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Abstract Graphene oxide (GO) is modified by melamine

(MA) via the strong p–p interactions, hydrogen bonding,

and electrostatic attraction. PP composites are prepared by

melt compounding method, and GO/functionalized gra-

phene oxide (FGO) is in situ thermally reduced during the

processing. The results of scanning electron microscopy

and transmission electron microscopy indicate that FGO

nanosheets are homogeneously dispersed in polymer ma-

trix with intercalation and exfoliation microstructure. The

FGO/PP nanocomposite exhibits higher thermal stability

and flame retardant property than those of the GO coun-

terpart. During the thermal decomposition, the intercalated

MA is condensed to graphitic carbon nitride (g-C3N4) in

the confined micro-zone created by GO nanosheets. This

in situ formed g-C3N4 provides a protective layer to gra-

phene and enhances its barrier effect. The heat release rate

and the escape of volatile degradation products are reduced

in the FGO-based nanocomposites.

Introduction

Since the discovery of graphene by Andre Geim and

Konstantin Novoselov, remarkable progresses have been

made in the development of this new nanomaterial. Gra-

phene shows impressive thermal, mechanical, electron-

transport, and optical properties [1]. Due to these excellent

properties, graphene is regarded as a promising multi-

functional nanofiller for polymers. If graphene can be well

dispersed in polymer matrix, the properties of polymer

nanocomposites will be greatly improved even at a low

loading of graphene. Achievements of outstanding thermal

and electrical conductivity, mechanical properties, and

electromagnetic interference shielding function have been

reported in graphene/polymer nanocomposites [2–4]. Due

to its chemical inert feature, the strong van der Waals

forces, and p–p attraction between the nanosheets, good

dispersion of graphene in polymer matrices, especially in

non-polar polymers, is challenging [5]. Considering the

presence of oxygen functional groups on the nanosheets

and larger interlayer spacing, graphene oxide (GO) is

commonly used as the starting material for fabrication of

graphene-based polymer nanocomposites. To make full use

of GO as a reinforcing nanofiller, surface modification is

necessary to improve the dispersion and control the inter-

facial structure. The modification of GO is mainly classi-

fied into two categories: covalent and non-covalent strategy

[6]. Covalent functionalization of graphene can be realized

by grafting modifiers via the reactions with the oxygen-

containing functional groups [6, 7]. In the non-covalent

strategy, the modifier is absorbed onto the nanosheets via

various interactions, such as p–p stacking, van der Waals

interactions, and electrostatic attraction [8]. Compared to

the covalent method, non-covalent approach is simpler, and

the original chemical structure of graphene is preserved.
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Due to the marked discrepancy in polarity and com-

patibility, it is relatively difficult to achieve homogeneous

dispersion of GO/graphene in non-polar polymers, such as

polypropylene (PP) [9]. Commonly, maleic anhydride-

grafted polypropylene (MAPP) is utilized to improve the

compatibility between GO/graphene and PP matrix. Thus,

the agglomeration of graphene is retarded to a certain de-

gree. During melt blending process, GO undergoes thermal

reduction and part of the oxygen functional groups are

removed [10]. This removal of the oxygenated groups in

GO is expected to weaken the interactions with MAPP, and

it becomes a hurdle in improving the dispersion [8].

Analogous to montmorillonite, the features of high

aspect ratio, high specific surface area, and two-dimen-

sional nanostructure enable graphene to be a promising

candidate flame retardant for polymers. Some research has

already been conducted into the fire behavior of poly-

mer/graphene nanocomposites, including charring and non-

charring polymers [11–14]. The incorporation of GO,

graphene, and their derivatives exerts a marked influence

on the combustion behavior of polymer nanocomposites.

Compared to neat polymers, the combustion heat release of

graphene-based nanocomposites is reduced and their flame

resistance is improved. As with other nanofillers, the uni-

form dispersion of graphene is crucial for enhancing the

flame retardant property of polymers [12]. Schartel et al.

discovered that the well-exfoliated graphene exhibits more

marked flame retardant efficiency than carbon black, ex-

panded graphite, and multiwall carbon nanotube [15, 16].

