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In this paper, a novel graphene-based inorganic–organic hybrid flame retardant (GFR) was prepared via
sol–gel reaction of FGO and phenyl-bis-(triethoxysilylpropyl) phosphamide (PBTP) and characterized by
FT-IR, XPS, XRD, TGA and AFM. The influence of the GFR on the thermal stability and flame retardance of
epoxy resin composites were characterized by TGA, LOI as well as micro-cone, which indicated that GFR
brought a good effect in enhancing the residual char and flame retardance of epoxy composites. The
dynamic mechanical properties and electrical properties of EP composites were also analyzed.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Epoxy resin is widely used in electrical engineering components
because of its superior mechanical and chemical properties includ-
ing high hardness, excellent electrical strength and chemical resis-
tance, etc. [1]. However, poor fire resistance is still a challenging
problem that limits its extensive applications especially in semi-
conductor encapsulation and printed circuit board industries
[2,3]. Halogen free flame retardants with their environment
friendly property has become a new trend of replacing the original
position of halogen-containing flame retardants in improving fire
resistance of epoxy resin [4,5]. Phosphorus, nitrogen and silicon
are all environment friendly flame-retarding elements. Phosphorus
containing flame retardants act both in the vapor phase and the
condensed phase, not only can capture free radical to suppress
combustion but also promote char formation on polymer surface
[6]. Nitrogen can play as foaming agent, being synergetic with
phosphorus to form effective intumescent flame-retarding system
[7]. Silicon with superior thermal and thermo-oxidative stability
can convert to stable silicon dioxide under pyrolysis thus improve
the char barrier to inhibit flammable products from diffusing to the
flame and to insulate the polymer surface from heat and air [8,9].
The synergistic effect of Si, P and N elements in epoxy resins also
prove the better performance of thermal stability [10,11].

As reported, graphene exhibits remarkable values of fracture
strength, Young’s modulus, specific surface, electron mobility and
thermal conductivity, etc. [12], which make graphene derivatives
span a variety of application such as sensors, batteries, hydrogen
storage, electronic devices and nanofillers used to enhance the
application performance of polymers [13]. However, due to the
high surface area and strong vander Waals force, the re-aggregat-
ing phenomenon is inclined to appear between graphene sheets,
which limit its’ use in polymer matrix [14]. The problem is usually
solved by covalent functionalization. After oxidation, rich oxygen-
containing groups (e.g., hydroxyl, epoxide, carboxyl and carbonyl
groups, etc.) are brought to the surface of graphene sheets [15].
Through further chemically functionalizing the graphene oxide
(GO), grafting the organic molecules on GO was widely adopted
in improving GO’s dispersion and its thermal stability [16,20].

Graphene with high thermal resistance may act as a barrier in
polymer during combustion [17] which can slow down the heat re-
lease and block combustible fragments into flame area [12,18].
Actually, incorporating graphene alone as nanofiller alone into
epoxy matrix failed to exhibited excellent flame retardance [2], hy-
brid materials combining the properties of graphene and flame
retardant elements has aroused new interests [19,21]. Guo et al.
[3]. prepared FGO grafted with phosphorus-containing molecule
and prepared FGO/EP composites, of which the total heat released
(THR) lower than that of GO/EP composites but no obvious differ-
ences were seen for the char residual formation between two
composites.

In this work, a novel graphene-based inorganic–organic hybrid
flame retardant (GFR) was prepared via sol–gel reaction of FGO and
phenyl-bis-(triethoxysilylpropyl) phosphamide (PBTP). First, we
used benzene phosphorous oxydichloride and 3-aminopropyltri-
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ethoxysilane to synthesize phenyl-bis-(triethoxysilylpropyl) phos-
phamide (PBTP). Second, chemically functionalized GO sheets were
obtained through the reaction between the trialkoxy groups on
PBTP and the hydroxyl groups on the GO surface. Finally, GFR
was obtained by embedding GO sheets into PBTP bulk monoliths
via sol–gel method. The novel flame retardant combines flame
retardant elements phosphorus nitrogen and silicon together, with
which the epoxy resin incorporated not only remarkably enhanced
the amount of char residual and flame retardance but also obtained
higher storage modulus at low loading of GFR. In addition, the
dielectric property and electric conductivity of epoxy resin was
not affected by the addition of graphene, maintaining its applica-
tion in electric insulation industry.
2. Experimental

