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MA-functionalized black phosphorus (MA@BP) nanosheets. As confirmed by the first-25 

principles calculations, melamine can spontaneously adsorb onto the surface of BP 26 

nanosheets and enhance the interfacial interactions between BP nanosheets and 27 

thermoplastic polyurethane (TPU) matrix. Compared to pure BP nanosheets, MA@BP 28 

nanosheets present more efficient suppression effects in heat release and toxic CO 29 

production. Besides, due to the photo-thermal conversion effect of BP nanosheets, 30 

TPU-MA@BP-2.0 presents an equilibrium temperature of ~80 oC under simulated 31 

sunlight of 1.0 kW/m2 and a significant solar de-icing performance. The solve-free and 32 

hydrogen-bond assembly method not only solves the lack problem of functional groups 33 

for the functionalization of BP nanosheets, but also develops a flame-retardant and 34 

photo-thermal polymer nanocomposite applied in various occasions. 35 

 36 

Keywords: A. Multifunctional composites; A. Polymer-matrix composites (PMCs); B. 37 
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 39 

1. Introduction  40 

Polymer materials have become a huge consumable in society today and applied 41 

recently in wide fields, due to their high mechanical property, lightweight, and 42 

resistance to environment/acid/base. Among them, thermoplastic polyurethane is 43 

particularly popular as it can be used in coating, leather, binder, flexible tubes, and so 44 

on[1]. Recently, for safeguarding the durability of outdoor facilities, polyurethane resin 45 

is usually used as the coating material to enhance the resistance to environmental 46 

corrosion. However, outdoor facilities will frequently encounter fire and icing issues 47 

caused by inappropriate working conditions and terrible weather. For example, a large 48 

amount of ice will accumulate on the surface of the wind turbine blade located in high 49 

altitude area, significantly increasing the blade weight to cause the turbine overload. 50 

Meanwhile, the overload working condition easily leads to a fire accident. The same 51 

problem is also faced by the electrical cable, which will collapse under heavy snows 52 

and further give rise to a fire. Unfortunately, used as coating materials, thermoplastic 53 

polyurethane, mainly composed of carbon, oxygen, and nitrogen, is easy to be ignited 54 
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at high temperatures [2]. During the combustion, a lot of heat, toxic gas, and smoke 55 

particles will be released to threaten the security of lives and property of the people. 56 

Solutions to overcome the fire hazards have been found that include adding flame 57 

retardants or modifying the chain structure of TPU with flame-retardant elements or 58 

groups. Even though the flame-retardant modification of chain structure is highly 59 

efficient and has few side effects, this achievement usually involves the production craft 60 

of polymer resin which causes a huge increase in commercial cost. In addition, the 61 

direct application of PU-based materials as the coating materials of outdoor facilities 62 

does not solve the icing hazards[3].  63 

  As reported by previous literature, the incorporation of two-dimensional 64 

nanomaterials (e.g., graphene, MoS2, boron nitride, and so on) in polymer resin is a 65 

simple but highly efficient approach to improve the fire safety and other performances 66 

of polymer materials[4]. Due to the thermally stable layer structure, two-dimensional 67 

nanomaterials can present a barrier and labyrinth effect to suppress the delivery between 68 

heat and pyrolysis products, during polymer combustion. For example, Huang et al. 69 

prepared P/N-containing graphene-based nano flame retardants, with a simple two-step 70 

method[5]. The peak heat release rate and peak smoke production rate of the 71 

acrylonitrile-butadiene-styrene copolymer are respectively reduced by 51% and 60% 72 

with the incorporation of 1.0 wt% graphene-based nano flame retardants. Due to its 73 

high electrical conductivity, graphene is not applicable to electronic packaging 74 

materials[6]. Therefore, researchers have started to focus on the alternative of graphene 75 

nanosheets, including MoS2 and boron nitride. In addition, the single function based on 76 

layer structure also limits the flame retardancy improvement of polymer materials.  77 

Recently, BP and MXene have emerged as the two most promising nano flame 78 

retardants, presenting their respective merits[7, 8]. With respect to MXene nanosheets, 79 