Guo et al. reported that the enhanced flame retardancy of

polyethylene (PE) by graphene nanoplatelet is attributed to

its tortuous pathway effects [17]. The well-dispersed gra-

phene can work as an anti-dripping agent and increase the

melt viscosity of polymer composites [15, 16, 18]. Gra-

phene has been employed as a synergist with conventional

flame retardants and nanoparticles, such as intumescent

flame retardant, magnesium hydroxide, and carbon black

[19–21].

For the non-charring polymers, such as PP and PE, the

formation of residual inorganic carbonaceous protection

layer is widely acknowledged as the main flame retardant

mechanism of polymer nanocomposites [22–24]. This

protective layer can act as a barrier against heat transport,

which will reduce the heat transfer and the mass loss rate of

polymers [22, 23]. Furthermore, the residual layer also

plays the physical barrier role to mass transport and delays

the escape of volatile degradation products and oxygen

diffusion [14]. Thus, the barrier function of polymer

nanocomposites plays a key role in the enhancement of

flame retardant property. During thermal treatment or de-

composition, the labile oxygen functional groups in GO are

easily removed as the gas products of CO and CO2, leaving

structural defects within the nanosheets [25]. These defects

will give rise to the weakened barrier performance of

graphene [26]. To address this shortcoming, coating GO

nanosheets with protective layer is required to improve its

char barrier effect.

In this study, functionalized graphene oxide (FGO) was

prepared via a non-covalent approach and was incorporated

into PP matrix by melt mixing method. The dispersion state

of FGO in PP is compared with that of GO/PP composite.

Thermal stability and flame retardant property of the PP

composites are studied, and the detailed analysis of the

mechanisms is reported.

Experimental

Materials

Graphite powder (SP) and melamine (MA, AR) were

purchased from Sinopharm Chemical Reagent Co., Ltd. PP

(copolymer, Yungsox 3015), with a density of 0.90 g/cm3

and a melt flow index (MFI) of 2.0 g/10 min (230 �C,
2.16 kg, ISO 1133), was supplied from Formosa Plastics

Polypropylene (Ningbo) Co., Ltd. MAPP, with an MFI of

51.0 g/10 min (230 �C, 2.16 kg, ISO 1133) and 0.8 wt% of

maleic anhydride, was kindly provided by Suzhou Enhand

New Materials Co., Ltd.

Sample preparation

FGO synthesis

GO was prepared by oxidation of graphite powder using

the modified Hummers method [27, 28]. 0.6 g of GO was

dispersed in 600 mL of deionized water with continuous

stirring and ultrasonication for 30 min. Then, 3 g of MA

was slowly added to the GO dispersion, and the mixture

was stirred at 60 �C for 10 h. The final product, FGO, was

collected by centrifugation, washed with hot water, and

dried at 60 �C for 24 h.

Preparation of PP composites

PP composites were prepared by melt mixing in a twin-

roller mill. The loading of MAPP was maintained at 5 wt%

in all samples. The resin was dried at 80 �C for 12 h to

remove moisture. The mixing of nanofillers and resin was

conducted at 185 �C for 12 min, with a roller speed of

50 rpm. PP composites containing 0.5, 1.0, and 2.0 wt%

FGO were designated as 0.5 FGO/PP, 1 FGO/PP, and 2

FGO/PP, respectively. A control composite sample with

2 wt% GO was also prepared and named as 2 GO/PP. The

sheets for further characterization were prepared by
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compression molding the melt-mixed samples in a press

vulcanizer under 10 MPa and 190 �C.