2.1. Materials

3-Aminopropyltriethoxysilane was provided by Shanghai Rising
Chemical Co., Ltd. Benzene phosphorous oxydichloride was pur-
chased from Jiangsu Changyu Chemical Co., Ltd. Epoxy resin,
D.E.R. 331 was supplied by the Dow Chemical. Epoxy equivalent
weight (EEW) of D.E.R. 331 was 188. Polyamide 650 was provided
by Zhejiang Jinhong Chemical Co., Ltd. Graphite powder (200
mesh) with a purity of >99% was supplied was purchased from Shi-
jiazhuang Kepeng Co., Ltd. Other reagents were purchased from
Sinopharm Chemical Reagent Co., Ltd.

2.2. Synthesis of phenyl-bis-(triethoxysilylpropyl) phosphamide (PBTP)

A 0.1 mol 3-aminopropyltriethoxysilane and 0.1 mol triethyl-
amine were dissolved in 80 ml diethyl ether. The mixture solution
was then transferred into a three-necked bottle equipped with a
reflux condensing tube and mechanical agitator which had been
aerated with N2 for 0.5 h.0.05 mol phenylphosphonic dichloride
dissolved in 20 ml diethyl ether, under an ice bath condition, was
dropped into the three-necked bottle within 1 h which was con-
trolled by a constant pressure funnel. After addition of phosphorus
oxychloride, the mixture was kept stirring for 1 h at 0 �C then
raised to 40 �C for 3 h. After reaction, triethylamine hydrochloride
was removed through filtration, shortly after which, the filtrate
was put to a round flask to remove residual diethyl ether by rotary
evaporator. Phenyl-bis-(triethoxysilylpropyl) phosphamide was
obtained as light yellow viscous liquid.

2.3. Synthesis of functionalized graphene oxide

To synthesize FGO, at first GO was produced according to a
modified Hummers method as reported [22], then 0.1 g GO and
0.3 g PBTP were added to a three-neck flask with 200 ml ethanol
and were dispersed by ultrasonication for 60 min, and the homoge-
neous mixture was stirred for 24 h at 65 �C for silylation. After the
reaction finished, the homogeneous PBTP functionalized graphene
oxide (FGO) were obtained by centrifugation and washed with
absolute ethanol consecutively, then dried in a vacuum.

2.4. Synthesis of graphene flame retardant (GFR)

A 3.0 g ammonia water was dissolved in 50 ml H2O at room
temperature. 0.1 g FGO was well dispersed in 50 ml ethanol in a
flask through ultrasonication for 20 min, followed by addition of
0.3 g PBTP, then added into the alkaline solution for expanding
the silica netted structure by hydrolysis. After stirring for 2 h, the
product was cast into a plastic cylindrical mold to gel at room tem-
perature for 12 h for further hydrolysis then aged at 70 �C for
3 days [22]. The resulting GFR was obtained as powder after the
solvent evaporated in a baking oven. The preparation routes of
PBTP, FGO and GFR are shown in Scheme 1.

2.5. Preparation of epoxy resin/GFR nanocomposites

A certain amount of GFR is firstly dispersed in THF by ultrason-
ication and then added into epoxy resin (DER331), the mixture was
mechanically stirred at 50 �C for 0.5 h followed by being put into a
vacuum oven at 50 �C for 24 h to eliminate the solvent. Polyamide
650# was heated to 50 �C and added into EP/GFR mixture followed
by intensive stirring for 20 min. Finally, the mixture was put into a
vacuum oven for 10 min to remove air bubble and poured into a
polytetrafluoroethylene mold, curing under room temperature for
12 h then at 60 �C for another 4 h, the EP/GFR composite was ob-
tained. EP/GO composite was prepared in the same way.

