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Abstract: Similar to graphene, single or few-layer of black phosphorus (BP) are promising for its high thermal 

stability and unique characteristic dimension effects. However, the agglomeration problem of BP nanosheets in 

polymer matrix renders great difficulty toward its application. Herein, Melamine-formaldehyde (MF) is conducted 

to functionalize black phosphorus (BP) nanosheets. Based on density functional theory (DFT) calculations, the 

adsorption energy is -0.63 eV, which suggests there exists a strong mutual adsorption between BP nanosheets and 

MF. The functionalized BP (BP@MF) is introduced into epoxy resin (EP) to evaluate its thermal stability and 

flame retardant properties. BP@MF can successfully solve the aggregation phenomenon due to the improved 

dispersibility of BP in EP matrix. With the incorporation of 1.2 wt% BP@MF into EP matrix, the char yield is 

dramatically improved by 70.9%, which is attributed to the outstanding thermal stability and the catalytic charring 

effect of BP@MF. EP/BP@MF nanocomposites can pass the UL-94 V-0 rating, and the limiting oxygen index 

value increases by 25.9%. The peak of heat release rate is reduced by 43.3% and the fire growth rate decreases by 

41.2%, which is ascribed to the inhibition of heat transfer and isolation of oxygen by BP@MF. Meanwhile, 

BP@MF reveals an extremely high flame retardant efficiency by a small addition amount. Below 400 °C, MF 

sublimates to absorb heat and BP@MF promotes the formation of an expanded carbon layer. Above 400 °C, BP 

may scavenge free radicals and catalyze char formation. As one new nanofiller of 2D materials, BP has great 

potential to fabricate high-performance nanocomposites.
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1. Introduction
Black phosphorus (BP), the most thermodynamically stable and the least reactive allotrope of phosphorus has 

an orthogonal puckered layer, which is formed by P atoms covalently bonded to other three P atoms.[1, 2] The 
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single- or few-layer BP exfoliated from a black phosphorus crystal is identified “phosphorene”.[3] Now 

phosphorene become a novel two-dimensional material, which is similar to graphene, has attracted a great 

attention in recent years.[4] Compared to conventional 2D materials such as graphene,[5] graphene derivatives,[6] 

transition metal dichalcogenides,[7] hexagonal boron nitride,[8] graphitic carbon nitride[9] and MXenes.[10] BP has 

controllable band gaps (0.3-2 eV from bulk to single layer),[11] broad ultraviolet absorption range and catalytic 

activity,[12] and is widely used in sensors, super capacitors, electrochemical and biomedical fields.[13] 

Meanwhile, by right of its unique characteristic size effect, good mechanical properties and high thermal 

stability, the single or few-layer BP is expected to be a new nanofiller for the manufacture of high-performance 

polymer nanocomposites.[14] 

Since the first successful exfoliation of phosphorene by scotch-tape micro-cleavage method in 2014, the 

preparation of single or few-layer of BP has become a research hotspot for the application of phosphorene.[14, 15] 

So far, the preparation of black phosphorus crystals mainly includes ball milling method and red phosphorus 

mineralization method. Due to the harsh conditions required for ball milling method, the yield of black 

phosphorus is very low. Currently, the laboratory mainly uses chemical vapor transport method to convert red 

phosphorus into black phosphorus. The red phosphorus, Sn, and SnI4 are sealed in a quartz tube and heated to 

650 °C at a heating rate of 1.35 °C min-1 in a vacuum tube furnace, then keep the temperature at 650 °C for 5 h, 

and cool it to 500 °C at a cooling rate of 0.33 °C min-1. Finally, the target product is separated from the residual 

mineralizer by toluene refluxing to obtain black phosphorus crystal. Unlike its 3D parent, the top-down 

approach is extensively used to fabricate phosphorene through various exfoliation strategies, such as 

mechanical exfoliation,[16, 17] ball milling,[12, 16] microwave exfoliation,[18] liquid exfoliation in different 

solvents.[19] The mechanical fabrication can obtain high quality phosphorene, but the efficiency and yield are 

very low, and mass production cannot be achieved.[3, 20] Depending on ball milling method, the few-layer of 

black phosphorene can be obtained with a small size but the purity is not high.[21] Furthermore, liquid 

exfoliation has the advantages of simple operation, low cost, high production and good performance, and has 

become one of the most commonly used methods for the preparation of phosphorene. For instance, 

N-methyl-2-pyrrolidone,[19] dimethyformamide,[22] N-cyclohexyl-2-pyrrolidone[17] and isopropanol[23] are 

employed to exfoliate the BP nanosheets with the assistance of sonication. These methods can prepare 

few-layer of BP with large size and high quality.

However, the surface of the phosphorene contains a pair of lone pairs of electrons, which are easy to react 

with oxygen and are highly susceptible to degradation under the action of water. This problem severely restricts 

the application of phosphorene. Many researchers have done many studies on the surface modification and 
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functionalization of phosphorene and have made some progress. Zhao[24] synthesized a titanium sulfonate 

ligand to modify black phosphorene, the BP after surface coordination showed excellent stability to the air and 

water during a long period of time. Zhang[25] reported that negatively charged BP fabricated via lithium ion 

intercalation indicated much higher reactivity to diazonium modification. The diazonium functionalized BP 

exhibited high stability to the ambient condition for more than 200 days. Hu[26] demonstrated carbon free 

radicals from azodiisobutyronitrile (AIBN) molecules could be used to covalently functionalize black 

phosphorus nanoflakes (BPNFs), the BPNFs after successful modification (BPNFs-AIBN) had good stability 

and optical properties. Gonzalo Abelln[27] offered a new method for noncovalent functionalization of black 

phosphorus (BP) with electron-withdrawing 7,7,8,8-tetra-cyano-p-quinodimethane (TCNQ), the noncovalent 

modification of BP had considerable stabilization against oxygen degradation. Wu[28] prepared 

lanthanide-coordinated black phosphorus through lanthanide (Ln) sulfonate complexes, the LnL3@BP 

manifested excellent stability and other Ln (Tb, Eu and Nd) coordinated BP showed fluorescence spanning to 

near-infrared regions. However, these studies have a positive effect on the air stability of phosphorene, but 

there exists some problems such as complicated operation and high cost, and the effect of functionalization on 

the application of phosphorene is neglected. Hence, it is of great practical significance to improve the practical 

application of phosphorene by means of functionalization. 

