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ABSTRACT 15 

In order to obtain homogeneous dispersion and strong interfacial interaction in epoxy 16 

nanocomposites, an effective approach is proposed to prepare aminopropyllsobutyl 17 

polyhedral oligomeric silsesquioxane (ApPOSS) covalently grafted graphene 18 

(ApPOSS-graphene) enhancement epoxy (EP) hybrids with high thermal conductivity and 19 

electrical insulating property. The chemically converted ApPOSS-graphene 2D sheet with 20 
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 2 

amine groups and rigid Si-O-Si cages is a versatile starting platform to prepare nanohybrids, 1 

which conduce to uniform dispersion and well compatibility of graphene in polymer matrix. 2 

Compared to pristine GO/EP, the interfacial interactions between ApPOSS-graphene and 3 

epoxy matrix through non-covalent and covalent bonds promote well dispersibility, 4 

compatibility and interfacial quality in composites, which contribute to improving thermal 5 

conductivity through forming effective heat conduct networks and decreasing thermal 6 

interfacial resistance. With the incorporation of only 0.25 and 0.5 wt% ApPOSS-graphene, 7 

the thermal conductivities of the ApPOSS-graphene/EP composites increase by 37.6% and 8 

57.9% compared with neat EP, while maintaining high electrical resistivity. We believe that 9 

using ApPOSS chemically reducing and functionalized modifying GO may open a novel 10 

interface design strategy for extending applications of POSS and GO to fabricate high 11 

performance composites with high thermally conductive and electrically insulating 12 

properties. 13 

KEYWORDS: graphene oxide (GO), polyhedral oligomeric silsesquioxane (POSS), thermal 14 

conductivity, epoxy resins 15 

 16 

1. INTRODUCTION 17 

Epoxy resins (EPs) are widely utilized at the forefront of many engineering applications, 18 

including electronics, automotive, aerospace industry and coatings.
1, 2

 However, the generally 19 

used EPs are brittle due to its high crosslink density, which restricts their applications. With 20 

the rapid development of semiconductors and highly integrated circuit technology, highly 21 

thermally conductive and electrically insulative thermal interface materials are increasingly 22 
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 3 

required. Numerous investigations have been performed to explore the high-performance 1 

epoxy composites,
3-5

 such as mixing epoxy polymers with a second phase of superior 2 

nanofillers to enhance the thermal conductivity, thermal stability, mechanical properties, etc. 3 

In most of the earlier reports, the addition of Al2O3, BN, Si3N4 and carbon tubes into the 4 

epoxy resin have improved the thermally conductive or electrical insulation because of the 5 

intrinsic chemical construction of these additives.
5-7

 However, in order to obtain high thermal 6 

conductivity, the high filler loading content results in destruction in mechanical properties 7 

and electrical insulation of the composites. 8 

Recently, graphene has aroused extensive interest not only in common scientific studies
8-10

 9 

but also in potential applications
11-13

 in industrial fields due to extraordinary thermal, 10 

electronic, optical and mechanical properties, 
14, 15

 which also make it ideal candidate 11 

fabricate high performance polymer composites.
16-20

 However, the graphene sheets are easy 12 

to aggregate, which result from Van der Waals and π-π stacking interactions among individual 13 

graphene sheets. In addition, the pristine graphene sheets have poor solubility and weak 14 

reactivity, which seriously hinder the development of graphene matrix composites. Therefore, 15 

a well organic compatibility is important for filler to improve the performance of composite 16 

materials. Recent studies have shown that oxygen-containing groups (e.g., -OH, -COOH and 17 

epoxy) of graphene oxide grafting organic moieties to get organic soluble graphene is an 18 

effective way to satisfy the needs of the applications mentioned above.  19 

Polyhedral oligomeric silsesquioxanes (POSS) are multifunctional materials based on 20 

cubic Si-O-Si cage with organic corner pendant groups
21

 that are able to undergo 21 

polymerization, grafting or crosslinking.
22, 23

 Their organic-inorganic unique structures endow 22 
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 4 

well compatibility and reactive activity, making it not only effective reinforcement in 1 

polymer composites, but also an effective surface modification reagent in nanomaterials. 
24, 25

