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Abstract—A novel compound (DOPO-V-PA) containing phosphorus and silicon elements was grafted onto the 
surface of graphene oxide (GO) to obtain a graphene-based fl ame retardant (GO–DOPO-V-PA). The structure of 
GO-DOPO-V-PA was characterized and confi rmed by FTIR and XPS spectra. AFM measurements showed that the 
average height of GO-DOPO-V-PA was thicker than that of GO and that the surface of GO-DOPO-V-PA was not 
uniform, contrary to the surface of the initiator GO before modifi cation. The thermal stability of GO-DOPO-V-PA 
was greatly improved by the functionalization of GO with DOPO-V-PA, and the residual char of GO-DOPO-V-PA 
at 600°C increased from 16.45 (GO) to 61.44 wt %. After GO-DOPO-V-PA was incorporated into epoxy resin (EP), 
the residual char of EP/GO-DOPO-V-PA was almost 3 wt % higher than that of pure EP and EP/GO. Furthermore, 
EP/GO-DOPO-V-PA exhibited excellent fl ame retardancy. Compared to the pure EP and EP/GO, the peak heat 
release rate (pHRR) and total heat release (THR) of EP/GO-DOPO-V-PA both decreased, which was probably 
caused by the higher residual char of EP/GO-DOPO-V-PA during combustion. Thus, the fl ame retardancy of the 
graphene-based composites was improved with the addition of 2 wt % GO-DOPO-V-PA, which was much less than 
the previously known fl ame retardant systems, and the graphene has been demonstrated its excellent performance 
in the fi re safety of the polymer materials.
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INTRODUCTION

Epoxy resin (EP) is a very important thermosetting 
material and has been widely used in paints, laminates, 
adhesives, printed circuit boards and insulating materials 
for electric devices due to its excellent mechanical and 
chemical properties [1–6]. However, the susceptibility 
of EP to fi re is still a great concern. The use of fl ame 
retardants allows improvement inthe fi re behavior of 
EP and fulfi lls the requirements in the application of 
electronic fi elds [7–11].

With ultrahigh thermal, mechanical, electrical 
and gas barrier properties, graphene has attracted 
considerable attention from industrial to academic fi elds 
[12–15]. Over the past few years, graphene oxide and 

its derivatives have shown great potential for fi re safety 
applications of polymers, and a signifi cant enhancement 
of fl ame retardancy is achieved by introducing very low 
amounts of graphene into the polymer matrix [16–20]. 
However, due to the intrinsic vander Waals forces and 
its high surface area, the aggregation and restacking 
phenomena of graphene limit its application in polymer 
materials [21, 22]. After oxidation, oxygen-containing 
groups (such as hydroxyl, epoxide, carboxyl, etc.) 
are present on the surface and the edges of graphene 
sheets. Thus, in the conventional method, organic 
compounds are grafted onto the surface of graphene 
sheets, which improves the dispersion of graphene in 
the polymer matrix but usually deteriorates the fl ame 
retardancy of materials [23–25]. This problem can be 
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solved by covalently modifyingthe fl ame retardants 
to simultaneously improve the dispersion and fl ame 
retardancy. To achieve this objective, various halogen-
free fl ame retardants, including phosphorus, silicon, and 
nitrogen compounds, have been developed to modify 
graphene sheets in recent years [26–35].

Herein, a novel strategy based on functionalized 
graphene oxide is developed. A fl ame retardant 
containing phosphorus and silicon elements is 
synthesized and subsequently grafted onto the surface 
of graphene oxide. The structure and morphology of 
functionalized graphene oxide (GO-DOPO-V-PA) are 
characterized by FTIR, XPS and AFM measurements. 
Then, GO-DOPO-V-PA is incorporated into EP to 
fabricate EP nanocomposites with a low GO-DOPO-V-
PA loading. The combustion and thermal properties of 
EP/GO-DOPO-V-PA composites are evaluated by cone 
calorimetry and TGA measurements.