Characterization

X-ray diffraction (XRD) pattern was collected with a Ri-

gaku TTR-III X-ray diffractometer with Cu Ka radiation

(k = 0.1542 nm). Fourier transform infrared (FTIR) spec-

trum was recorded on a Nicolet 6700 spectrophotometer

over the wavenumber range of 4000–500 cm-1 at 16 scans

with a resolution of 4 cm-1. X-ray photoelectron spec-

troscopy (XPS) measurement of the samples was done on a

Thermo VG ESCALAB 250 electron spectrometer with an

Al Ka line as the X-ray source (1486.6 eV). The graphitic

structure of the carbonaceous materials was characterized

by Raman spectroscopy, using a LABRAM-HR laser con-

focal microRaman spectrometer equipped with a 514.5 nm

laser source. Thermogravimetric analysis (TGA) was con-

ducted on a TA Q5000IR thermo-analyzer under N2/air

flow, with a temperature scan rate of 20 �C/min. Tapping-

mode atomic force microscopy (AFM) analysis was per-

formed on a Veeco DI Multimode V scanning probe mi-

croscope. The GO and FGO aqueous dispersions were

deposited on a freshly cleaved mica surface and were dried

under ambient conditions. Transmission electron mi-

croscopy (TEM) was used to image the morphology of the

nanomaterials. The samples were prepared by dripping the

aqueous dispersions on copper TEM grids. The Brunauer–

Emmett–Teller (BET) surface area of GO and FGO was

determined by N2 adsorption at liquid nitrogen temperature,

using a Micromeritics Tristar II 3020 M automatic surface

area and pore analyzer. Prior to the adsorption tests, the

samples were degassed at 150 �C for 5 h. TEM was also

used to assess the dispersion quality of GO/FGO in PP

matrix. The PP composite sheets were microtomed to ul-

trathin slices with a thickness of 20–100 nm using a Cam-

bridge ultratome, and the slices were transferred onto

copper grids for TEM observation. The TEM images were

collected using a JEOL JEM-2100F microscope with an

acceleration voltage of 200 kV. Scanning electron mi-

croscopy (SEM) images of the surface of the cryogenically

broken composites were taken by an FEI Sirion 200 scan-

ning electron microscope at an acceleration voltage of

5 kV. Prior to the tests, the fracture surface of the samples

were sputter-coated with conductive layer. Thermogravi-

metric analysis–infrared spectrometry (TG-IR) was per-

formed on a TGA Q5000IR thermo-analyzer which was

interfaced to a Nicolet 6700 spectrophotometer. The sam-

ples were heated at a rate of 20 �C/min under N2 atmo-

sphere. Combustion properties of PP and its composites

under forced-flaming conditions were evaluated by an FTT

cone calorimeter according to ISO 5660. The samples with

dimensions of 100 9 100 9 3 mm3 were wrapped in an

aluminum foil and burned under 35 kW/m2 external heat

flux.

Results and discussion

Due to the powerful p–p interactions, hydrogen bonding,

and electrostatic interactions, MA exhibits strong affinity

for GO [29–31]. MA can be intercalated into the interlayer

region of GO, and its surface characteristic is modified.

Figure 1a shows the XRD patterns of GO and FGO. The

interlayer spacing of GO can be calculated from its (002)