As is well known, red phosphorus (RP) and phosphorus-containing compounds are commonly used as flame 

retardants, but there are problems including the large amount addition and the poor compatibility with the resin. 

Compared to RP, black phosphorus is a two-dimensional material with greater specific surface area and size 

effects. It can be converted from red phosphorus under high temperature and high pressure conditions and thus 

has higher stability. BP has higher thermal stability and more unique layered structure that can inhibit heat 

transfer and insulate oxygen during combustion. Therefore, it is very important to study the low amount 

addition of phosphorene to obtain good dispersibility and high flame retardancy efficiency. Ren[29] studied the 

flame retardancy of black phosphorene-waterborne polyurethane (BPWPU) composite polymer, when the 

addition of black phosphorene was 0.2 wt%, the limiting oxygen index (LOI) of BPWPU increased by 2.6%, 

the heat flow decreased by 34.7% and the peak heat release rate (PHRR) decreased by 10.3%. Ren[4] prepared 

the black phosphorene/graphene (BP/G) composites through the high-pressure nano-homogenizer machine and 

then incorporated the BP/G into waterborne polyurethane (WPU) to fabricate a flame retardant composites, 

when the additive amount was 3.55 wt%, the PHRR and the total heat release (THRR) decreased by 48.18% 

and 38.63%, respectively. However, the method of direct addition of BP or BP/G ignored its poor compatibility 

with resins, which led to a serious agglomeration in the resin. Qiu[30] used an electrochemical strategy to 
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fabricate cobaltous phytate functionalized BP nanosheets (BP-EC-Exf) and introduced the BP-EC-Exf into 

polyurethane acrylate (PUA) to prepare PUA/BP-EC flame retardant nanocomposites, when the addition of 

BP-EC-Exf was 3.0 wt%, the PHRR reduced by 44.5% and the THR decreased by 34.5%. Nevertheless, the 

number of BP layers stripped by electrochemical method was very thick, so it was unable to maximize the 

flame retardant effect of BP. Qiu[31] incorporated polyphosphazene-functionalized BP into epoxy resin to study 

the flame retardant property, when the introduction of BP-PZN was 2.0 wt%, the PHRR decreased by 59.4% 

and the THRR reduced by 63.6%. The BP-PZN could significantly improve the dispersibility of the 

phosphorene, and exhibited its excellent flame retardancy. However, HCCP, one of the raw materials, 

contained chlorine element, which was easy to generate harmful gases during combustion and caused damage 

to the environment. 

MF resin has good biocompatibility, chemical stability and abundant -NH2 groups. Previous studies have 

demonstrated that graphene quantum dots,[32] graphite nanoflakes,[33] fluorescent dye[34] and 3D interconnected 

boron nitride nanosheets[35] could be successfully functionalized by MF resin to improve their dispersibility in 

resins. In this work, MF resin was employed to modify BP to improve the compatibility of the BP into the resin 

and its flame retardant efficiency. We developed a facile one-pot method to functionalize BP by MF resin and 

defined the product as BP@MF, fabricating an inorganic-organic nanofiller for polymer resin (Fig. 1). The 

resultant BP@MF was then incorporated into epoxy resin to investigate the thermal stability and flame 

retardant properties. This work expects to achieve excellent flame retardant efficiency with very small addition 

amount in order to solve the problem of large amount and high cost of traditional flame retardant. Such 

functionalized strategy is beneficial to enhance the application of black phosphorene and open up new 

prospects for the fabrication of high-performance nanocomposites.
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Fig. 1 The preparation process of BP@MF nanofiller and EP/BP@MF nanocomposites

2. Experimental

2.1 Materials

Black phosphorus crystal (99.998%) was purchased from Zhongke Experimental Materials (China) and 

preserved in an inert atmosphere. Melamine (99.5%) was provided by Tianjing Kemiou Chemical Reagent Co. 

Ltd (China). N-methyl-2-pyrrolidone (NMP) (99.0%) and formaldehyde (37%) were purchased from Tianjin 

Fucheng Chemical Reagents Factory (China). 4,4-Diaminodiphenylmethane (DDM) (99%) was obtained from 

Aladdin Industrial Corporation (China). EP (DGEBA, E-51) was supplied by Nantong Xingchen Synthetic 

Materials Co., Ltd. (China). Sodium carbonate (99.8%), acetone (99.5%) and ethanol (99.7%) were purchased 

from Guangzhou Chemical Reagents Factory (China).

2.2 Synthesis

2.2.1 Preparation of BP. 

The black phosphorene was fabricated through a liquid exfoliation method. Black phosphorus crystal (200mg) 

was first dispersed in 400 mL of N-methyl-2-pyrrolidone (NMP) with the assistance of ultrasonic cell pulverizer 

for 60 min, the ultrasonic cell pulverizer worked for 4 s at an interval of 6 s with the power of 650 W. The coarse 
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dispersions were then sonicated in an ice bath (325W) for 30h. After that, the BP suspensions were centrifuged at 

3000 rpm for 30 min to remove the un-exfoliated BP crystal. Then, the supernatant solutions were further 

centrifuged at 10000 rpm for one hour. The collected sediment was washed with ethanol for three times to remove 

the NMP, and finally dried in a flask under vacuum. The sample was preserved in an inert atmosphere before use, 

named as black phosphorene (BP).

2.2.2 Synthesis of BP@MF. 

Synthesis of melamine-formaldehyde (MF) pre-polymer: Melamine (2.0 g) was dispersed in 30.0 mL of 

distilled water in a flask. Formaldehyde (3.6 mL) was dropped into the solutions at a speed of 2-3 drops per 

second. The reaction process was continued at 80 °C for 30 min with mechanical stirring (300 rpm) when the PH 

was maintained at 8-9 with sodium carbonate solution. Then the MF pre-polymer was prepared. Functionalization 

of BP with MF: BP nanosheets (100 mg) was dispersed in NMP (200 mL), sonicated for 30 min, and then added 

into half of the prepared MF pre-polymer. The mixture was stirred at 300 rpm under 80 °C for 5 h in nitrogen 

atmosphere. Finally, the suspension of the mixture was centrifuged at 10000 rpm for 1 h and washed with ethanol 

(10 mL × 3), and then dried under vacuum at 120 °C. The resultant product was named BP@MF.