  2 

POSS can be incorporated into epoxy networks to improve thermal properties and 3 

flammability retardancy of EP composites. It was considered an effective way to improve 4 

graphene sheets dispersion and compatibility in polymer composites through covalently 5 

modifying graphene oxide with POSS.
24, 26, 27

  6 

In this work, taking the advantages of the unique structures and properties of POSS and 7 

GO, we develop a facile approach to obtain chemically converted aminopropyllsobutyl 8 

polyhedral oligomeric silsesquioxane (ApPOSS)-graphene nanomaterials enhanced epoxy 9 

composites with high thermal conductivity and electrical insulation. GO was covalently 10 

functionalized and reduced by aminopropyllsobutyl POSS through amide formation between 11 

amine of ApPOSS and epoxy or COOH groups of GO (scheme 1). The ApPOSS grafted on 12 

GO sheets acts as intercalator between GO interlayers to prohibit the aggregation and 13 

restacking the GO sheets in the polymer matrix, at same time, serves as active sites linking 14 

graphene sheets and epoxy chains, resulting in significantly improving GO dispersion and 15 

compatibility in matrix compared to pristine GO. ApPOSS-graphene sheet as a facile filler 16 

has 2D nano sheet structure, which is beneficial to formation of thermal conductive path. 17 

Moreover, the well-defined rigid cube Si-O-Si structures contribute to maintaining high 18 

electrical insulation and thermal stability. Accordingly, a series of ApPOSS-graphene 19 

modified epoxy nanocomposites were prepared, and the effects of ApPOSS-graphene on the 20 

chemical microstructure, thermal conductivity, electrical insulation and thermal stability of 21 

epoxy nanocomposites were investigated. This investigation may lead to a novel and efficient 22 
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 5 

method to achieve thermally conductive and electrical insulation epoxy composites.  1 

 2 

 3 

Scheme 1. Schematic representation of the synthetic route from graphite to 4 

ApPOSS-graphene and ApPOSS-graphene/EP, and photographic images manifested the 5 

dispersion of samples in solvent and cured EP nanocomposites. 6 

 7 

2. EXPERIMENTAL SECTION 8 

2.1. Chemical materials 9 

Nature Graphite powders were purchased from Qingdao Haida Graphite Co., Ltd (China). 10 

Aminopropylisobutyl polyhedral oligomeric silsesquioxane (ApPOSS) was purchased from 11 

Hybrid Plastics. Concentrated H2SO4 (98%), NaNO3, KMnO4, 30% H2O2 solution, HCl, 12 

tetrahydrofuran (THF), Na2CO3, anhydrous ethanol and anhydrous methanol were all of 13 

analytical grade and provided by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 14 

DCC was obtained from J&K Chemical Reagent Co., Ltd. Epoxy resin (EP) was purchased 15 
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 6 

from Shanghai resin factory Co., Ltd., China. The curing agent was used 1 

methylhexahydrophthalic anhydride (MeHHPA) (Yangzhou Guangrun Chemical Co., Ltd., 2 

China).  3 

2.2. Synthesis of graphene oxide 4 

Graphene oxide was synthesized from natural graphite powders according to improved 5 

Hummers’ methods.
28

 Briefly, graphite powders 6 g and 3 g of sodium nitrate were added to 6 

138 mL of sulfuric acid (98%) in a 500 ml beaker. At same time, an ice bath was used to keep 7 

the mixture cooled down to 0°C. Then KMnO4 (18 g) was slowly added in to the mixtures 8 

and maintained the reaction temperature below 10°C. After the temperature increased to 9 