BP nanosheets with lower electrical conductivity are more applicable to electronic 80 

packaging materials[9]. In addition, the full P element characteristic imparts BP 81 

nanosheets with extremely excellent flame retardancy. As reported by Hu et al., the 82 

addition of pure BP nanosheets in unsaturated polyester leads to a reduction of 42.7% 83 

and 21.0% in PHRR and THR[10]. A similar suppression effect of pure BP nanosheets 84 
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in the fire hazards of TPU materials is also reported[11]. However, even though BP 85 

nanosheets have both layer structure and flame retardant elements, the single 86 

phosphorus element does not present synergistic flame retardancy[12]. Meanwhile, the 87 

lack of functional groups in the pure BP nanosheets also limits the further modification 88 

of BP nanosheets.  89 

Due to its high nitrogen content, melamine has been also used as an environmentally 90 

friendly flame retardant [13]. After being protonated by hydrochloric acid or acetic acid, 91 

positively charged melamine is usually employed to react with phytic acid and 92 

phosphoric acid to synthesize P/N-containing flame retardants[13, 14]. It is an 93 

interesting phenomenon that melamine is hard to dissolve in a water solution, even with 94 

a lot of amino groups[15]. It is because the hydrogen-bond interaction is preferred 95 

among melamine molecules, rather than between melamine and water. In nature, 96 

biological protein materials feature multiscale hierarchical structures composed 97 

primarily of hierarchical assemblies of hydrogen bonds (Figure 1a)[16, 17]. A 98 

representative example is spider silk, which has highly well-organized and hydrogen-99 

bond assembled β-sheet nano-crystals that can significantly enhance the comprehensive 100 

mechanical[18]. Therefore, it is speculated that independent melamine at the molecule 101 

level can be assembled into an ordered nanostructure with hydrogen-bond 102 

interaction[19, 20].  103 

Herein, inspired by the hierarchical structure within biological protein composed of 104 

hydrogen-bond interaction, we develop an environmentally friendly approach to 105 

prepare melamine-functionalized BP nanosheets that are used as a P/N-containing nano 106 

flame retardant (Figure 1b). By adjusting the temperature of the aqueous solution, the 107 

hydrogen-bond interaction among melamine molecules is first unfolded and destroyed 108 

at high temperatures. Then, BP nanosheets are used as rigid templates and melamine 109 

molecules are assembled again with hydrogen-bond interaction, during the cooling 110 

process. In addition to water, there are no solvents. Meanwhile, this method does not 111 

need to introduce other functional groups onto the surface of BP nanosheets. Obviously, 112 

the overall functionalization process is simple and environmentally friendly. In addition, 113 

melamine-functionalized BP nanosheets present a synergistic flame retardancy effect 114 
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in improving the fire safety of polymer resin. 115 

 116 

2. Experimental part 117 

2.1 Materials 118 

Thermoplastic polyurethane (67E85) was supplied by Bangtai Materials Co., Ltd. 119 

(China). Melamine (AP) and N,N-dimethylformamide (DMF) were purchased from 120 

Sinopharm Chemical Co. Ltd. (China). The bulk black phosphorus is prepared, 121 

according to our previous literature[21]. These reagents are used directly, without any 122 

purification. 123 

2.2 Preparation of MA@BP nanosheets  124 

Bulk BP crystal of 2.0g was firstly ground into powder and then added to 1000 mL 125 

DMF with sonication of 2h. The exfoliated BP nanosheets were collected by 126 

centrifugation at 1200 rpm for 10 min. 1.0g melamine was added to 100 mL water at 127 

100 oC. Until the melamine was completely dissolved, 1.0g BP nanosheets re-dispersed 128 

in water were slowly added to the melamine solution at 100 oC. After the addition of 129 

BP nanosheets solution, the mixed system was slowly cooled to room temperature. 130 

Finally, the products were collected by vacuum filtration and freeze-dried. 131 

2.3 Preparation of TPU-MA@BP composite       132 

Before processing, TPU was dried in an oven at 100 oC for 24 h to remove water. TPU-133 

based composites were prepared by solvent blending and co-coagulation. Typically, 0.5 134 

g MA@BP was dispersed in 100 mL DMF with sonication for 1 h. Subsequently, 49.5 135 

g TPU dissolved in DMF was introduced into MA@BP dispersion and stirred for 2 h. 136 

Finally, the above solution was poured into 1 L of deionized water with a slight stirring. 137 

The flocculate obtained was collected through vacuum filtration and dried in a 100 oC 138 

oven for 12 h to remove solvent. The sample was hot-pressed at 180 oC and 10 MPa for 139 

10 min into sheets with the appropriate size. Other samples were prepared with the same 140 

procedure. 141 

2.4 Measurements and Characterization 142 

X-ray diffraction (XRD) patterns were obtained with a Japan Rigaku D/Max-Ra 143 

rotating anode X-ray diffractometer equipped with a CuKα tube and Ni filter (λ = 144 
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0.1542 nm). The structure and features of the char residue were observed with an XL-145 