2.2.3 Preparation of EP/BP@MF nanocomposites. 

Preparation process of EP nanocomposites with the addition of 0.3 wt% BP@MF: 0.15 g of BP@MF and 9.97 

g of DDM were dispersed in 20 mL of acetone. Then the mixture was stirred by a magnetic stirrer for 10 min. 

After that, 39.88 g of epoxy resin (E51) was poured into the mixed system with mechanical stirring (300 rpm) for 

30 min. Subsequently, the whole system was placed in a vacuum to remove the acetone with the temperature of 60 

°C for 2h. Finally, the resin mixture was cured in a mold with the procedures of 100 °C/2h, 150 °C/2h, 

respectively. When the sample was cooled to the room temperature, the resultant nanocomposites was called 

EP/BP@MF 0.3. A similar procedure was also used for pure EP, EP/BP (1.2 wt%) and the amount (0.6 wt%, 0.9 

wt%, and 1.2 wt%) of BP@MF.

2.3 Characterization

Scanning electron microscopy (SEM, Hitachi S3400N) was employed to observe the microstructures of BP and 

the char residues as well as the fracture surface of EP/BP@MF nanocomposites. Atomic force microscopy (AFM, 

Dimension Icon) was conducted to reflect the thickness and average size of BP. Transmission electron microscopy 

(TEM, JEM-1230) was performed to study the morphology of BP and BP@MF. X-ray diffraction (XRD, Rigaku 

D/MAX-1200) were recorded with Cu Ka radiation (λ= 0.154 nm), in the 2θ range of 1-80°. Fourier transform 

infrared spectra (FTIR, Bruker TENSOR 27 FTIR) was collected with KBr pellets to test solid samples. Laser 
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Raman spectroscopy was employed through a Renishaw invia Raman spectrometer with excitation at 530 nm 

from an argon laser to observe the structure of BP@MF and the char layer of EP composites. X-Ray photoelectron 

spectroscopy (XPS) was utilized by a Thermo Fisher Scientific K-Alpha electron spectrometer. The excitation 

source of the instrument was an Al K alph at 1486.8 eV. Thermogravimetric analysis (TGA) was carried out on 

NETZSCH TG 209F3 thermo-analyzer instrument in nitrogen atmosphere, at a continuous heating rate of 10 °C 

min-1 from 30 °C to 1000 °C. Dynamic mechanical analysis (DMA) was employed to test the dynamic mechanical 

properties of EP/BP@MF, all the samples were heated from room temperature to 250 °C with a linear heating rate 

of 5 °C min-1, and the frequency was 1 Hz for the tensile configuration. Optical microscope was conducted to 

record the dispersity of BP and BP@MF in EP resin, rapid slice was used to prepare samples. A microscale 

combustion calorimeter was employed to test the heat release rate by a mold of MCC-2 (GOVMARK). About 5 

mg of sample was heated at the rate of 1 °C s-1. The carrier gases consist of two gas, N2 of 80 mL min-1 and O2 of 

20 mL min-1, respectively. Thermogravimetric analysis/infrared spectra (TG-IR) was employed with a NETZSCH 

TG 209F1 thermo-analyzer instrument combined with a Nicolet IS50 spectrometer.

3. Results and discussion

3.1 Theoretical Calculation of Feasibility for BP@MF

To verify the possibility of surface functionalization between BP nanosheets and MF, density functional 

theory (DFT) calculations[36] based on the first-principles[26] is employed to calculate the interaction between 

BP nanosheets and MF (details displays in the Table S1 and Fig. S1). 

The adsorption energy is calculated by the following equation:

                 (1)molBPmolBPads EEEE  

Where EBP, EBP+mol and Emol is the total energy of phosphorene, the molecule adsorbed system and isolated 

molecule, respectively.

The most stable structures are shown in Fig. 2, which indicates that MF is located onto the supercell of 5×4 

in BP layer with N and O being interlaced with P atoms. The adsorption energy is -0.63 eV from Equation (1), 

which suggests there exists a strong mutual adsorption between BP nanosheets and MF. As a small molecule, 

MF resin can easily absorb on the surface of BP to compensate for the loss of van der Waals interactions 

between the phosphorene layers. The charge density is only distributed between the MF molecule and the BP 

layer, indicating a physisorption process, which is consist with Shao’s work.[36] Under the shear forces 

originating from the stripping and mechanical stirring process, radicals and ions will be generated from the 

edge defect of BP layers and react with N to form P-N bonds as shown in Fig.5(e) and (f), which suggests there 
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also exist a chemisorption.[36] The adsorption of MF on the surface of BP can prevent the contact of oxygen 

with phosphorene and enhance the compatibility of phosphorene with resin matrix.

Fig. 2 Top view of adsorption structures of MF adsorbed single layer BP nanosheets

3.2 Microstructure of BP and Its Functionalization 

To reveal the morphology and structure of BP and BP@MF, a series of investigation and characterization is 

performed. The scanning electron microscope (SEM) is employed to observe the microscopic morphology of 

BP crystals, BP and BP@MF (Fig. 3a-c). Fig. 3(a) shows BP crystals have a typical multilayer structure with 

large size.[31] Fig. 3(b) shows the exfoliated BP has a thinner lamellar structure with a length of about fourteen 

micrometers, a width of about seven micrometers. For BP@MF, Fig. 3(c) reveals some white matter is 

connected around BP, and the surface of BP@MF is smoother than that of the exfoliated BP, which indicates 

BP nanosheets has been functionalized by MF resin. The size of BP becomes much smaller after 

functionalization, which is because that the adsorption of MF resin on the surface of BP may weaken the 

interaction of BP layers and thus favor the stripping, inhibiting its re-stacking and aiding the preparation of 

small BP nanosheets. The transmission electron microscope (TEM) is usually used to observe the internal fine 

structure of the sample. As shown in Fig. 3(d), the TEM image demonstrates few-layer BP is successfully 

stripped. Fig. 3(e) indicates the high-resolution TEM (HRTEM) image of BP, the lattice fringes of 0.33 nm and 

0.53 nm are assigned to the (021) and (020) planes of BP,[11, 36] which is in line with the results of XRD tests. 