2.6. Characterization

FT-IR spectroscopy was recorded with PerkinElmer Paragon
1000 instrument. NMR was performed with MERCURYplus 400
(400-MHz) NMR spectrometer with dimethyl sulphoxide-d as sol-
vent. LOI was measured on sheets 100 � 6.5 � 3 mm3 according to
the standard oxygen index test ASTM D 2863-77. Thermogravimet-
ric analysis (TGA) was conducted in nitrogen at a heating rate of
10 �C/min using TA Q5000IR thermogravimetric analyzer. In each
case, 10 mg sample was examined under a nitrogen flow rate of
20 ml/min from 50 �C to 800 �C. Scanning electron microscope
(SEM) micrographs were obtained by S-2150 (Hitachi Corp., Japan).
All the samples were coated with a conductive gold layer. Dynamic
Mechanic Analysis (DMA) was performed on a DMA Q800, operat-
ing in the Single Cantilever mode at an oscillation frequency of
1 Hz. Data were collected from room temperature to 210 �C at a
scanning rate of 3 �C/min. The sample specimens were cut into
rectangular bars measuring 1.25 mm � 7.9 mm � 17.5 mm by a
diamond saw. The micro-cone calorimeter tests were carried out
on pyrolysis-combustion flow calorimeter (PCFC, Govmark, Farm-
ingdale, New York, Model MCC-1). The samples were tested
according to ASTM D7309-07. Conductivity of EP/GFR composites
were tested on SourceMeter KEITHLEY2400. Dielectric constant is
measured by Impedance Analyzer (Aglient 4294A), 100 Hz to
10 MHz, the samples were prepared into diameter = 15 mm,
height = 1 mm wafers and coated with a conductive gold layer.
3. Results and discussion

3.1. Characterization of PBTP

Fig. 1 shows the 1H NMR and 31P NMR spectra of PBTP. The
absorption peaks located at 7.46 ppm and 7.85 ppm are attributed
to 1H signal of phenyl group in the PBTP [23]. Other 1H signals ob-
served at 3.77 ppm, 2.94 ppm, 1.47 ppm, 1.19 ppm, 0.85 ppm and
0.57 ppm are assigned to SiAOACH2, NACH2AC, CACH2AC,
OACACH3, PANHAC and CACH2ASi respectively [24]. At the same
time, the chemical shift observed at 21.74 ppm is attributed to the
unique 31P signal of PBTP. All the above proved the success of syn-
thesis of PBTP.

3.2. Characterization of GO, FGO and GFR

The FT-IR spectra of the GO, FGO, GFR are shown in Fig. 2. In
FGO spectra, the new peaks emerged at 1260 cm�1 and 920 cm�1

[2], comparing with the spectra of GO, correspond to the stretching
vibration of P@O and P-N of PBTP respectively. In addition, the
appearance of SiAOAC stretching vibration peak at 698 cm�1 and



Scheme 1. Preparation route of PBTP, Functionalized GO and GFR.
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the disappearance of aromatic-OH peak provided evidence that
AOH groups were consumed and converted to SiAOAC by grafting
PBTP onto GO sheets [16]. The little peak at 1049 cm�1 [22] is due
to SiAOASi groups, resulting from the inevitable partial hydrolysis
of the silane group during the silylation process. These newly
formed chemical functionalized groups were further verified by
X-ray photoelectron spectroscopy (XPS).

Fig. 3 shows the XPS spectra of GO, FGO and GFR. The C1s spec-
tra of GO, FGO are showed in Fig. 3A and B respectively, the Si2p
spectra and P2p spectra of FGO are also showed in Fig. 3D and F
respectively. In the spectra of GO, the peak at 284.6 eV is attributed
to sp2 carbon of graphite, and the peaks at 285.6 eV, 286.85 eV and
288.5 eV are typically attributed to oxygen containing groups such
as hydroxyl, epoxide, and carboxyl [25]. The peaks at 281 eV,
282.95 eV, 285.9 eV in Fig. 3.B are attributed to CAP bond, CASi
bond and CAN bond respectively [26], at the same time, PAN bond
(133.3 eV) and CAP@O bond (132.3 eV) [27,28] present in FGO
(Fig. 3F), further indentify the presence of PBTP grafting on the
graphene surface. Moreover, it is worth noting that the peak of
CAOH disappears in the C1s spectra of FGO comparing to which
of GO and the strong SiAOAC peak (102.5 eV) [24] appears in
Si2p spectra of FGO, which indicate the success of chemical func-
tionalization by the reaction between trialkoxy groups of silane
in PBTP and the hydroxyl groups on the GO surface.