reflection peak. Upon modification, this characteristic peak

shifts from 11.4� to 9.8�, indicating the enlargement of

interlayer spacing from 0.776 to 0.903 nm. The increase in

interlayer spacing is due to the intercalation of MA mole-

cules. The intensity of the FGO (002) peak greatly reduces,

indicating the decrease in ordered arrangement of GO after

the modification. Furthermore, no peaks attributing to MA

can be observed in the FGO XRD pattern. The chemical

structure of GO and FGO was studied with FTIR spec-

troscopy, as shown in Fig. 1b. The virgin GO presents the

peaks of oxygen-containing functional groups at ap-

proximately 1725, 1407, 1226, and 1092 cm-1, which are

ascribed to C=O stretching, O–H deformation, C–O–C

stretching, and C–OH stretching vibrations, respectively

[32]. The band at 1622 cm-1 should be assigned to the

physically absorbed water or the vibration of aromatic

rings [32]. In the MA FTIR spectrum, the bands at

3000–3500 and 1653 cm-1 are associated with the NH2

groups [33]. The peaks at 1551, 1467, 1437, and 814 cm-1

are attributed to 1, 3, 5-s-triazine rings [33]. The band at

1026 cm-1 corresponds to C–N stretching vibration mode

of MA [33]. From the FGO FTIR spectrum, it can be

discerned the presence of GO and MA in FGO, due to the

appearance of these characteristic peaks. It is apparent that

the peaks of NH2 groups in MA and OH groups in GO

evolve into a broad band at around 3300 cm-1, and the

peak of NH2 deformation red shifts to 1624 cm-1. These

phenomena are due to the hydrogen bonding interactions

between GO and MA molecules. The absence of C=O

stretching band in FGO spectrum may be the result of

electrostatic interactions between GO and MA [34].

Meanwhile, the alkaline feature of MA may result in the

removal of carboxyl groups and partial reduction of GO

[35].

Raman spectroscopy is widely employed to investigate

the structure of carbonaceous materials. The corresponding

Raman spectra of GO and FGO are presented in Fig. 2a.

Both GO and FGO exhibit two strong peaks at ap-

proximately 1350 and 1600 cm-1, namely D and G bands,

respectively. The relative intensity ratio of D and G bands

(ID/IG) is closely related with the disorder degree of carbon
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materials [36]. The ID/IG of FGO (1.87) is higher than that

of GO (1.54), suggesting higher disorder degree of FGO. In

comparison with GO, the shifting of D and G bands is

observed in the FGO Raman spectrum, due to the strong

interfacial interactions between GO and MA [37]. Che-

mical composition analysis of the specimens was con-

ducted by XPS. XPS spectra and the corresponding data are

presented in Fig. 2b and the inset table, respectively. Both

C and O elements are detected in the GO XPS spectrum,

and the C/O atomic ratio of GO is calculated to be 1.60.

FGO shows the characteristic N 1s peak at approximately

399 eV, and the atomic percentage of N in FGO is

10.1 ± 0.3 at.%. Given the chemical formula of MA

(C3H6N6), the calculated C/O ratio of the GO in FGO is

approximately 1.82, which is greater than that of GO

(1.60). It has been reported that the oxygen functional

groups in GO can be easily removed in alkaline solution

[35]. Thus, the MA solution in this work results in the

partial reduction of GO, which is in accord with the FTIR

analysis.

The morphology of GO and FGO was characterized by

TEM (Fig. 3). As shown in Fig. 3a, the GO nanosheet

exhibits a typical silk-like morphology with some wrinkles.

In the FGO TEM image (Fig. 3b), it can be seen that the

nanosheet is uniformly covered with organic materials. The

thickness and lateral size of GO and FGO nanosheets were

evaluated with AFM. The typical AFM images with height

profiles are presented in Fig. 4. Analysis of AFM images of

GO nanosheets in Fig. 4a reveals that the thickness of the

nanosheets is in the range of 0.9–1.1 nm, which agrees well

Fig. 1 a XRD analysis of GO and FGO; b FTIR spectra of GO, MA, and FGO

Fig. 2 a Raman spectra and b XPS survey spectra of GO and FGO
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with the typical thickness of monolayer GO nanosheet [38],

and the length varies from 0.2 to 1 lm. As shown in

Fig. 4b, the FGO nanosheets have heights of around

1.7 nm, which is greater than the value of GO. This sug-

gests that the MA molecules were uniformly coated on the

GO nanosheets. The ultrasonication treatment in FGO

preparation process results in the decrease in the nanosheet

size [39]. Based on AFM analysis, statistical average

thickness and length of GO nanosheets are approximately

1.0 nm and 0.7 lm, respectively. The average values of

thickness and length of FGO nanosheets are approximately

1.7 nm and 0.4 lm, respectively. Therefore, the aspect

ratios of GO and FGO nanosheets are determined to be 700

and 235, respectively. Schartel et al. explored the influence

of specific surface area of carbon nanomaterials on the

properties of PP composites [15]. They discovered that the

specific surface area of the nanofillers exerts significant

influence on the dispersion, thermal stability, and flame

retardant properties of polymer [15]. The BET surface area

of FGO (2.5 m2/g) is lower than that of GO (16.6 m2/g).