35 °C and kept stirring for 7h, additional KMnO4 (18 g) was added in the mixture, and stirred 10 

for 12 h. After that, the reaction mixture was poured onto ice (800 mL) and stirred at room 11 

temperature, then 30% H2O2 (6 mL) was added. The reaction mixture was washed with HCl 12 

and deionized water, and purified by dialysis, followed by sifted, centrifuged. Finally, the 13 

obtained solid was vacuum-dried overnight, obtaining 7.5 g product. The basic process was 14 

shown in Scheme 1. 15 

2.3. Synthesis of ApPOSS-graphene 16 

60 mg of GO was added in 35 mL dry tetrahydrofuran (THF) in a 100 mL round-bottom 17 

flask, followed 0.9 g ApPOSS and 60mg DDC (as a catalyst) was added, then dispersed by 18 

sonication for 30 min. The mixture was then magnetically stirred and refluxed for 60 h at 19 

75°C under nitrogen atmosphere. Every 6 h the stirring was stopped and the solution was 20 

placed in an ultrasound bath for 10 min. After that, the mixture was poured into anhydrous 21 

methanol (300 mL) to extract excess ApPOSS. Then the resulting mixture solutions were 22 
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 7 

filtered through a 0.22 µm PVDF membrane and washed with dry THF to remove the 1 

residual ApPOSS. Finally, the filter cake was then vacuum-dried at 80 °C. The synthetic route 2 

of ApPOSS-graphene was shown in Scheme 1. 3 

2.4. Preparation of epoxy composites 4 

As shown in Scheme 1, the composites containing different filler were prepared as 5 

following procedures. Typical, appropriate amounts of fillers (0.25 and 0.5 phr by weight 6 

relative to the epoxy matrix) was dispersed in THF by ultrasonicating for 1h and then added 7 

into a stoichiometric amount of epoxy resins with stirring for 10 h and ultrasonicating for 10 8 

min at every 3 h. After the mixtures were got rid of THF by rotary evaporation, appropriate 9 

amount of curing agent and curing accelerator were added with mechanically stirring for 30 10 

min. The mixtures were repeatedly degassed in a vacuum at 80 °C about 20 min until there 11 

were no trapped bubbles, then mixtures were poured into an metal mold and curing via the 12 

procedures of 100 °C/2 h + 120 °C/2 h and 150 °C/6 h, respectively. Finally, the resultant 13 

nanocomposites were demolded and coded EP, GO 0.25/EP, GO 0.5/EP, POSS 0.25/EP, 14 

POSS 0.5/EP, ApPOSS-graphene 0.25/EP, ApPOSS-graphene 0.5/EP, where 0.25 and 0.5 15 

represent the weight percent of the filler to the epoxy matrix. The general synthetic route was 16 

shown in Scheme 1. 17 

2.5. Materials characterization 18 

The Fourier-transform infrared spectrum (FTIR) was conducted on a Nicolet Avatar370 FTIR 19 

instrument (Thermo Nicolet, Waltham, USA). X-ray photoelectron spectroscopic (XPS) 20 

measurements were performed on ESCALAB 250Xi (England). The morphology was 21 

observed using a JEOL 200CX transmission electron microscope (TEM) at an acceleration 22 

Page 7 of 24 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 8 

voltage of 200 kV. High-resolution transmission electron microscopy (HRTEM) was applied 1 

to observe the SAED pattern of ApPOSS-graphene. The samples were sputtered with gold 2 

and examined using scanning electron microscopy (SEM; JSM-6700F, Japan) at an activation 3 

voltage of 15.0 kV. Raman spectra were recorded from 500 to 3000 cm
-1

 on a Raman 4 

spectrometer (INVIA, England). The thermogravimetric analysis was performed on TA Q500 5 

HiRes in a nitrogen atmosphere at a heating rate of 10 °C min
-1

 in all cases. The thermal 6 

conductivities and the thermal expansion of the samples were measured by a thermal 7 

conductivity tester LFA 447 Nanoflash® (NETZSCH, China) in 25 °C. The surface resistivity 8 