The structure of GO, FGO and GFR was evaluated by XRD and
the results are shown in Fig. 4. As reported, the typical interlayer
spacing of pristine graphite powder is 0.34 nm, however, the
(002) peak at 12.4� of GO corresponds to an interlayer distance
of 0.71 nm. The increase of the interlayer distance of GO is due
to the successful oxide process that brought oxygen-containing
group onto GO sheets. After chemical modification, in the spectra
of FGO, there is no obvious diffraction peaks of GO observed any-
more, which demonstrate the exfoliated and disordered structure
formed during sonication and chemical reaction process [29,30].
However, a broad peak appearing at 24.6� indicates a little amount
of reclustering.



Fig. 1. 1H NMR and 31P NMR of PBTP.
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GO and FGO sheets were also imaged by AFM and showed in
Fig. 5. The average height of GO sheet is 0.94 nm, after grafting
PBTP, the height increase to 1.59 nm. The thicker sheets [31] is pos-
sibly due to the PBTP chain grafted on GO surface which indicate
that the FGO is successfully obtained in our work.

As to GFR, in FT-IR spectra showed in Fig. 2, all the peaks ap-
pear n in the spectra of GFR are similar to those in FGO spectra.
Nevertheless, the peak intensity of SiAOASi groups (1095 cm�1)
and of ACH2A groups (2925 cm�1 and 2851 cm�1) is much
stronger than which in FGO spectra, which confirm the cross-
linked netted structure formed by sol–gel process of PBTP and
FGO. The C1s and Si2p XPS spectra of GFR are showed in
Fig. 3 respectively. Comparing the C1s spectra of GFR to that
of FGO, the peak intensity of CAP bond CASi bond as well as
CAN bond of GFR is much stronger than that of FGO, besides,
a strong peak of SiAOASi bond (103.3 eV) in Si2p spectra of
GFR that is not obvious in FGO is detected, which is due to
the successful formation of the saline structure through the
sol–gel process of PBTP and FGO. A new broad peak centred at
2h = 21.7� is observed in the XRD patterns of GFR (Fig. 4). This
peak is typically assigned to coherent diffraction domains of
SiAO based backbones [24], which provides another evidence
that a graphene-embedded silane netted structure is actually
formed.
Fig. 2. FT-IR spectra of GO, FGO and GFR.
3.3. Thermal performance

Thermogravimetric analysis of GO, and GFR were carried out in
N2 atmosphere and the results were showed in Fig. 6. Related data
are listed in Table 1. There are three mass loss stages in GO. The
first stage occurred bellowed 100 �C is due to the evaporation of
adsorbed water. The main mass loss is caused by the decomposi-
tion of the oxygen-containing groups (hydroxyl, epoxide, carboxyl,
etc.) attached to GO, which occurred between 150 �C and 210 �C.
The third drop started at 300 �C is attributed to the decomposition
of the carbon skeleton of GO, 45.2 wt% of char yield is observed at
800 �C. In the case of FGO and GFR, the onset degradation temper-
ature (at weight loss 5 wt%, T5%) increased from 143 �C to 157 �C
and 175 �C respectively, compared with GO, and the weight loss
below 210 �C are reduced obviously, indicating that the oxygen-
containing group (hydroxyl group) of GO has been replaced by
PBTP. Weight loss process from 300 �C to 800 �C are similar to
GO, containing the pyrolysis of the carbon structure and the PBTP
on GO. The char yield obtained at 800 �C reach 61% and 70% respec-
tively. The increase of T5% and char yield indicate that the grafted
PBTB with rich flame retardant elements (nitrogen, phosphorus,
silicon-containing group) can effectively enhance the thermal sta-
bility of GO.
3.4. Thermal performance of EP/GFR composites