30 ESEM scanning electron microscope (SEM) at an acceleration voltage of 20.0 kV. 146 

Transmission electron microscopy (TEM) was used to observe the nanostructure 147 

morphology with a JEOL JEM-2100F transmission electron microscope at an 148 

accelerating voltage of 200 kV. Thermogravimetric analysis (TGA) was executed with 149 

a TGA Q5000 IR thermogravimetric analyzer (TA Instruments, U.S.) at a heating rate 150 

of 20 oC/min. Thermogravimetric analysis-infrared spectrometry (TG-IR) was 151 

investigated with a TGA Q5000IR thermogravimetric analyzer linked to a Nicolet 6700 152 

FTIR spectrophotometer from 20 to 700 oC at 10 oC/min (N2 atmosphere, flow rate of 153 

30 mL/min). A combustion test was carried out on a cone calorimeter (Fire Testing 154 

Technology, UK) according to ISO 5660 standard procedures, with 100 × 100 × 3 mm3 155 

specimens. Each specimen was exposed horizontally to a 35 kW/m2 external heat flux. 156 

X-ray photoelectron spectroscopy (XPS) was performed to characterize the element of 157 

graphene with a VG ESCALB MK-II electron spectrometer. The excitation source was 158 

an Al Kα line at 1486.6 eV.  159 

2.5 Photo-thermal conversion and de-icing test 160 

The photo-thermal conversion effect was analyzed by an IR camera (HIKMICRO E09), 161 

a thermoelectric couple, and a Xe lamp (CELPE300L-3A). With simulated sunlight of 162 

1.0 kW/m2 provided by a Xe lamp, the surface temperature was recorded by the IR 163 

camera and thermoelectric couple. A homemade measurement system mainly 164 

consisting of cold hydrazine with a diameter of 35.0 cm and a height of 50.0 cm, a Xe 165 

lamp (CELPE300L-3A), an IR camera (HIKMICRO E09), and a digital camera 166 

(FDRAX700 4K) was used to conduct the solar de-icing experiments. A water drop was 167 

frozen onto the surface of pure TPU and its composites. After being radiated by 168 

simulated solar light of 1.0 kW/m2, the melt and slide behavior of ice pellets located on 169 

the surface of pure TPU and its composites were recorded to evaluate the solar de-icing 170 

performance. The humidity of the anti-icing test ranged from 70% to 80%. Meanwhile, 171 

the test pressure is 101.325 kPa, i.e., standard atmospheric pressure. 172 

 173 

3. Results and Discussion 174 
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3.1 Adsorption Energy Calculation 175 

During the cooling process, melamine molecules will be precipitated spontaneously and 176 

may form a hydrogen-bond crosslinking product. Using BP nanosheets as a template, 177 

the self-assembly behavior driven by the hydrogen bond probably happens on the 178 

surface of BP nanosheets. Meanwhile, the existence of melamine will enhance the 179 

interfacial interaction between BP nanosheets and TPU matrix. For demonstrating the 180 

feasibility, the adsorption energy of the different systems will be calculated by density 181 

functional theory (DFT) based on the first principles. The adsorption energy is 182 

calculated by the following equation (1, 2, and 3): 183 

Eads(MA@BP)=E(MA@BP)-EMA-EBP             (1) 184 

Eads(TPU/BP)=E(TPU/BP)-ETPU-EBP              (2) 185 

Eads(TPU/MA@BP)=E(TPU/MA@BP)-ETPU-EMA@BP    (3) 186 

where Eads(MA@BP), Eads(TPU/BP) and Eads(TPU/MA@BP) are the adsorption energy of MA@BP, 187 

TPU/BP, and TPU/MA@BP systems, respectively. Meanwhile, E(TPU/MA@BP), E(TPU/BP), 188 

E(MA@BP), EMA, and EBP are the corresponding energy. To decrease the computational 189 

effort, simplified model structures with the most stable configuration were employed 190 

(Figure 1c). The energy of TPU/MA@BP, TPU/BP, MA@BP, BP, TPU, and MA are -191 

8371.07, -7924.30, -7274.15, -6827.41, -1096.88, and -446.56 hartree, respectively. 192 

Based on formulas 1, 2, and 3, the Eads(MA@BP), Eads(TPU/BP) and Eads(TPU/MA@BP) are -0.184, 193 

-0.010, and -0.204 hartree (Figure 1c). Meanwhile, 1 hartree is equal to 27.211 eV. 194 