EXPERIMENTAL

Material. Graphite powders (spectrum pure), con-
centrated sulfuric acid (98%), phosphoric acid (85%), 
potassium permanganate, hydrogen peroxide (30%), 
tetramethylammonium hydroxide (TMAOH), (3-ami-
nopropyl)trimethoxysilane (APT), 2,2′-azobisisobu-
tyronitrile (AIBN), N,N’-dicyclohexylcarbodiimide 
(DCC) and tetrahydrofuran (THF) were purchased 
from Alfa Aesar Chemical Reagent Co., Ltd. 9,10-Di-
hydro-9-oxa-10-phosphaphenanthrene-10-oxide 
(DOPO) was purchased from TCI Development Co., 
Ltd. Vinyltrimethoxysilane (VTMS) and benzene (rea-
gent grade) werepurchased from Sigma-Aldrich Co., 
Ltd. Ethyl alcohol was supplied by Decon. Phenyltri-
methoxysilane (PTMS) (reagent grade) was purchased 
from Gelest Chemical Reagent Co., Ltd. Chloroform 
(CHCl3) and hydrochloric acid were supplied by Fish-
er Scientifi c Chemical Co. EPON 826 with an epoxy 
equivalent weight of 178-186 grams was supplied by 
Hexion and used as received. The hardener Jeff amine 
D230, with an amine equivalent weight of 60 grams, 
was supplied by Huntsman Co., Ltd., and used as re-
ceived.

Synthesis of DOPO-V-PA. DOPO (21.6 g, 0.1 mol), 
VTMS (14.8 g, 0.1 mol), and benzene (100 mL) were 
added to a three-necked fl ask with a mechanical 
stirrer, fl ux condenser, dropping funnel, and nitrogen 

inlet. After the mixture was saturated with nitrogen 
atmosphere under vigorous mechanical stirring, the 
temperature was increased to 80°C. After the DOPO 
was dissolved completely, 0.1 g of AIBN, which was 
predissolved in 50 mL of benzene, was slowly added 
to the above reaction vessel within 2 h at 80°C, and the 
mixture wasmaintained at 80°C for 24 h. Afterwards, 
the product was purifi ed by fi ltering. Then, benzene 
was removed by rotary evaporation, yielding a colorless 
liquid product named DOPO-V [36].

As shown in Fig. 1, DOPO-V-PA was synthesized 
by hydrolysis and condensation reactions as follows: 
distilled water (25 mL), EtOH (75 mL) and TMAOH 
(1 mL) were mixed in a 250-mL fl ask under stirring. 
A mixture of PTMS, APS and DOPO-V at a certain 
molar ratio (70 : 10 : 20) was added to the above 
solution, maintaining a 10% weight percentage. 
Stirring was stopped after 8 h, and the solution was 
aged at room temperature overnight. The precipitated 
condensate was collected by decantation of the clearest 
supernatant, washed by vacuum fi ltration with distilled 
H2O/EtOH (1/3 by volume), and then washed again 
in pure EtOH. The rinsed powder (DOPO-V-PA) 
was dried thoroughly under vacuum for 20 h at room 
temperature.

Functionalization of GO. GO was prepared 
from graphite by a modifi ed Hummers’ method [37]. 
GO contains hydroxyl functional groups on its basal 
planes and edges, which provide active sites to react 
with silane. Briefl y, the as-prepared GO (0.2 g) was 
fi rst suspended in DMF (200 mL) in a 500-mL three-
neck fl ask by ultrasonication for 90 min. Subsequently, 
DOPO-V-PA (0.8 g) and DCC (0.1 g, as cat.) were 
added to the fl ask containing the GO, followed by 
ultrasonication for 30 min. The mixture was heated 
to 70°C under stirringand refl uxed for 20 h under a 
nitrogen atmosphere. Afterwards, the mixture was 
centrifuged and thoroughly washed with DMF and 
anhydrous THF to remove the residual DOPO-V-
PA. Then, the product, DOPO-V-PA-functionalized 
graphene sheets (GO-DOPO-V-PA), was dried under 
vacuum at room temperature for 12 h to remove the 
solvent (Fig. 1).