The TGA and DTG curves of EP and EP/GFR composites in N2

atmosphere are shown in Figs. 7 and 8. Related data are listed in
Table 1. The onset degradation temperatures of EP is 315 �C, com-
pared to which, both of the T5% of EP/GO and EP/GFR are decreased
due to the pyrolysis of the oxygen-containing and PBTP-containing
groups on GO respectively. T5% of EP/GFR is higher than EP/GO,
which is caused by the higher thermal stability of GFR than GO
according to the discussion before. The temperature of the maxi-
mum weight loss rate (Tmax) is obtained from the DTG curves. Tmax

of the EP/GO composites is quite similar to EP, however, Tmax of EP/
GFR composites decreased by 19–37 �C compared to EP. The
decreased T5% and Tmax can be attributed to the un-thermal stable
nitrogen-containing group in the PBTP. At high temperature, gas
such as HNCO and NH3 which play the gas phase interrupted flame
role are released between 250 �C and 500 �C. Besides, what’s worth
mentioning is that the residual char obtained in EP/GFR is remark-
ably higher than EP and EP/GO, increased by 10.4% with only 1 wt%
addition. The rich char yield formed during decomposition is due
to the condensed phase flame retardant mechanism of both



Fig. 3. XPS spectra of GO, FGO and GFR: (A) GO-C1s; (B) FGO-C1s; (C) GFR-C1s; (D) FGO-Si2p; (E) GFR-Si2p and (F) FGO-P2p.
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phosphorus and silicon elements in GFR which can block the fuel
and oxygen between composites and the environment as well as
hinder the heat transfer. All the above indicates that the GFR is
more an effective flame retardant additive than a thermal stability
additive.
3.5. Flame retardance and combustion performance of EP/GFR
composites

The LOI results of EP/GO and EP/GFR composites are showed in
Fig. 9. The LOI of pure EP is 20 and increases as the content of either



Fig. 4. XRD spectra of GO, FGO and GFR.
Fig. 6. TGA curves of GO and GFR at heating rate 10 �C/min under N2.

Table 1
TGA data of GO, GFR, EP and its composites.

Sample T5% (�C) Tmax (�C) Residual char 800 �C (%)

GO 143 – 45.2
FGO 157 61
GFR 175 – 70
EP 315 365 2.7
EPGO1 290 358 3.2
EPGFR0.5 310 346 8.3
EPGFR1 303 340 13.1
EPGFR2 299 328 15.2
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GO or GFR increases. Compared to GO’s lower contribution to EP’s
fire behavior, GFR contributes much more to enhancing EP’s flame
retardance. 25 of LOI can be reached with only 2wt% addition of
GFR, with the same amount of GO, the LOI is only 22.5.

The micro-cone calorimeter test is used to measure the com-
bustion performance of EP and EP composites which was carried
out on pyrolysis-combustion flow calorimeter (PCFC). The heat re-
lease rates versus time curves for EP, EP/GO and EP/GFR compos-
ites are showed in Fig. 10. The data of heat release rate (HRR)
and heat release capacity (HR) are listed in Table 2. The content
of GO and GFR addition are both only 1 wt%.

The peak HRR of EP composites remarkably reduce whether
when adding GFR or GO, but the EP/GFR composites decreased
strongly by 44.7%, while the decrease of EP/GO peak HRR is only
Fig. 5. AFM images and height pr
18% compared to that of pure EP, besides, the HR value of EP/GFR
composites reduces from 230 to 131 J g�1 k�1, which indicates that
ofiles of GO and FGO sheets.



Fig. 7. TGA curves of EP and EP composites at heating rate 10 �C/min under N2.

Fig. 8. DTG curves of EP and EP composites at heating rate 10 �C/min under N2.

Fig. 9. LOI data of EP composites with different loading of GO and GFR.

Fig. 10. HRR curves of EP and EP composites in the PCFC test.

Table 2
PCFC data of EP and EP composites.

Sample Heat release
capacity (J g�1 k�1)

Peak value of heat
release rate (w/g)

EP 230 235.6
EP/GO1 191 193.5
EP/GFR1 131 131.3
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GFR is an effective flame retardant additive for EP. In the flame, the
silane netted structure around the polyaromatic carbon structures
provided by graphene could protect the polymer matrix from
decomposing. Besides, the interaction between phosphorus and
silicon can lead to the formation of new linkages such as AP(@O)
AOASiA and act as bridges to connect the three dimensional net
of SiAOASi framework and polyaromatic carbon structures of the
graphene [32], which would increase both the quantity and ther-
mal stability of the char. The synergism effect of nitrogen, phos-
phorus and silicon elements combine the gas phase and the
condensed phase flame retardant mechanism, strongly enhance
the combustion behavior of EP in the real fire.