The selected-area electron diffraction pattern shows the exfoliated BP has a complete orthorhombic crystalline 

in Fig. 3(f). Fig. 3(g) exhibits a typical honeycomb structure of few layer phosphorus atom.[1] Few-layer BP is 

also testified by atomic force microscopy (AFM) image from Fig. 3(h) and (i). The AFM image presents BP 
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have a relatively uniform surface with the average thickness of 1.23 nm and 0.95 nm. Generally, a monolayer 

phosphorene has a thickness of 0.53 nm.[11, 24, 31, 36] Therefore, the thickness of 0.95 nm and 1.23 nm observed 

from Fig. 3(i) correspond to two to three layers of p atoms. These results are very consistent with the 

observations from Fig. 3(b) and (d), which demonstrates that the few-layers BP has been successfully 

fabricated.

Fig. 3 SEM image: (a) BP crystal; (b) BP nanosheets; (c) BP@MF; (d) TEM image of BP nanosheets; (e) 

SAED pattern of BP nanosheets; (f) HRTEM image of BP nanosheets; (g) the atomic structure of few-layer BP 

nanosheets; (h) AFM image of BP nanosheets; (i) the corresponding height of line 1 and line 2.

The energy dispersive spectrometer (EDS) is employed to characterize the element distribution in the 

BP@MF nanosheets as shown in Fig. 4. Fig. 4(a) shows the SEM image of BP@MF nanosheets, indicating the 

small BP nanosheets is encapsulated in the MF resin. The element distribution diagrams from the selected area 

in Fig. 4(a) are displayed in Fig. 4(b)-(e), the content of nitrogen element exceeds 24 wt%, demonstrating BP is 

decorated with MF polymer. Meanwhile, the mapping images of carbon (Fig. 4(f)), nitrogen (Fig. 4(g)), oxygen 

(Fig. 4(h)) and phosphorus (Fig. 4(i)) further verify the successful formation of BP@MF nanosheets.
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Fig. 4 EDS analysis of BP@MF: (a) SEM image of BP@MF nanosheets; (b) distribution diagram of element 

from Spectrum 1 in (a); (c) distribution diagram of element from Spectrum 2 in (a); (d) distribution diagram of 

element from Spectrum 3 in (a); (e) distribution diagram of element from Spectrum 4 in (a); mapping image: (f) 

carbon (C), (g) nitrogen (N), (h) oxygen (O), (i) phosphorus (P).

The X-ray diffraction (XRD) and Raman are also conducted to characterize the BP@MF, as shown in Fig. 

5(a) and (b). Several representative peaks located at 16.7°, 26.4°, 34.1°, 34.8°, 52.2°, 55.8° and 56.7° are 

ascribed to the (020), (021), (040), (111), (060), (151) and (061) interlayered planes of BP.[24, 31, 37] Compared to 

BP, these peaks also appear on the XRD of BP@MF, but the intensity of the peak is generally weakened, 

because of the MF resin covering on the surface of BP. The Raman spectra of BP exhibits three symbolic 

vibrational modes of BP, which are situated the peak of Ag
1 at about 361.2 cm-1, B2g at about 437.5 cm-1, Ag

2 at 

about 466.2 cm-1.[17, 24] These peaks are also found in BP@MF sample, which demonstrates that the MF 

functionalization of BP does not change its original vibration structure. Compared to BP, a slight red shift 

(about 2 cm-1) can be observed, which is attributed to the increased thickness of BP after encapsulated with MF 

polymer. To further clarify the interaction between BP and MF, X-ray photoelectron spectroscopy (XPS) is 

conducted to detect the chemical valence bond and composition of BP and BP@MF. Fig. 5 (c) shows the 

survey spectra of BP and BP@MF, compared to the spectrum of BP, the elements content of N, C in the spectra 

of BP@MF are increased. The N element of BP@MF increases by 35.54% and the atomic ratio of N/P 
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increases from 0.04 (BP) to 26.34 (BP@MF) (Table S2), which indicates the BP is successfully functionalized 

by MF. As shown in Fig. 5(d), two peaks of BP located at binding energies of 129.7 and 130.5 eV matching to 

P 2P3/2 and P 2P1/2 signals, respectively.[31, 38] The additional peak at 133.6 eV is ascribed to partial oxidation of 

BP.[2, 39] BP is inevitably oxidized during the experiment process, this result has been verified from the O 1s 

XPS of BP in Fig. 5(c). For BP@MF, its P 2P XPS spectrum is shown in Fig. 5(e). Four peaks centered at 

129.6, 130.4, 133.0 and 134.0 eV are consistent with P-P bonds of P 2P3/2 and P 2P1/2 signals, P-N, and P-O 

bonds, respectively.[12, 36, 40] Compared to BP, the P 2P3/2 and P 2P1/2 peaks of BP@MF are moved to lower 

binding energies by about 0.1 eV, demonstrating a damage of long-range order and the oxidized phosphorus on 

the surface of BP@MF.[36] Notice that a P-N bond with the peak at 133.0 eV is detected from the P 2P XPS 

spectrum of BP@MF. This phenomenon is also testified by N 1S XPS spectrum in Fig. 5(f). Three peaks at 

398.7, 399.9 and 405.7 eV are associated with N-H, C-N, and P-N bonds, respectively.[31, 36] The Fourier 

transform infrared spectrometry (FTIR) is also conducted to investigate characteristic absorption peaks of BP 

and BP@MF. As shown in Fig. 5(g), compared to the several characteristic peaks of BP, some new peaks come 

out from BP@MF as follows, the peaks at 1561 and 1330 cm-1 correspond to the stretching vibration of C=N 

and the stretching vibration of C-N from MF resin, respectively.[33] The peak at 805 cm-1 is attributed to the 

stretching mode of P-N bond.[41] All the above evidences suggest BP is functionalized by MF polymer, 

revealing the edge of P atom react with N atom to form P-N bonds. Edge functionalization is very common in 

the decoration of 2D layered nanomaterials, such as -NH2 functionalized ultrathin black phosphorene and -OH 

modified graphene nanosheets.[12, 42] During the exfoliation process, radicals and ions can be produced from the 

edge of defective BP layers, which reacts with N atoms to form surface groups.[36] Thermogravimetric analysis 

(TGA) is employed to probe the mass loss process of BP and BP@MF under nitrogen. As shown from Fig. 