(ρs) and volume resistivity (ρv) of the materials were collected using the Agilent high 9 

resistance meter 4339B (USA) and the Agilent resistivity cell 16008B (USA). In order to 10 

eliminate the deviation, the measurement of every sample was conducted at least three times. 11 

The volume (1) and surface (2) resistivity can be expressed as follows:  12 

            (1) 13 

                            (2) 14 

where D1 is the main electrode (guarded electrode) diameter (mm) and D2 is the ring 15 

electrode diameter (mm), t is the average thickness of the sample (mm), Rv is the volume 16 

resistance and Rs is the surface resistance, B is the coefficient of effective area and the value 17 

is “1” according to ASTM D257-2014.  18 

3. 3. RESULTS AND DISCUSSION 19 

3.1. Characterization of GO and ApPOSS-graphene 20 

As shown in Scheme 1a, GO was homogeneously dispersed in water, showing a color of 21 
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 9 

light yellow, ApPOSS as organic-inorganic hybrid materials can be homogenously dissolved 1 

in THF and shows colorless (Scheme 1b). Moreover, as expected, the ApPOSS-graphene 2 

displays a well dispersion in THF (Scheme 1c), indicating that ApPOSS nanomaterials are 3 

successfully grafted onto GO and exhibit good organic solubility. As shown in Scheme 1d-e, 4 

the neat EP and ApPOSS/EP composites show a certain transparency and the letters of the 5 

background can be seen. After added GO and ApPOSS-graphene, the transparency of GO/EP 6 

and ApPOSS-graphene/EP (Scheme 1f-g) is reduced. 7 

 8 

 9 

Figure 1. TEM images of (a) pure GO, (b, c) ApPOSS-graphene and (d) SAED pattern of 10 

ApPOSS-graphene.  11 

 12 

The TEM of ApPOSS displays regular and rectangular sheets structures (Figure S1). The 13 

TEM images of  GO exhibits a typically flat, laminar, wavy and wrinkled sheet structures 14 

(Figure 1a), which were caused by the defects and the formation of surface functional groups 15 
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 10 

such as hydroxyl groups, carboxyl groups and epoxy groups. On the contrary, as shown in 1 

Figure 1b-c, ApPOSS-graphene displays morphology with a flat, laminars sheet with much 2 

dark spot on it, corresponding to ApPOSS, which was covalently grafted on the graphene 3 

surface. In Figure 1d, the obvious six-fold symmetry structures of the selective area electron 4 

diffraction (SAED) pattern of ApPOSS-graphene indicate the layered graphene structure;
29

 5 

however, the outer unresolved diffraction circles may be attributed to the grafting of ApPOSS 6 

on the graphene surface.
30

 These results also correspond to XRD analysis in supplementary 7 

materials in Figure S2, which indicate that the ApPOSS are covalently grafted on GO and 8 

constrain the restacking of the planar functionalized graphene nanosheets, resulting in a 9 

disordered structure with low crystallinity.
31

 10 

 11 

 12 

Figure 2. SEM images of (a) ApPOSS, (b) pure GO and (c) ApPOSS-graphene. 13 

 14 

ApPOSS exhibits square block structure, in according with TEM results (Figure S1). GO 15 

presents a laminar and wrinkled morphology in Figure 2a, due to its oxidation. However, in 16 

Figure 2b, the ApPOSS-graphene displays coral-liked microstructure with some small 17 

spheres on the surface. The roughness of ApPOSS-graphene was attributed to grafting of 18 

ApPOSS on GO surface. In addition, the nucleophilic substitution between GO and ApPOSS 19 
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 11 

can cause removal of the oxygen-containing functional groups from the surface of GO 1 

nanosheets, which could contribute to the increasing roughness of graphene sheets.
32