3.6. Char morphology analysis

SEM is used to evaluate the morphology of residual char after
combustion. Fig. 11 shows the outer and inner char morphology
of GO/EP (A and C) and GFR/EP (B and D) after LOI test. Homoge-
neous outer char without any cracking and continuous neat and
dense structure is observed in GFR/EP composites, the rough mor-
phology of inner char is formed by impact of internal degraded gas.
In GO/EP composites, the char is extremely messy and crushed. Big
air holes appear in outer char layer. It indicates that the GFR can
promote the formation of dense char layer and enhancing char sta-
bility, which is in accord with results showed in TGA analysis.

3.7. DMA mechanical properties of EP/GFR composites

Dynamic mechanical analysis (DMA) was used to evaluate the
mechanical properties of EP/GFR composites. Fig. 12 shows the
storage modulus curves and loss angle tangent of EP/GFR compos-
ites. The storage modulus of the EP composites increase simulta-
neously and then decline with the increase of GFR. The storage
modulus of pure EP at 25 �C is 1266 MPa. When adding 2 wt% of
GFR, the storage modulus of EP composites was increased by 57%
and reached 1982 MPa. However, continuous addition of GFR failed
to present a continuous increase of storage modulus, it is 1410 MPa
when the GFR amount reached 3 wt% of the composites, lower than



Fig. 11. SEM images of char residual after LOI tests: (A) inner char residual of GO/EP; (B) inner char residual of GFR/EP; (C) outer char residual of GO/EP and (D) outer char
residual of GFR/EP.

Fig. 12. Storage modulus curves of EP and GFR/EP composites in the DMA test.

Fig. 13. Tan delta curves of EP and EP/GFR composites in the DMA test.

Fig. 14. Dielectric constant of EP and EP/GFR composites.

Table 3
Conductivity of EP and EP/GFR composites.

Sample EP EP/GFR0.5 EP/GFR1 EP/GFR2

Conductivity (S/m) 1.04E�08 1.42E�08 1.58E�08 2.89E�08
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when only 1% GFR were added. When it contained 4 wt% GFR, the
storage modulus decreased to 1178 MPa, even lower than that of
the pure EP. This is ascribed to that excessive amount of GFR af-
fected the cross-linked structure between the EP molecular chains
and the curing agent. The reduced cross-linking density of EP leads
to decreased mechanical properties. This ‘‘cross-linking density’’
effect has been discussed in the early report [3]. The glass transi-
tion temperature (Tg) corresponds to the maximum of loss factor
(Fig. 13). For pure EP, the Tg occurs at 78.7 �C, with the addition
of GFR, it shifts to lower temperature, which indicates that a plas-
ticizer role played by GFR increased the flexibility of chain seg-
ments of EP matrix.
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3.8. Electrical properties of EP/GFR composites

Fig. 14 and Table 3 are dielectric constants of EP/GFR compos-
ites under different frequencies and their conductivity respec-
tively. The conductivity and dielectric constants of testing
samples with different GFR addition amount are nearly the same,
the dielectric constants are even slightly reduced with low GFR
loading (below 1%). This is mainly because that although the PBTP
removed the oxygen groups of GO sheets, the p-electron conjuga-
tion system was not recovered completely. The links between each
GO sheets are insulating PBTP, failing to form the impacted struc-
ture, which limit the transfer of free electrons. In this way, the
applications of epoxy resin in diverse electrical apparatus area
are remained.
4. Conclusion

In this paper, a novel graphene-based hybrid flame retardant
GFR containing phosphorus, nitrogen and silicon was synthesized
whose structure was verified by FT-IR, XPS, XRD and TGA. The
EP/GFR epoxy composites were prepared and their thermal stabil-
ity and flammability properties were investigated. The residual
char obtained in EP/GFR is remarkably higher than EP and EP/GO,
increased by 10.4% with only 1 wt% addition. The TG results dem-
onstrated that the char residual can be considerably promoted due
to rich flame retardant elements in GFR. A significant reduction of
HR and HRR present in PCFC test, reduced strongly by 43% and
44.7% respectively with loading of only 1 wt% GFR, which indicates
a good flame retardant effect of GFR in the EP composites. Besides,
the GFR can also improved the storage modulus and increased the
flexibility of chain segments of EP matrix, meanwhile, the electrical
properties such as electric insulativity and dielectric properties
were retained.
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