5(h), BP has only one thermal decomposition stage, nevertheless, MF resin shows three-step mass loss from 

room temperature to 1000 °C. The degradation products in the first step are mainly water and melamine (about 

20% mass loss). The second step occurs in the range of 350-450 °C, which is ascribed to the main 

decomposition of MF resin and the weight loss is about 80%. The third step occurs at above 650 °C 

corresponding to the further decomposition of char residues.[43] For BP@MF, it contains two main stages of 

thermal decomposition until 1000 °C. The first thermal degradation step appears between 250 and 400 °C, 

approaching to the thermal decomposition of MF. The second step takes place at 400 and 500 °C, due to the 

decomposition of BP. In Fig. 5(i), the derivative thermogravimetric analysis (DTG) indicates the maximum 

weight loss rates of BP and BP@MF are much lower than that of MF resin, which are attributed to the higher 

thermal stability of BP. The TGA curves (Fig. 5(h) shows BP has a residue of 45.06% at the temperature of 
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1000 °C and the residue of BP@MF is 27.43%, while MF resin has completely degraded. Therefore, the 

loading ratio of MF on BP is 1:4.67.

Fig. 5 Characterization of BP and BP@MF: (a) XRD patterns; (b) Raman spectra; (c) XPS survey spectra; 

(d) high-resolution P2p XPS spectra of BP; (e) high-resolution P2P XPS spectra of BP@MF; (f) high-resolution 

N1s XPS spectra of BP@MF; (g) FT-IR spectra of BP and BP@MF; (h) TGA curves of BP, BP@MF and MF; 

(i) DTG curves of BP, BP@MF and MF.

3.3 Dispersibility of BP and BP@MF in Epoxy Resin

It is well known that the dispersion of nanofillers in polymer resins has an important influence on the 

mechanical properties and flame retardancy of polymer nanocomposites.[44] BP is a two-dimensional inorganic 

nanomaterial with poor dispersibility and interfacial compatibility in polymer matrix, which seriously 

undermines the comprehensive properties of polymer nanocomposites.[31] Therefore, it is of great significance 

to improve the dispersibility of BP in polymer resins. The dispersion of BP and BP@MF in EP resins is 

observed by the optical microscope images. Under the optical microscope, the dispersion of BP and BP@MF in 

EP matrix is more clearly and intuitively exhibited in Fig. 6(a) and (b). Obviously, BP is re-aggregated severely 

in EP resins with poor dispersion, while the EP nanocomposites with the addition of BP@MF has better 

dispersion than EP nanocomposites with the addition of BP. The same results can also be testified by SEM. The 
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microscopic morphology of the freeze-fractured surface of EP/BP and EP/BP@MF nanocomposites are 

investigated in Fig. 6(c) and (d). Apparently, BP is massively stacked in the nanocomposites as shown in Fig. 

6(c). Compared to EP/BP, BP@MF with uniform dispersion in EP matrix can be observed in Fig. 6(d), which 

indicates that the functionalization of BP with MF resin can significantly enhance the compatibility between 

nano-additive and resin matrix, thereby improves the dispersion of BP@MF in EP matrix.

Fig. 6 The optical microscope images: (a) BP in EP matrix; (b) BP@MF in EP matrix; SEM image: (c) BP in 

EP matrix; (d) BP@MF in EP matrix. 

3.4 Thermal Stability of EP Composites

TGA analysis is employed to evaluate the thermal property of EP/BP@MF nanocomposites, the detailed 

thermal degradation data are displayed in Table S3. Fig. 7(a) presents that EP/BP@MF nanocomposites has 

similar thermal degradation behavior as pure EP, which has a one-step weight loss process in the range of 

300-500 °C. Compared to pure EP, with the increase of BP@MF and BP, there is a significant enhancement in 

carbon residue content at 800 °C. With increasing BP@MF content from 0.3 to 1.2 wt%, the char residues of 

EP/BP@MF nanocomposites are enhanced by 30.7-70.9%. However, for the EP/BP 1.2 sample, its char yield is 

only 17.36%, lower than char residue (19.40 %) of EP/BP@MF 1.2, which indicates that the functionalization 

of BP by MF enhances the catalytic charring effect. In Fig. 7(b), the derivative thermogravimetric analysis 
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(DTG) demonstrates the maximum weight loss rates of EP/BP nanosheets and EP/BP@MF nanocomposites are 

greatly lower than that of neat EP. This is because that the thermal stable structure of BP hinders the exchange 

of oxygen and the diffusion of flammable gases and MF can promote the char formation during the combustion, 

thereby improving the resistance of nanocomposites against thermal decomposition.[31] 

Fig. 7 (a) TGA curves and (b) DTG curves of EP and its nanocomposites with different addition of BP@MF; 

(c) storage modulus curves and (d) tan δ curves of EP and its nanocomposites with different addition of BP@MF.

To study the influence of BP@MF on the thermomechanical properties of EP nanocomposites, the Dynamic 

Mechanical Analysis (DMA) is employed to test the storage modulus and tan δ of EP, EP/BP and EP/BP@MF 

composites. As shown in Fig. 7(c), the storage modulus of pure EP is 2430 M pa at room temperature, while the 

storage modulus value of EP/BP nanocomposites has dropped to 1970 M pa at the same temperature, with an 

18.93% decrease compared to pure EP resin. This is because the direct addition of BP in the epoxy will cause a 

serious agglomeration, which causes a decrease in the storage modulus, the result is consistent with the image of 

the optical microscope. For EP/BP@MF nanocomposites, when the temperature is lower than 125 °C, as the 

amount of BP@MF increases from 0.3% to 1.2%, the storage modulus of EP/BP@MF nanocomposites increases 

by 2.06%, 4.94%, 9.47% and 13.99%, respectively. The increase of storage modulus is mainly due to the 

improved compatibility of BP@MF to epoxy resin. BP has a strong stiffness and thus has a certain enhancement 

to EP. The glass transition temperature (Tg) of EP nanocomposites can be indicated from the tan δ curves. In Fig. 