Preparation of epoxy nanocomposite. Briefl y, 
the EP/GO-DOPO-V-PA composites were prepared 
as follows: GO-DOPO-V-PA (2 g) was dispersed in 
acetone and sonicated for 60 min to form a uniform 
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black suspension. Then, EPON 826 (73.5 g) was added 
to the mixture and dispersed by a mechanical stirrer 
for 30 min. The mixture was heated in a vacuum oven 
at 50°C for 10 h to remove the solvent. After that, 
D230 (24.5 g) was added to the mixture and stirred 
for 30 min. After degassing in a vacuum for 10 min to 
remove air, the samples were cured at 80 °C for 2 h and 
postcured at 135°C for 2 h. For comparison, pure epoxy 
(EP) and 2 wt % GO/epoxy (EP/GO) composites were 
also prepared under the same processing conditions.

Characterization and measurements. The Fourier 
transform infrared (FTIR) spectra of the dried samples 
were recorded using a Digilab Scimitar FTS-2000 IR 
spectrometer.

X-ray photoelectron spectroscopy (XPS) was 
carried out with a Thermo Scientific ESCALAB 250Xi 
X-ray photoelectron spectrometer equipped with a 
monochromatic AlKα X-ray source (1486.6 eV).

AFM observation was performed on the Bruker 
Dimension Icon atomic force microscope in 
tappingmode. The aqueous GO suspension and the 
DMF suspension of GO-DOPO-V-PA were spin-coated 
onto freshly cleaned silica surfaces.

Thermogravimetric analysis (TGA) was carried out 
with a TA instrument Q500 thermogravimetric analyzer. 
The sample (approximately 10 mg) was heated from 50 
to 600°C (or 800°C) at a 10°C/min heating ramp rate 
under a nitrogen atmosphere.

The cone calorimeter measurement was performed 
with the Govmark CC-1 cone instrument according 
to ASTM E 1354 using a cone-shaped heater with an 
incident fl ex set at 50 Kw/m2. The dimensions of each 
specimen were 100 × 100 × 3 mm3.

Fig. 1. Synthesis route of GO-DOPO-V-PA.

Fig. 2. Solubility of (a) GO and (b) GO-DOPO-V-PA.

DOPO-V-PA

 PTMS                    APS                          DOPO-V                                                        DOPO-V-PA

                            GO                                                                                        GO-DOPO-V-PA
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RESULTS AND DISCUSSION

Structural and morphological characterization. 
Figure 2 shows digital photos of the solubility of GO 
and GO-DOPO-V-PA in an insoluble mixture of water 

and chloroform. GO is hydrophilic due to the presence 
ofcarboxylic, epoxy, carbonyl and hydroxide groups on 
its surface andedges and was therefore easily dispersed 
in water (Fig. 2a). After surface functionalization of 
GO with DOPO-V-PA, the strong interaction between 
DOPO-V-PA and chloroform caused GO-DOPO-V-PA 
to change from being hydrophilic to hydrophobic and 
to become soluble in chloroform, as shown in Fig. 2b. 
The phase transfer behavior of the GO starting material 
from water to chloroform upon the formation of the 
GO-DOPO-V-PA hybrid can be considered a sign of GO 
reduction [38].

The FTIR spectra of GO, DOPO-V-PA and 
GO-DOPO-V-PA are shown in Fig. 3. Most of the 
characteristic absorbance peaks of the oxygen-
containing groups (e.g., –OH at 3408 cm-1, C=O at 
1705 cm-1, and C–O at 1211 cm-1) were detectedin the 
spectrum of GO. In the spectrum of GO-DOPO-V-PA, 
the peaks at 1099 and 916 cm-1 were attributed to Si–O–
Si bonds and P–O–Ph bonds, respectively. Moreover, 
the peaks at approximately 2940 cm-1 and 1433 cm-1 

Fig. 4. (Color online) (a) XPS survey of GO and GO- DOPO-V-PA and high-resolution XPS spectra of (b) N1s for GO-DOPO-V-PA, 
(c) C1s for GO, and (d) C1s for GO-DOPO-V-PA.