 2 

 3 

Figure 3. FTIR spectra of graphite, GO and ApPOSS-graphene (a) and Raman spectra of 4 

graphite, GO and ApPOSS-graphene (b) 5 

 6 

Figure 3a shows the FTIR spectra of graphite, GO and ApPOSS-graphene. Graphite has a 7 

relatively weak bands at 1620 cm
-1

, which are ascribed to C=C. The absorption bands of GO 8 

at 3433 cm
-1

, 1730 cm
-1

 and 1054cm
 -1

 are ascribed to hydroxyl, carbonyl groups (C=O) and 9 

epoxy ring groups, respectively.
33, 34

 The absorption peaks of these groups significantly 10 

decreased after ApPOSS attached onto graphene oxide through covalent binding amide 11 

formation. In addition, the weak bands at 1365 cm
-1 

associated with the -C-N- groups, the 12 

strong bands over 2800-3000 cm
-1

 associated with the isobutyl groups in ApPOSS and the  13 

characteristic peak (at 1110 cm
-1

) of the Si-O-Si were clearly seen in the IR spectrum of 14 

ApPOSS-graphene, indicating that ApPOSS has been chemically grafted onto graphene. To 15 

further verify the chemical modification of GO with ApPOSS, Raman spectra of graphite, 16 

GO and ApPOSS-graphene are shown in Figure 1b. The Raman spectrum of the pristine 17 
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 12 

graphite shows a weak band at ~1335 cm
-1

 (D band), a strong peak as the feature at ~1585 1 

cm
-1

 (G band) and a relatively weak band at ~2685 cm
-1 

(2D band), which are ascribed to the 2 

first order zone boundary phonon mode associated with defects in the graphene or graphene 3 

edges and the radial C-C stretching mode associated with sp
2
 bonded carbon, respectively.

35
 4 

Graphite has a high IG/ID value (16.29) indicating the intact graphitic domains.
36

 GO shows a 5 

low IG/ID value (0.99) and unclear 2D and 2G bonds, which is attributed to extensive 6 

oxidation. Compared to GO, ApPOSS-graphene shows a slight small IG/ID value (0.94). At 7 

same time, the 2D and 2G band of ApPOSS-graphene are clearly observed, due to the 8 

structural distortions induced by the bulky ApPOSS “cages”. The above results indicate that 9 

ApPOSS is successfully grafted onto GO surface. 10 

X-Ray photoelectron spectroscopy (XPS) was employed to further explore the surface 11 

chemical changes associated with the reaction shown in Scheme 1. The 17.67% of Si and 12 

2.08% N content of ApPOSS-graphene suggest a successful introduction of ApPOSS. A 13 

decrease of carbon and oxide content from 59.98% and 40.02% of GO to 56.55% and 23.70% 14 

of ApPOSS-graphene also indicates ApPOSS grafting onto GO surface. At same time, the 15 

XPS survey spectrum for GO and ApPOSS-graphene were show in Figure 4a and b. Compare 16 

with GO, ApPOSS-graphene has three new peaks Si 2p (102 eV), Si 2s (153 eV) and N 1s 17 

(399.5 eV), which indicate the successfulness of the covalent grafting of ApPOSS onto GO. 18 

To gain further information about surface chemical changes, high-resolution XPS spectra of 19 

C 1s for GO and ApPOSS-graphene were exhibited in Figure 4c and d. GO presents four 20 

peaks appearing at 284.8 (C-C), 286.8 (C-O), 288.4 (C=O) and 289.3 (COOH) eV. 
24

 On the 21 

contrary, in ApPOSS-graphene spectra, the COOH peak at 289.3 eV for GO almost 22 
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 13 

disappeared, suggesting that amide formation occurred between GO and the amine group of 1 