7(d), with the addition of BP and BP@MF into EP matrix, all the tan δ peaks are slightly moved to lower 

temperature. The decrease of glass transition temperature may be due to the interface interaction of BP@MF 
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affecting the crosslink density of the epoxy resin. On the other hand, it may be ascribed to the filling interface 

which is not very dense during the epoxy filling process, and the volume between the interfaces provides a certain 

free space for the segment movement.[45]

3.5 Flame Retardant Properties of EP Composites

The flame retardancy of EP nanocomposites are detected by microscale combustion calorimeter (MCC), UL-94 

vertical burning tests and limiting oxygen index (LOI), which can fully evaluate the combustion of polymer 

nanocomposites.[46, 47] The heat release rate (HRR) is always considered to be the most crucial parameter to assess 

the flame retardant.[48-50] Fig. 8(a) exhibits the HRR curves of pure EP and EP nanocomposites determined by 

MCC. As can be distinctly seen, the PHRR of pure EP reaches 1100 W g − 1, whereas adding only 1.2 wt% 

BP@MF, the PHRR of EP/BP@MF 1.2 nanocomposites decreases significantly to 623.7 W g−1, which is reduced 

by 43.3% than that of pure EP. As a contrast, the HRR of EP/MF 1.2 and EP/BP 1.2 nanocomposites are also 

studied. The PHRR of EP/MF 1.2 and EP/BP 1.2 are lower than that of pure EP and higher than that of BP@MF 

1.2, with a peak of 891.5 and 666.5 W g−1, respectively. The total heat release (THR) is shown in Table S4. The 

THR of EP/BP@MF 1.2 nanocomposites (34.6 kJ g-1) decreases by 12.6% than the THR of pure EP (39.6 kJ g-1), 

while the THR of EP/MF 1.2 and EP/BP sheets is approached to pure EP, with a total heat release of 39.2 and 

38.5 kJ g-1. These results verify the fact that the introduction of BP@MF 1.2 in EP matrix effectively restricts the 

heat release rate of EP/BP@MF nanocomposites during combustion, implying the superior flame retardant 

properties of BP@MF. Moreover, the fire growth rate (FIGRA) is also employed to evaluate the fire hazard of the 

nanocomposites.[51] The FIGRA can be expressed as follows:

                                           （2）
tPHRR
PHRRFIGRA 

Based on Table S4 and Equation (2), The FIGRA of pure EP is 3.35 W g−1 s-1, whereas the FIGRA of EP/MF 

1.2 and EP/BP 1.2 nanocomposite are 2.73 W g−1 s-1 and 2.16 W g−1 s-1, respectively. Particularly, the FIGRA of 

EP/BP@MF 1.2 nanocomposites decreases by 41.2% (1.97 W g − 1 s-1) in contrast to that of pure EP, which 

manifests that the fire growth rate can be effectively reduced by the addition of BP@MF in EP polymer. The 

limiting oxygen index (LOI) and the UL-94 vertical burning tests of EP composites are shown in Fig. 8 (b). Pure 

EP burns easily with a lower LOI value of 24.7%, whereas the LOI value of EP/BP@MF nanocomposites are 

dramatically improved by 8.1-25.9% with the introduction of BP@MF content from 0.3 to 1.2 wt%. Especially 

when BP@MF is incorporated into EP with the amount of 1.2 wt%, the LOI value reaches 31.1%. However, 

compared to EP/MF 1.2 and EP/BP 1.2 nanocomposites, the LOI value are only 24.9% and 26.2%, respectively. 
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This result demonstrates that MF resin with very little addition in EP resin has little effect on the improvement of 

LOI value, and BP is easy to agglomerate, which also affects the improvement of LOI value. BP functionalized by 

MF resin can significantly improve the dispersibility of BP in EP matrix, and maximize the flame retardant effect 

of BP, thus improve the LOI value of EP nanocomposites. Unlike the LOI value testing, the UL-94 vertical 

burning tests can provide a more intuitive and objective evaluation for real combustion behavior. The pure EP and 

EP/MF 1.2 composite reveal no rating (NR), while by increasing BP@MF content from 0.3 to 0.9 wt%, the EP 

composites can easily reach V-1 rating. When the addition of BP@MF in EP matrix reaches 1.2 wt%, the 

EP/BP@MF nanocomposite can successfully pass V-0 flammability rating test. For EP/BP composite, the UL-94 

vertical burning test displays no rating (NR). This is because that BP is easy to re-aggregate when directly adding 

it into the EP resin, which will have a negative influence on the flame retardancy. Whereas the BP functionalized 

by MF can be well dispersed in the EP matrix, which is beneficial to the retardation of fire during the combustion 

process.[30] Particularly note is that all the EP/BP@MF composites have no dripping phenomenon, reflecting the 

remarkable anti-dripping properties of BP@MF on epoxy resin. The detailed data can be seen in Table S5. After 

leaving the fire, the pure EP burnt intensely, while the EP/BP@MF 1.2 nanocomposite can self-extinguish at 3s 

(Burning video in supporting information). It can be speculated that the incorporation of BP@MF promotes the 

formation of carbon residues with higher thermal stability, which can inhibit the transfer heat and enhance the 

flame retardant efficiency. 

Fig. 8 (a) HRR versus time curves of EP and its nanocomposites; (b) LOI values and UL-94 vertical burning of 

EP and its nanocomposites.

Filler efficiency is often used to characterize the contribution of a unit weight of filler to material properties.[52] 

The efficiency of the filler for PHRR is evaluated by its decline rate of per unit weight defined as 

, where PHRR is peak heat release rate of the composite, PHRRm is peak heat 
%wtPHRRm

PHRRmPHRR
PHRR 



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release rate of the matrix material and wt% is the weight fraction of filler. Similarly, the  is employed to LOI

characterize the efficiency of the filler for LOI, it can be defined as , where LOI is limiting 
%wtImLO
ImLOLOI

LOI 




oxygen index of the composite, LOIm is limiting oxygen index of the matrix material and wt% is the weight 

fraction of filler. To better compare our work with previous researches, Table 1 summarizes previous report about 

the efficiency of the filler for flame retardant properties with various fillers. The data shows that the efficiency of 

the filler for  and  in our EP/BP@MF composites is indeed extremely high, which indicates a PHRR LOI

higher flame retardant efficiency can be achieved by incorporating a smaller amount of BP @ MF into the epoxy 

matrix.

Table 1. The Efficiency of the Filler for  and  in Previous LiteraturePHRR LOI

Filler
Fraction

( wt%)
PHRR LOI Matrix Ref.