Fig. 3 TEM micrographs of

a GO and b FGO

Fig. 4 AFM images of a GO and b FGO with height profiles
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This indicates that the interlayer space of GO is blocked

with the intercalated MA, and N2 molecules are inacces-

sible to the interlayer area [40, 41].

Thermal stability of GO, MA, and FGO was determined

with TGA under N2 condition, and their TGA curves were

plotted in Fig. 5a. GO shows a weight loss of ap-

proximately 10 % below 170 �C, due to the evaporation of

residual moisture in GO. The main decomposition of GO

occurs over the temperature range of 170–265 �C, which is

attributed to the decomposition of the labile oxygen func-

tional groups, such as hydroxyl and carboxyl groups [7].

The gradual removal of the thermally stable functional

groups results in the slight mass loss above 265 �C. The
MA exhibits a sharp weight loss between 225 and 345 �C.
In this temperature range, MA easily sublimates with very

little residue [42]. FGO presents a similar thermal de-

composition behavior to GO. Significantly improved ther-

mal stability is achieved for FGO as compared to that of

GO. As with GO, the weight loss below 250 �C is due to

the removal of water and unstable oxygen functional

groups. However, the marked weight loss stage of MA is

not observed in the FGO TGA curve. A gradual weight loss

above 250 �C is observed in the TGA curve of FGO,

predominantly due to the deoxygenation of GO and the

condensation of MA. Importantly, the residual weight of

FGO (54.9 wt%) at 700 �C is considerably larger than that

of GO (36.2 wt%). XRD and FTIR were employed to

analyze the thermal decomposition product of FGO, which

was pyrolyzed in a 550 �C tubular furnace for 30 min

under the protection of high-purity N2. This pyrolysis

temperature is in the temperature range of burning PP

specimen during the combustion in cone calorimeter [15].

XRD pattern of the decomposed product is shown in

Fig. 5b. The strong diffraction peak at approximately 27.0�
is identified as the (002) plane of graphitic carbon nitride (g-

C3N4) [43]. The FGO (002) peak at 9.8� disappears, and this
peak at around 25.0� may overlap with the peak of g-C3N4.

Furthermore, the (100) graphene plane is observed in the

XRD pattern (Fig. 5b). FTIR spectrum of the decomposed

product exhibits the characteristic peaks of g-C3N4

(Fig. 5c). The peaks in the region of 1100–1600 cm-1

correspond to the stretching modes of C=N and C–N hete-

rocycles [43]. The band at 1562 cm-1 may also be at-

tributed to in-plane vibrations of the sp2-hybridized carbons

in graphene [32]. The breathing mode of triazine units in

g-C3N4 is observed at 804 cm-1 [43]. The broad band at

approximately 3431 cm-1 is due to the stretching modes of

terminal NH2 or NH groups [43]. XPS survey spectrum in

Fig. 5d reveals the presence of C (80.0 ± 1.7 at.%), O

(5.8 ± 0.5 at.%), and N (14.2 ± 1.2 at.%) in the pyrolyzed

product of FGO. Compared to FGO XPS spectrum

(Fig. 2b), the decrease in oxygen content is the result of

removal of the oxygen-containing groups upon thermal

treatment. Figure 5e and f displays the deconvoluted C 1s

Fig. 5 a TGA plots of GO, MA, and FGO; b XRD pattern, c FTIR spectrum, d XPS survey spectrum, e high-resolution C 1s, and f N 1s XPS

spectra of the pyrolyzed product of FGO
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and N 1s spectra of the pyrolyzed product, respectively. The