ApPOSS. In addition, the peak intensities of 286.5 eV (C-O) and 288.4 (C=O) eV are much 2 

weaker than those in GO, indicating that the condensation reaction between amine and GO 3 

lead to deoxygenation and reduction of GO.
37

 4 

 5 

Figure 4. XPS survey spectra of the GO (a) and ApPOSS-graphene (b), high-resolution XPS 6 

spectra of C 1s for GO (c) and ApPOSS-graphene (d). 7 

 8 
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 14 

 1 

Figure 5. TGA curves of graphite, GO and ApPOSS-graphene with a heating rate of 10 °C 2 

min
-1

 in nitrogen atmosphere. 3 

 4 

The thermal stability curves in nitrogen for graphite, GO and ApPOSS-graphene are show 5 

in Figure 5. Graphite exhibited a simple linear dependence, with little loss, indicating its high 6 

thermal stability. In contrast, GO initial weight loss below 100 °C was attributed to the 7 

thermal desorption of water molecules physically adsorbed onto its hydrophilic surface. The 8 

major mass loss occuring at about 200 °C was associated with pyrolysis of the labile 9 

oxygen-containing groups, yielding CO, CO2 and steam.
38, 39

 Interestingly, the TGA curves of 10 

ApPOSS-graphene are above that of GO at all temperature range and exhibit a new mass loss 11 

stage at about 480 °C, which indicate the thermal stabilities of ApPOSS-graphene improve 12 

greatly compared to GO and display more complicated thermal degradation behavior. In 13 

addition, at 700 °C the weight loss of GO and ApPOSS-graphene is 63% and 37%, 14 

respectively. The remarkable increase in thermal stabilities of ApPOSS-graphene is 15 

associated with thermal stable cubic Si-O-Si core and amine of ApPOSS, which can react 16 

with oxygen-containing groups forming amide bond and simultaneously reduce GO to 17 

graphene.  18 
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 15 

3.2. Morphology of ApPOSS-graphene/EP 1 

The morphologies of the composites from impact fracture surface were investigated using 2 

SEM to research the extent of dispersion and the interfacial interactions between fillers and 3 

epoxy matrix. As shown in Figure 6(a), the smooth and clean fracture surface corresponded to 4 

the brittle failure of the neat epoxy resin. With the addition of fillers, the fracture surfaces of 5 

composites become quite different. GO nanosheets caused rough and aggregation structures 6 

with plane-like “stair” to be formed, which was due to GO hydrophilicity and poor dispersion 7 

in organic solvents resulting in the formation of multi-layered stacks
40

, as shown in Figure 8 

6(b) and (c). The fractured cross-sections in Figure 6(d, e) were slightly rough when the small 9 

cubic ApPOSS was introduced into epoxy resin. The fracture surface of GO/EP indicated that 10 

there was a poor compatibility and weak interfacial interactions between fillers and epoxy 11 

matrix. In contrast, the cross-sections surfaces were very rough and complicated when the 12 

unique-structured ApPOSS-graphene were loaded in epoxy, the crumpled, wrinkled and 13 

wave-like topology structures were seen in Figure 6(f, h), which may lead to effective 14 

mechanical interlocking with the matrix.
41

 To further study ApPOSS-graphene distribution in 15 

epoxy matrix, the EDS maps of ApPOSS-graphene 0.50/EP presents Si and N elements 16 

distribution as shown in Figure 6(i, j), which suggest ApPOSS-graphene are homogeneously 17 

dispersed in epoxy matrix. In addition, for ApPOSS-graphene 0.50/EP, there are no pulled-out 18 

or agglomerate phenomena and it show an extraordinary difference from other systems in the 19 

interfacial interaction between the matrix and fillers, indicating that ApPOSS-graphene 20 

nanosheets exhibit a good dispersion, strong compatibility and interfacial interaction in the 21 

epoxy matrix. 22 
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 1 

Figure 6. SEM images of fractured cross-section pure epoxy and its composites: (a) neat EP, 2 

(b) GO 0.25/EP, (c) GO 0.50/EP, (d) ApPOSS 0.25/EP, (e) ApPOSS 0.50/EP, (f) 3 

ApPOSS-graphene 0.25/EP, (g) and (h) ApPOSS-graphene 0.50/EP, (i) and (j) EDS maps of 4 