Fig. 3. FTIR spectra of GO, DOPO-V-PA, and GO-DOPO-V-PA.
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represented the asymmetric and symmetric vibrations 
of –CH2–, and the peak at 1203 cm-1 represented the 
P=O bending. These results indicate that DOPO-V-PA 
was successfully grafted onto GO.

Further evidence of the successful GO 
functionalization with DOPO-V-PA was provided by 
the XPS spectra, as shown in Fig. 4. Comparison of 
the XPS survey spectra of GO and GO-DOPO-V-PA 
(Fig. 4a) revealed the lack of Si, P and N signals in the 
GO sample, which appeared in the GO-DOPO-V-PA 
sample. The new peaks at binding energies of 401.4, 
190.4, 154.4, 133.4, and 103.4 eV in the XPS spectra of 
GO-DOPO-V-PA were attributed to the N1s, P2s, Si2s, 

Fig. 5. (Color online) AFM images of (a) GO and (b) 2D, (c) 3D of GO- DOPO-V-PA.

Fig. 6. TGA curves of GO, DOPO-V-PA and GO-DOPO-V-PA.
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P2p, and Si2p, respectively. The presence of silicone, 
phosphorus and nitrogen elements was due to DOPO-
V-PA.

The C1s XPS spectra for GO are shown in Fig. 4b. 
The peaks at 285.0, 287.0, 287.9, and 289.0 eV were 
assigned to the carbon atoms in C–C, C–O, C=O, and 
COO, respectively. After functionalization of GO, the 
oxygen-containing functionality of C–O decreased, 
and the peak of COO at 289.0 eV mostly disappeared 
in the GO-DOPO-V-PA spectrum in Fig. 4d, which 
originated from the formation of a C–O–N bond by 
the surface modifi cation of GO. Notable changes in the 
binding energy and intensity were detected in the C1s 
XPS spectra of GO, which could be attributed to the 
functionalization of GO with DOPO-V-PA. Figure 4b 
shows the high-resolution XPS spectra of N1s for GO-
DOPO-V-PA. The N1s band of GO-DOPO-V-PA was 
located at 400.0 eV (C–N) and 401.8 eV (CO–N), in 
good agreement with previous work [39, 40], which 

further proved that GO was modifi ed with DOPO-V-PA 
through the esterifi cation reaction.

The morphology of GO and GO-DOPO-V-PA was 
investigated by AFM measurements. As shown in Fig. 5a, 
the height of the GO sheet was approximately 1 nm, 
indicating that the exfoliation of graphite to individual 
GO nanosheets was indeed achieved. Moreover, upon 
grafting DOPO-V-PA onto GO, the average height of 
GO-DOPO-V-PA in Fig. 5b was approximately 2–4 nm, 
which was thicker than the height of the GO sheet. 
The increase in the thickness of GO-DOPO-V-PA was 
attributed to the presence of functionalized DOPO-V-PA 
chains grafted on the graphene sheets. The 3D image of 
GO-DOPO-V-PA revealed that the grafted DOPO-V-PA 
chains on the GO surface were not uniform, contrary to 
the uniform surface distribution of initiator GO before 
modifi cation. A similar result has also been observed for 
the thickness of functionalized graphene sheets by AFM 
measurements [41].

Fig. 7. (Color online) TGA and DTG curves of EP composite.