peaks at 284.7 and 286.7 eV are attributed to sp2-bonded

carbon and C–O groups, respectively [44]. The peaks lo-

cated at 285.4 and 288.1 eV correspond to the C–N and

C=N groups, respectively, in g-C3N4 [45]. The broad peak

centered at 290.9 eV can be assigned to the characteristic

p–p* shake-up satellite peak of reduced graphene oxide

[44]. Four peaks at 398.3, 399.8, 401.0, and 404.5 eV in the

high-resolution N 1s XPS spectrum are attributed to the sp2-

hybridized nitrogen (C–N=C), the tertiary nitrogen bonded

to carbon atoms (N–(C)3), the terminal N–H groups, and p
excitations [46, 47], respectively. Figure 6 shows the TEM

image of the pyrolyzed product of FGO. It is apparent that

the g-C3N4 nanosheets are attached on the graphene

nanosheets. In comparison to the TEM image of FGO, the

g-C3N4–graphene nanohybrid exhibits a more compact

nanostructure, due to the coating of the in situ formed C3N4

nanosheets. These results confirm the thermal reduction of

GO and the formation of g-C3N4 during the pyrolysis

process.

The formation mechanism of g-C3N4–graphene

nanohybrid is schematically presented in Fig. 7. GO is a

thermally unstable material, and the oxygen functional

groups can be removed at around 200 �C, yielding CO2,

CO, O2, and water [48]. The evolution of these volatile

products inevitably introduces defects and vacancies in the

reduced graphene oxide nanosheets [49]. The presence of

these lattice defects will weaken the barrier performance of

graphene in polymer composites [26]. When MA mole-

cules are intercalated into the layer spacing of GO, the

sublimation of MA is considerably retarded in this confined

micro-zone. The absorbed MA undergoes condensation to

carbon nitride with the elimination of NH3. The GO can act

as a micro-reactor and carbonization template, facilitating

the formation of g-C3N4 from the condensation of MA. The

g-C3N4, a two-dimensional nanomaterial, possesses a

similar morphology to graphene. The coating of g-C3N4

can act as a barrier to heat and mass transport, and it will

delay the escape of volatile degradation products of GO,

resulting in the improved thermal stability of FGO. The

g-C3N4 can provide a protective layer to graphene and

enhance its barrier effect. In our prior research, we found

that g-C3N4 is completely decomposed between 600 and

700 �C in the TGA test [50]. However, marked mass loss

Fig. 6 TEM image of the pyrolyzed product of FGO

Fig. 7 Illustration of the

formation of g-C3N4–graphene

nanohybrid during the pyrolysis

of FGO
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stage at this temperature range is not observed in the TGA

curve of FGO. That is to say, graphene can also protect the

in situ generated g-C3N4 from further decomposition. The

mutual protection effects of graphene and the g-C3N4 result

in the high residual weight.

XRD is a powerful tool for characterizing the crystalline

structure of polymer and evaluating the nanocomposite

morphology. As shown in Fig. 8, it is clear that pure PP

and its composites exhibit similar XRD patterns. (110),

(040), (130), (131)/(041), (060)/(150), and (220) planes of

a-crystal form of PP are observed [7]. No diffraction peak

at around 10�, which is attributed to the GO (002) plane, is

observed in the XRD patterns of PP composites, due to the

thermal reduction of GO. During the melt blending pro-

cess, part of the oxygen functional groups in GO have been

removed. The (002) peak of the graphene may overlap with

the (060)/(150) peak of PP.

To accurately evaluate the dispersion and morphology

of graphene in PP matrix, SEM and TEM were employed.