ApPOSS-graphene 0.50/EP about Si and N elements distribution. 5 

 6 

3.3. Thermal conductivity of ApPOSS-graphene/EP 7 

 8 
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 1 

Figure 7. (a) Thermal conductivity and (b) its rise rate (%) of neat epoxy and its composites 2 

filled with GO, ApPOSS and ApPOSS-graphene at 0.25 and 0.5 wt% loading. 3 

 4 

Scheme 2. Schematic illustrating the heat conduct mechanism of (a) GO and (b) 5 

ApPOSS-graphene in epoxy resin 6 

 7 
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As shown in Figure 7a, the thermal conductivities of neat epoxy and its composites filled 1 

with GO, ApPOSS and ApPOSS-graphene at 0.25 and 0.5 wt% loading were tested. It can be 2 

seen that the thermal conductivity increased with the addition of filler for all three filler 3 

systems tested, beginning at 0.221 W m
-1

 K
-1

 for the neat epoxy (EP), reaching 0.258 W m
-1

 4 

K
-1 

at 0.5 wt% GO and 0.286 W m
-1

 K
-1

 at 0.5 wt% ApPOSS, respectively. Compared to GO, 5 

ApPOSS can be well distributed into organic solvent such as acetone, chloroform and 6 

tetrahydrofuran, 
4
 which contribute to it well compatibility in epoxy resin and lead to less 7 

phonon transfer scattering. The thermal conductivities of ApPOSS-graphene epoxy 8 

composites at 0.25 and 0.50 wt% increase by 37.6 % and 57.9 % (Figure 7b.), i.e., to 0.304 9 

and 0.349 W/mK, which are more effective than GO and ApPOSS. The thermal conductivity 10 

rise rate is shown in Figure 7b. We can easy to know the order of thermal conductivity of the 11 

three types EP composites, EP < GO/EP < ApPOSS < ApPOSS-graphene/EP over the whole 12 

loading range. The phenomenon may be caused by several factors. Firstly, as we know, the 13 

thermal conductivity of composites is affected by filler structure, loading content, dispersion, 14 

and the thermal resistance of interface between filler and composites. Even though graphene 15 

has excellent thermal conductivity,
42

 it can’t be well dispersed and incompatibility in epoxy 16 

resin, which has limited graphene effectiveness in improving the thermal conductivity of the 17 

composites. ApPOSS-graphene as a novel thermally conductive and electrical insulating filler 18 

can be well homogeneously distributed into organic solvent and compatibility in epoxy resin, 19 

which effectively decreased the interfacial thermal resistance. Secondly, as analysed in the 20 

SEM images (Figure 6), ApPOSS-graphene has excellent dispersion and no aggregations in 21 

epoxy matrix. Furthermore, ApPOSS-graphene formed effective thermal conduct networks in 22 
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matrix. Finally, there are many complex defects in GO, which limit its thermal conductivity. 1 

However, the chemically converted ApPOSS-graphene eliminated defects and ApPOSS also 2 

has good compatibility, so ApPOSS-graphene/EP composites exhibit the outstanding 3 

performance of thermal conductivity (as shown in Scheme 2).  4 

3.4. The electrical resistivity of ApPOSS-graphene/EP 5 

 6 

Figure 8. Volume resistivity (a) and surface resistivity (b) of EP composites with various 7 

contents of fillers; Simplified illustrations are inset to explain the volume resistivity and 8 

surface resistivity test setup. 9 

 10 

High electrical resistivity is usually a desirable property in thermal interfacial materials 11 

for electronic industry. To demonstrate the electrical resistivity of the neat EP and the EP 12 
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nanocomposite, the volume resistivity (ρv) and surface resistivity (ρs) were tested at room 1 

temperature. Figure 8 shows the ρv and ρs of nanocomposites with various fillers. Adding GO 2 

to the epoxy resin lead to a slight decrease of ρv and ρs, because very little π-bonds maybe 3 

exist. However, with introducing ApPOSS into epoxy resin, the ρv and ρs increased, which 4 

was attributed to the unique cube Si-O-Si core structure of ApPOSS. In general, adding 5 

graphene to epoxy resin can effectively improve the thermal conductivity of the EP 6 

composites and decrease the electrical resistivity because of graphene having large scale 7 