MCU-APP 30 1.74 % 3.33 % PP [43]

GO-CNF 20 1.25 % 0.95 % Nanocellulose [49]

CH/APP/CH/PAA-KAO 17.8 3.75 % PUF [50]

PD-LDH@MF 15 4.60 % 3.24 % EVA [53]

MH-APP 13.7 3.37 % PU [47]

PMMA–Ca3Al 10 5.40 %
Layered double 

hydroxide
[48]

FRs-rGO 5 7.00 % 8.10 % Epoxy [54]

Ionic liquid-based metal–organic hybrid 6 5.17 % Epoxy [51]

g-C3N4/OAHPi hybrids 4 6.93 % PS [9]

1-vinyl-3-(diethoxyphosphoryl)-

propylimidazolium bromide
4 16.25 % 8.48 % Epoxy [46]

BP/G 3.55 13.57 % WPU [4]

FR@PZS 3 15.33 % Epoxy [41]

BP-EC-Exf 3 14.83 % PUA [30]

FRGO 2 21.50 % Epoxy [6]

BP-PZN 2 29.70 % Epoxy [31]

BP@MF 1.2 36.08 % 21.06 % Epoxy This work
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To observe the thermal degradation process of EP composites, the TG-FTIR technique is employed to 

investigate the volatile product emissions of EP, EP/BP, EP/BP@MF nanocomposites. Fig. 9 shows the 

absorbance intensities of the main pyrolysis products versus time relationship of different EP nanocomposites. 

Several representative peaks for the released gaseous products of EP nanocomposites are indicated as below:[31] 

the peak located at 2975 cm − 1 is ascribed to the characteristic absorption of hydrocarbons and 2350 cm-1 is 

assigned to the characteristic absorption of carbon dioxide (CO2); the peak located at 2150 cm-1 is ascribed to the 

characteristic absorption of carbon monoxide (CO) and the peak located at 1750 cm-1 is attributed to the 

characteristic absorption of carbonyl compounds; the peak located at 1510 cm−1 corresponds to the characteristic 

absorption of aromatic compounds. With the addition of 1.2 wt% of BP and BP@MF into EP, all the maximum 

absorbance intensities of main volatile products are obviously decreased compared to that of pure EP. Apparently, 

the addition of BP@MF 1.2 nanocomposites exhibits lowest absorbance intensity of all the main volatile products 

than that of EP/BP 1.2 and pure EP composites. This is because the addition of BP@MF 1.2 promotes the 

formation of char layer during combustion and reduces the release of volatile gases, which is in complete 

agreement with the TGA analysis. For CO2, pure epoxy contains a large amount of C element, which inevitably 

generates a large amount of CO2 during combustion. The direct addition of BP in the epoxy resin is easy to 

agglomerate, which cannot obtain a good flame retardant effect, so the amount of CO2 will increases as the 

burning time increases. By adding BP@MF into the epoxy resin, a good flame retardant effect can be obtained. 

When the burning time is prolonged, the EP/BP@MF composite can extinguish, and thus the amount of CO2 will 

decrease as the burning time is prolonged. CO is generally considered to be the main toxic gas in epoxy 

combustion. After more than 30 minutes, the CO absorption of EP/BP nanocomposites is slightly higher than that 

of pure EP, because BP is easily agglomerated in epoxy, resulting in insufficient combustion. However, for 

EP/BP@MF nanocomposites, its CO absorption decreases with time, indicating BP@MF isolates the contact of 

oxygen with the polymer, thereby effectively reducing the absorption of harmful gases. The reduction of volatile 

gases is beneficial to reduce the toxicity of smoke and heat release, thereby improving flame retardancy.[41]
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Fig. 9 Intensity of pyrolysis gas for EP, EP/BP 1.2 and EP/BP@MF 1.2 sample versus time: (a) total pyrolysis 

gases; (b) hydrocarbons; (c) CO2; (d) CO; (e) carbonyl compounds; (f) aromatic compounds.

 The char residues of EP nanocomposites formed from combustion can provide a perspective to explore the 

flame retardant mechanism. The SEM images of char layer for EP, EP/BP 1.2 and EP/BP@MF 1.2 composites are 

displayed in Fig. 10. For pure EP, the surface of the char residue is loose and contains some big opening hole (Fig. 

10(a)). As a contrast, the char layer of EP/BP composites exhibits a very compact structure with a small amount of 

microspores (Fig. 10(b)). Meanwhile, Fig. 10(c) shows a more compact and condense structure with fewer holes 

on the surface of EP/BP@MF 1.2 nanocomposites, attributing to the BP and BP@MF can enhance the 

compactness of char layer in the combustion, which may be due to the isolation of oxygen from the polymer 

during burning process. As is well known, the formation of the char layer can protect the polymer from oxygen 

and heat, hinder the transfer of heat and release of flammable products, thereby achieving the safety of fire.[46] 

Therefore, it can be speculated that the addition of BP and BP@MF are beneficial to promote the formation of 

carbon layer, and thus improving the flame retardancy of the composite. 
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Fig. 10 SEM image of char residues: (a) pure EP; (b) EP/BP 1.2 nanocomposites; (c) EP/BP@MF 1.2 

nanocomposites; Raman spectra of char residues: (d) pure EP; (e) EP/BP 1.2 nanocomposites; (f) EP/BP@MF 1.2 

nanocomposites.

The carbonization degree is an effective evaluation index for combustion products, the degree of carbonization 

is higher, and it is more favorable to prevent the material burning. Raman spectroscopy is conducted to evaluate 

the ingredient and structure of char layer. The Raman spectra of EP and its nanocomposites is shown in Fig. 

10(d)-(f). Two representative peaks located at 1375 cm-1 and 1585 cm-1 are identified as D peak and G peak, 

respectively. In previous works, the statistical area ratio of D peak to G peak (ID/IG) can be utilized to measure 

the carbonization degree and a lower ID/IG value is meant to a higher graphitization degree. Obviously, the ID/IG 

value of neat EP is 5.12 (Fig. 10(d)), while the EP/BP 1.2 nanocomposite exhibits an ID/IG value of 3.96 (Fig. 

10(e)), the EP/BP@MF 1.2 nanocomposite reveals a lower ID/IG value of 3.43 (Fig. 10(f)), demonstrating the high 

carbonization can be obtained with the introduction of BP@MF into EP matrix, which is ascribed to the catalytic 

charring effect of MF functionalized BP in EP combustion.