SEM images (Fig. 9) provide the dispersion information of

nanomaterials at micrometer scale. As marked by an arrow,

a conspicuous particle with layered structure is observed in

Fig. 9a, indicating that the virgin GO nanosheets could not

be effectively dispersed in the PP matrix during the melt

compounding process. However, as shown in Fig. 9b, there

are no agglomerates in the SEM image of 2 FGO/PP. TEM

micrographs of the ultrathin slices of 2 GO/PP and 2 FGO/

Fig. 8 XRD patterns of PP and its composites

Fig. 9 SEM images of the

freeze-fractured surface of a 2

GO/PP and b 2 FGO/PP; TEM

images of the ultrathin slices of

c, d 2 GO/PP and e, f 2 FGO/PP
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PP with two different magnifications are presented in

Fig. 9c–f. As shown in Fig. 9c, d, the virgin GO is not

homogeneously dispersed in the PP matrix and GO ag-

gregates are observed, due to the poor compatibility. The

TEM images of 2 FGO/PP exhibit a good dispersion

morphology. In general, the FGO nanosheets are well

dispersed throughout the matrix with intercalation and

exfoliation microstructures (Fig. 9e, f). Upon the interca-

lation of MA molecules, the interlayer spacing of GO is

enlarged and its surface characteristic is tailored. Thus,

compared to the virgin GO, it is easier to achieve homo-

geneous dispersion of FGO in PP matrix.

Oxidative and non-oxidative thermal decomposition

studies of PP and its composites were conducted using

TGA under air and N2 atmosphere, respectively. The TGA

plots and the relevant data are presented in Fig. 10 and

Table 1, respectively. The initial decomposition tem-

perature (Tinitial) in this work is defined as the temperature

at 5 % mass loss. The temperature (Tmax) and the value

(MLRmax) of maximum weight loss rate are obtained from

Fig. 10 TGA and DTG curves of PP and its composites under a, a0 N2 and b, b0 air atmosphere

Table 1 TGA and cone

calorimeter data of PP and its

composites

Sample Tinitial (�C) Tmax (�C) TTI (s) PHRR (kW/m2) THR (MJ/m2)

N2 Air N2 Air

PP 436 275 483 336 50 1044 101.4

0.5 FGO/PP 436 274 486 345 40 892 104.1

1 FGO/PP 433 270 485 341 37 834 100.6

2 FGO/PP 430 274 485 355 33 739 98.7

2 GO/PP 434 275 486 351 33 979 108.2
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the differential thermogravimetric (DTG) curves. In com-

parison to neat PP, no obvious enhancement in thermal

stability under N2 atmosphere is achieved for PP com-

posites. However, the MLRmax of FGO/PP nanocomposites

gradually decreases with increasing loading of FGO. In

addition, the MLRmax of 2 FGO/PP is less than that of 2

GO/PP. As evident from the TGA curves under air atmo-

sphere, the PP composites exhibit similar thermal stability

to neat PP. However, after 280 �C, the thermal stability of

PP composites, especially 2 GO/PP and 2 FGO/PP, is im-

proved. The Tmax of 2 FGO/PP is 19 �C higher than that of

neat PP, and 2 FGO/PP exhibits higher thermal-oxidative

stability than 2 GO/PP. Furthermore, under air atmosphere,

the MLRmax of 2 FGO/PP is also lower than that of 2 GO/

PP. The good dispersion of FGO and the in situ formed

g-C3N4 results in the enhancement of the thermal stability

of 2 FGO/PP.

TG-IR technique was used to continuously monitor

the evolution of pyrolysis products of PP and its com-

posites during the thermal decomposition. Neat PP, 2

FGO/PP, and 2 GO/PP exhibit similar FTIR spectra of

the volatile degradation products at the maximum de-

composition rate, as shown in Fig. 11. The main gas

decomposition products of PP and its composites are

saturated hydrocarbons and unsaturated alkane [16]. The

peaks at 2964, 2926, 1460, 1380, 1150, and 970 cm-1 in

Fig. 11 are attributed to the saturated hydrocarbons [16].

The characteristic bands of unsaturated alkane appear at

3080, 1645, and 890 cm-1 [16]. Thus, GO and FGO

have negligible influence on the thermal decomposition

pathway of PP. These nanomaterials exhibit inert be-

havior under the anaerobic atmosphere.