Fig. 8. HRR and THR curves of EP, EP/GO and EP/GO-DOPO-V-PA.
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To investigate the thermal stability of GO, DOPO-
V-PA and GO-DOPO-V-PA, TGA measurementswere 
carried out under a nitrogen atmosphere, as shown 
in Fig. 6. The temperature at which the weight loss 
reached 5 wt % was defi ned as the initial decomposition 
temperature, which was denoted as T5wt%; the 
temperature at which the degradation rate reached a 
maximum was defi ned as Tmax. The Tmax of GO was 
approximately 200 °C, which was caused by the thermal 
decomposition of labile oxygen functional groups. For 
GO-DOPO-V-PA, the T5wt% increased from 78.5 (GO) 
to 138.5 °C, indicating that the labile oxygen groups in 
GO were partly removed after grafting with DOPO-V-
PA. Moreover, the residual char of GO-DOPO-V-PA at 
600°C increased from 16.45 wt % (GO) to 61.44 wt %. 
Thus, the thermal stability of GO-DOPO-V-PA was 
improved signifi cantly by the functionalization of GO 
with DOPO-V-PA.

Thermal stability. The TGA and DTG curves of EP 
composites are shown in Fig. 7, and the corresponding 
data are summarized in Table 1. For EP/GO, T5wt% and 
Tmax were both lower than those of pure EP because 
GO was thermally unstable and its major thermal 
decomposition process occurred at approximately 
200°C. Moreover, the peak rates of EP/GO at Tmax and 
residual char at 800°C were also lower than those of 
pure EP. After the addition of GO-DOPO-V-PA to EP, 
anoticeable change in the thermal stability was found. 
The residual char of EP/GO-DOPO-V-PA at 800°C was 
10.00 wt %, which was almost 3 wt % higher than the 
residual char of pure EP and EP/GO. The DOPO-V-PA 
generated a stable char layer on the surface of EP in 
combustion, which reinforced the barrier eff ect of the 
graphene sheets. Combining these results with the TGA 
results, it can be concluded that the thermal stability 
of graphene-based EP nanocomposites was greatly 
improved by the chemical reduction.

Flame retardancy. Figure 8 shows the HRR and 
THR curves of EP, EP/GO and EP/GO-DOPO-V-PA. 
With a GO loading of 2 wt %, the peak heat release rate 

(pHRR) and total heat release (THR) of EP decreased 
by approximately 21.6 % (from 2180.8 to 1710.4 KW/
m2) and 8.9% (from 93.6 to 85.3 MJ/m2), respectively. 
A similar trend was observed for EP/GO-DOPO-V-PA, 
and GO-DOPO-V-PA exhibited much better fl ame re-
tardancy than GO. Comparing 2 wt% GO loading and 
GO-DOPO-V-PA, the values of pHRR and THR de-
creased by 7.9% (from 1710.4 to 1574.9 KW/m2) and 
6.9% (from 85.3 to 79.4 MJ/m2), respectively, which 
was probably caused by the higher residual char during 
combustion.

CONCLUSIONS

In this work, a novel functionalized graphene oxide 
(GO-DOPO-V-PA) containing phosphorus and silicon 
elements was synthesized and used as a graphene-
based fl ame retardant in EP nanocomposites. The FTIR, 
XPS and AFM results indicated that DOPO-V-PA was 
successfully grafted onto the surface of the graphene 
sheets. GO-DOPO-V-PA was hydrophobicand could 
easily be dissolved in chloroform. The TGA measurement 
showed that the thermal stability of the graphene sheets 
was notably improved by the functionalization of GO 
with DOPO-V-PA, and the residual char at 600°C 
increased from 16.45 wt % (GO) to 61.44 wt %. 
Furthermore, the residual char of EP/GO-DOPO-V-PA 
was almost 3 wt % higher than that of pure EP and EP/
GO. Compared to the pure EP and EP/GO, the pHRR 
and THR of EP/GO-DOPO-V-PA both decreased, which 
was probably caused by the higher residual char of EP/
GO-DOPO-V-PA during combustion. Thus, the fl ame 
retardancy of the graphene-based composites was 
improved with the addition of 2 wt % GO-DOPO-V-
PA, which was much less than the previously known 
fl ame retardant systems, and the graphene has been 
demonstrated its excellent performance in the fi re safety 
of the polymer materials.
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