The FT-IR spectra is also conducted to analyze the char residues of EP and EP/BP@MF nanocomposites. In 

Fig. 11(a), the peaks at 1600, 1510, 1440, 1240, 1127, 825 and 622 cm-1 are associated with carbonized aromatic 

structure, which can be discovered in EP and EP nanocomposites. Compared to pure EP, the char residues of 

EP/BP and EP/BP@MF nanocomposites show a weak peak at 1370 and 1171 cm-1, which are attributed to the 

stretching modes of P=O and P-O-P structures.[4] Besides, EP/BP@MF nanocomposites also exhibit an absorption 

peak at 827 cm-1, responding to the typical absorption of P-N bonds, demonstrating the formation of P-N bonds 

between BP and MF resin. The XRD patterns of the char layer for EP and its nanocomposites are shown in Fig. 

11(b). There appears a wide diffraction peak at 18.1°, with an inter-planar spacing of 0.4895 nm, demonstrating 
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the formation of expanded graphitized carbon compared to the inter-planar spacing of graphite. For EP/BP@MF 

1.2, there exists a wide peak at 20.2°, with an inter-planar spacing of 0.4380 nm, revealing the introduction of 

BP@MF is conducive to the formation of a dense char layer, the result is very consistent with the SEM of char 

layer in Fig. 10. Meanwhile there is no peak ascribed to BP, indicating the BP and BP@MF in EP matrix are fully 

degraded in the combustion process, the results can also be testified by the proposal mechanism in Fig. 12. XPS 

analysis can provide some detailed information about element composition and structure of the char residues. Fig. 

11(c) shows the XPS survey spectra of pure EP, EP/BP and EP/BP@MF nanocomposites, their surfaces all 

contain the elements of C, N and O, the P element only exists in the char residues of EP/BP 1.2 and EP/BP@MF 

1.2 nanocomposites, due to the formation of PxOy in the combustion of BP-containing polymer.[55] The XPS 

spectra in P2p region for EP/BP 1.2 and EP/BP@MF 1.2 nanocomposites are shown in Fig. 11(d) and (e). Fig. 

11(d) exhibits the P2p peaks for EP/BP 1.2 can be separated into two peaks at 134.0 eV and 135.5 eV, which is 

attributed to P-O and P2O5 bonds, respectively.[31] Fig. 11(e) shows the P2p peaks for EP/BP@MF 1.2 can be 

separated into three peaks at 133.0, 134.0 and 135.5 eV, which is assigned to P-N, P-O and P2O5 bonds, 

respectively, indicating the formation of PxOy and P-N bonds.[31] The same proof can be obtained from the N1s 

XPS spectra of EP/BP@MF 1.2 in Fig. 11(f), there are three peaks, which can be ascribed to N-H, C-N and P-N 

bonds, respectively. These results are fully consistent with the XPS spectra of BP@MF in Fig. 5(e) and (f), 

proving once again that BP has been successfully functionalized by MF resin.

Fig. 11 (a) FT-IR spectra and (b) XRD patterns for char residues of pure EP and its nanocomposites; (c) XPS 

survey spectra of the char residues for pure EP, EP/BP 1.2 and EP/BP@MF 1.2 nanocomposites; high-resolution 

P2p XPS spectra: (d) EP/BP 1.2; (e) EP/BP@MF 1.2; (f) high-resolution N1s XPS spectra of EP/BP@MF 1.2.



22

3.6 Flame Retardant Mechanism

Based on the above results and analysis for combustion behavior in EP/BP@MF 1.2 nanocomposites, a possible 

flame retardation mechanism is proposed in Fig. 12. The flame inhibition process can be divided into two main 

stages. In the first stage, when the temperature is lower than 400 °C, the melamine-formaldehyde resin is heated 

and sublimated to absorb heat, which will lower the temperature of the polymer matrix and delay the heat 

transfer.[56] Meanwhile, the edge of BP functionalized by the MF will form a phosphorus-nitrogen compound, 

which forms expanded char layers during thermal pyrolysis, acting as a thermal and oxygen barrier layer, 

indicating a condensed phase flame retardant mechanism. In the second stage, when the temperature is higher than 

400 °C, the BP which does not participate in the functionalization starts to thermally decompose. According to the 

previous reports,[30, 31] the decomposition of BP is very similar to that of red phosphorus. On the one hand, BP 

may form various active radicals (PO2•, PO•, and HPO•) during combustion, scavenging H• and OH• radicals to 

reduce the generation of flammable gases (Fig. 9) and acting as a vapor phase flame retardant mechanism.[57] On 

the one hand, BP is mainly oxidized into PxOy,[26, 28] the PxOy reacts with water formed by pyrolysis of polymers 

to produce various types of phosphoric acid derivatives. These phosphoric acid derivatives promote the formation 

of char layers (Fig. 7(a) and Fig. 10), produce more stable P=O and P-O-P structures (Fig. 11(a)), and isolate 

oxygen and heat transfer (The PHRR and THRR are decreased as shown in Fig. 8(a)), achieving the mechanism of 

condense phase flame retardant. 

Fig. 12 Illustration of flame retardant mechanism for BP@MF in EP matrix

4. Conclusion
In this work, few-layer BP nanosheets is exfoliated and then decorated by MF resin via surface 

functionalization. The results of calculations and experiments demonstrates that MF resin has been successful in 

adsorbing onto the BP surface. The surface decoration by forming the P-N bonds dramatically solves the 
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aggregation phenomenon and improves the dispersibility of BP in EP matrix. The resultant BP@MF is 

incorporated into EP to prepare EP/BP@MF nanocomposites. Addition of 1.2 wt% BP@MF into EP exhibits 

excellent thermal stability and mechanical properties. In addition, the PHRR and THRR values of EP/BP@MF 

nanocomposites are significantly decreased and its LOI value is dramatically improved. TG-FTIR analysis 

demonstrates that all the intensities of pyrolysis products are significantly inhibited with the introduction of 

BP@MF. Characterization of char residues indicates that BP@MF is beneficial to the formation of a dense char 

layer. A two-step flame retardant mechanism is proposed for the vapor and condensed phase products in 

combustion. A facile, low addition and economical method for superior flame retardancy and surface 

functionalization of BP nanosheets is accomplished in the study, and the functionalization strategy will promote 

the application of BP-polymer-based nanocomposites.
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 Significantly enhanced flame retardant efficiency was achieved.
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