Cone calorimetry is widely acknowledged as the most

effective tool for evaluating the flammability of polymers.

Heat release rate (HRR) curves of PP and its composites

are shown in Fig. 12, and the combustion data, including

time to ignition (TTI), peak heat release rate (PHRR), and

total heat release (THR), are summarized in Table 1.

Compared with neat PP, the graphene-based PP composites

exhibit earlier ignition phenomenon, which is due to the

enhanced heat absorption within the surface layer of these

carbon nanomaterial-containing composites [16]. PHRR is

regarded as one of the most important parameters to in-

vestigate the combustion behavior. The reduction in PHRR

is an indicator for improving the flame retardancy. The

PHRR values of FGO/PP composites decrease with in-

creasing the loading of FGO. In comparison to neat PP, a

29 % decrease in PHRR is observed for the 2 FGO/PP

nanocomposite. However, no marked reduction in PHRR is

observed for 2 GO/PP. It is apparent that the FGO-based

PP composite exhibits better flame retardant properties

than those of GO/PP composite. Compared to neat PP, the

addition of GO and FGO does not lead to the marked de-

crease in THR.

Digital photographs of the char residue of 2 GO/PP and

2 FGO/PP are shown in Fig. S1 in Supplementary Material.

The fire char of 2 GO/PP is a powder-like product. How-

ever, the char residue with continuous structure and higher

cover area is obtained for 2 FGO/PP, indicating the better

protection effect. The graphitization degree of the char

plays an important role in improving flame retardancy of

polymers. The residual char with higher graphitization

degree shows higher stability to thermal oxidation and

better protection effects [51]. The ratio of D and G bands

from Raman spectra is inversely proportional to graphiti-

zation degree [51]. Raman spectra of the residual char of 2

GO/PP and 2 FGO/PP after the cone tests are shown in

Fig. 11 FTIR absorption spectra of the pyrolysis products of PP, 2

FGO/PP, and 2 GO/PP at the maximum decomposition rate

Fig. 12 HRR curves of PP and its composites
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Fig. 13. The chemical structure of neat GO has been

severely damaged during the combustion, resulting in the

high value of ID/IG (3.39) and low graphitization degree.

However, the ID/IG of the char of 2 FGO/PP (2.05) is

slightly higher than that of the original FGO (1.87), owing

to the protection of the in situ formed g-C3N4. That is to

say, the g-C3N4 mitigates the destruction of GO structure

during the combustion and improves the graphitization

degree and thermal stability of the char.

Conclusions

In this study, GO was modified by a non-covalent approach

to improving the dispersion in PP matrix and controlling

the interfacial structure. The modifier of MA was coated on

the GO nanosheets via the strong p–p attraction, hydrogen

bonding, and electrostatic interactions. FGO/GO-based PP

composites were prepared by an environmentally friendly

approach, melt compounding method. FGO exhibited bet-

ter dispersion in PP than did GO. The addition of FGO into

PP matrix produced higher improvements in thermal sta-

bility and flame retardancy than those of GO/PP composite.

Compared with neat PP and 2 GO/PP, the mass loss rate

during the thermal decomposition and the heat release

during the combustion were considerably decreased in 2

FGO/PP nanocomposite. The mechanism for these en-

hancements was clearly illuminated. In the confined micro-

zone created by GO nanosheets, the sublimation of MA

was greatly retarded and the GO acted as a template to

improve the thermal condensation of MA into g-C3N4. The

in situ formed g-C3N4 was coated on the graphene

nanosheets, and it acted as a protective layer to improve the

thermal stability of graphene. Meanwhile, the thermal

stability of the g-C3N4 was also enhanced by the graphene

nanosheets. Due to the presence of g-C3N4, the barrier

performance of graphene was improved, resulting in the

enhancement of thermal stability and flame retardant

property of FGO/PP nanocomposites. This work demon-

strated the importance of good dispersion of GO on the

improvement in flame retardancy of polymers.
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