π-bonds and high electron mobility. In contrast, the volume resistivity of 8 

ApPOSS-graphene/EP composites decreases slightly compared to neat EP, while its value 9 

maintains at high magnitudes. It can be seen, the resistivity (ρv, ρs) is higher than 10
9
 Ω·cm or 10 

Ω, indicating that it is an insulator and exhibits high electrical insulation properties. These 11 

can be explained that the cube Si-O-Si core structures on the ApPOSS-graphene surface 12 

effectively hinder the formation of electrical paths in ApPOSS-graphene/EP because the 13 

ApPOSS disrupted conjugating electron transport and increased the tunneling energy barrier. 14 

3.8. The thermal gravity analysis of ApPOSS-graphene/EP 15 

 16 

Figure 9. TGA curves of EP, GO0.50/EP, ApPOSS0.50/EP and ApPOSS-granphene0.50/EP in 17 
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a nitrogen atmosphere.  1 

TGA curves of EP, GO 0.50/EP, ApPOSS 0.50/EP and ApPOSS-graphene 0.50/EP as a 2 

function of temperature are shown in Figure 9. The onset degradation temperature [Tonset (°C)] 3 

and the final char yields at 700°C are also listed in Table S1. The Tonset is defined as the 4 

temperature at which the weight loss is 5%. As shown in Figure 9 and Table S1, the Tonset of 5 

GO 0.50/EP is lower than neat EP, which is attributed to the thermally unstable GO and its 6 

weak compatibility with epoxy matrix.
38

 ApPOSS incorporations with epoxy resin lead to a 7 

slightly decrease in Tonset of ApPOSS 0.50/EP compared to neat EP, due to the unstable 8 

multialkyl groups in ApPOSS. However, the Tonset of ApPOSS 0.50/EP is hingher than that of 9 

GO 0.50/EP, due to that ApPOSS has unique cube Si-O-Si core structure and amino groups 10 

which can react with epoxy groups. ApPOSS-graphene/EP composites exhibit the best 11 

thermal stability, the Tonset of ApPOSS-graphene 0.50/EP has a 4.45°C increment compared 12 

to that of neat EP. These can be explained that GO was reduced by ApPOSS and chemically 13 

converted into ApPOSS-graphene, which improved filler dispersion, compability and 14 

interfacial interaction in epoxy matrix as well as increasing crosslinking densities and 15 

hindering the mobility of epoxy chains. ApPOSS-graphene 0.50/EP showed the highest char 16 

yield, indicating high thermal-oxidative degradation resistance, the results approximately 17 

corresponded to the thermal stability properties of chemically converted ApPOSS-graphene. 18 

These were also attributued to ApPOSS grafted on graphene surface, which thermally 19 

degraded to silica layers coverd on sheets surface, and then created a “Tortuous path” and 20 

formed a gas barrer, delaying the thermal decomposition of organic resins and reducing the 21 

volatilization rate of decomposition products, finally leading to higher char yield. 22 
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4. CONCLUSIONS 1 

A chemically converted ApPOSS-graphene nanomaterial were synthesized via the amide 2 

formation between ApPOSS and GO chemical reaction. The ApPOSS-graphene has well 3 

hydrophobic, it not only can disperse in many common organic solvent including chloroform, 4 

acetone and THF, but also can be well compatibility in the epoxy resin. Then the 5 

ApPOSS-graphene was used to modify epoxy and found that the addition of a very low 6 

loading of ApPOSS-graphene with only 0.25 wt% and 0.50 wt% into epoxy matrix could 7 

increase the thermal conductivity by 37.6 % and 57.9 % at room temperature. In addition the 8 

ApPOSS-graphene/EP maintain a high resistivity. Therefore, ApPOSS-graphene as a novel 9 

thermally conductive and electric insulation filler has a potential application in electronics 10 

and microelectronic technique industry. 11 
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