, making 
filler evenly disperse in composites, which can prevent 
the excessive growth of micro-cracks. (2) The amounts of 
–NH2 and –OH groups on HBPSi-GO’s surface participate 
in the cross-linking reaction during curing process, thus 
improving the interface bonding performance between 
HBPSi-GO and epoxy resin, further promoting that the 
loading energy transfer from the EP matrix to the fillers. 

Fig. 4  a XRD spectra of GO and HBPSi-GO, and b Raman spectra of GO and HBPSi-GO

Fig. 5  TGA curves of the GO and HBPSi-GO
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(3) The unique inorganic–organic structure of HBPSi-GO 
can enhance the compatibility between EP matrix and 
fillers. Based on the above consideration, the strength-
ening and toughening mechanisms of HBPSi-GO/EP 
composite is shown in Fig. 8. However, when the filler 
content exceeds 0.6 wt%, the mechanical strengths of 

HBPSi-GO/EP systems decrease with the increasing of 
HBPSi-GO, which can be attribute to the agglomeration 
of HBPSi-GO in epoxy matrix. Moreover, the high content 
addition of HBPSi-GO will hinder the curing reaction of 
epoxy resin, resulting in the low level cross-linking den-
sity of composites [34].

Fig. 6  TOM images of EP composites filled with a 0.2 wt% HBPSi-GO, b 0.6 wt% HBPSi-GO, c 1.0 wt% HBPSi-GO and d 1.0 wt% GO

Fig. 7  Effect of HBPSi-GO amounts on flexural strength and impact strength of EP resin
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To further investigate the toughening mechanism of 
HBPSi-GO, surface morphologies of the impact fracture 
for EP resin with different filler contents (pristine epoxy 
resin, 0.6 wt% HBPSi-GO/EP, 1.0 wt% HBPSi-GO/EP) were 
observed by SEM, as shown in Fig. 9. It can be observed 
that the fracture surface of neat epoxy is smooth and flat, 
corresponding to the features of brittle rupture (Fig. 9a). 
For epoxy composite with 0.6 wt% HBPSi-GO, the fracture 
surface becomes rougher, and more areas with the dim-
ples can be observed in the image, presenting the typi-
cal characteristics of ductile fracture. When the loading of 
HBPSi-GO arrives to 1.0 wt%, the aggregation of HBPSi-GO 
can be seen in view region, which results in the stress con-
centration and impact failure.

To explorer the frictional behavior of HBPSi-GO/EP com-
posites, the tests were conducted with rotate speed of 

200 rpm/min loading 196 N under dry sliding for 120 min. 
The coefficient of friction (COF) of neat EP resin and 0.6 
wt% HBPSi-GO/EP composite are shown in Fig. 10. It can 
be seen that the COF of neat EP is unstable during all the 
test process, and the poor friction performance is attrib-
uted to the lack of stable transfer film on the surface of 
the steel counterpart ring. As a comparison, the COF curve 
of 0.6 wt% HBPSi-GO/EP composite exists a run-in stage 
and then keeps a steady state, and the average COF dips 
by 21.43% than that of pristine EP resin. The significant 
decrease of average COF of EP composites after adding 
HBPSi-GO is ascribed to the fact that a uniform and dense 
transfer film is formed on the surface of the steel coun-
terpart ring, making the friction mainly occur between 
the composite and the transfer film. At the same time, 
the unique lamellar structure of GO, good dispersibility of 

Epoxy resin matrix

Fig. 8  The strengthening and toughening mechanisms of HBPSi-GO/EP composite
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HBPSi-GO as well as the good interfacial strength between 
fillers and resin matrix play important roles in decreasing 
friction coefficient.

4  Conclusion

A novel functionalized GO with HBPSi containing primary 
amine, tertiary amine and hydroxyl groups was synthe-
sized by “grafting to” method, and HBPSi-GO exhibits good 
dispersibility and thermal stability. When the amount of 
HBPSi-GO is 0.6 wt%, the flexural and impact strengths of 
epoxy composites achieve the maximums of 132.2 MPa 
and 17.0 kJ/m2, increasing by 23.9% and 56.0% compared 
with that of pristine epoxy matrix, respectively. More 

importantly, in the same filler content, the frictional behav-
ior of the HBPSi-GO composite is superior, at the same 
time, the frictional coefficient is lower and more stable 
than that of pure matrix, which are mainly attributed to 
the unique inorganic–organic structure of HBPSi-GO, as 
well as the good interfacial adhesion between HBPSi-GO 
and EP matrix. Hence, this work will provide a promising 
method to fabricate HBPSi-functionalized GO, improving 
the mechanical and frictional properties of epoxy resin.
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