Therefore, the Eads(MA@BP), Eads(TPU/BP) and Eads(TPU/MA@BP) are -5.007, -0.272, and -5.551 195 

eV. The adsorption energy of up to -5.007 eV indicates that the self-assembly process 196 

of melamine will most likely happen on the surface of BP nanosheets. Compared to the 197 

TPU/BP system, the absolute value of adsorption energy of TPU/MA@BP system is 198 

increased to 5.551 eV from 5.007 eV. In other words, the introduction of melamine is 199 

able to enhance the interfacial interaction between BP nanosheets and TPU matrix. 200 
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 201 

Figure 1 (a) Schematic for the hydrogen-bond interactions within the spider silk; (b) 202 

Schematic for the preparation of MA@BP nanosheets; (c) The calculation result of 203 

adsorption energy. 204 

 205 

3.2. Characteristic of MA@BP nanosheets  206 

By the deposition of melamine, the surface morphology of BP nanosheets will be 207 

obviously changed. Based on the SEM photograph, the microstructure of BP nanosheets 208 

and MA@BP nanosheets are directly observed (Figure 2). It is found that the surface 209 

of pure BP nanosheets is extremely smooth, only with a slightly folded structure (Figure 210 

2a1). Few protuberances or rough morphology are observed. This phenomenon 211 

indicates that pure BP nanosheets prepared by the sonication in liquid can keep their 212 

well crystal structure[22]. After being modified by melamine, the surface of MA@BP 213 

nanosheets starts to become rough and presents a wave-like structure, which can be 214 

attributed to the modification of melamine (Figure 2a2). The bending and non-straight 215 

layer edges demonstrate that the layer and crystal structure of BP nanosheets are 216 
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destroyed in a certain degree. As presented in previous literature, BP nanosheets will 217 

be degraded easily by the water/oxygen-containing environment[23]. Therefore, the 218 

functionalization process inevitably destroys the crystal structure of BP nanosheets. The 219 

surface morphology of MA@BP nanosheets is further investigated by TEM 220 

photographs. The rough features are uniformly dispersed onto the surface of MA@BP 221 

nanosheets, without an ordered structure, indicating amorphous crystal phases (Figures 222 

2b1 and 2b2). The uniform dispersion indicates that there is not special site for the 223 

interactions between melamine and BP nanosheets. The self-assembly process of 224 

melamine randomly happens on the surface of BP nanosheets used as rigid templates. 225 

The element dispersion and ratio of MA@BP nanosheets are also revealed by SEM-226 

EDS Mapping (Figures 2c, S1, S2, and Table S1). In the SEM EDS spectrum, C, O, N, 227 

and P are successfully detected (Figure S1). Obviously, the distribution of P element is 228 

completely same as the profile of MA@BP nanosheets (Figure 2c). Compared to the 229 

clear comparison of P element, the edge of C and N elements between MA@BP and 230 

substance is vaguer (Figures 2c and S2). This phenomenon is attributed to the wide 231 

existence of C and N elements in the environment. Fortunately, blank areas of C and N 232 

elements are still presented between MA@BP and substance, especially for N element. 233 

This result strongly confirms the uniform deposition of melamine onto the surface of 234 

MA@BP nanosheets, attributed to the biomimetic self-assembly process. In fact, the 235 

mass ratio of C, N, and O provided by the SEM-EDS cannot be used to quantitatively 236 

compare the modification amount of melamine. However, the phosphorus content of up 237 

to 71.5 wt% indicates that the main composition of MA@BP nanosheets is still BP 238 

nanosheets (Table S1).  239 
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 240 

Figure 2 SEM photographs of pure BP (a1) and MA@BP nanosheets (a2); (b1 and b2) 241 

TEM photographs of MA@BP nanosheets in different resolutions; (c) SEM Mapping 242 

spectra of phosphorus and nitrogen elements of MA@BP nanosheets;  243 

Due to the modification of melamine, the chemical bond and composition of 244 

functionalized BP nanosheets have been significantly changed compared with pure BP. 245 

FTIR spectrum can present corresponding details for the change of chemical bonds with 246 

the characteristic response (Figure 3a). It is found that pure BP shows characteristic 247 

peaks of P=O and PO3
4- near 1175 cm-1 and 1021 cm-1[24]. Obviously, even with the 248 

smooth surface and straight edge, few oxygen-containing bonds still exist in pure BP 249 

nanosheets. The FTIR spectrum of melamine is also studied. The characteristic peaks 250 

located in 3467, 3421, 1437, and 812 cm-1 are due to the stretch vibration of -NH2. In 251 

addition, the vibration of C=N and C-H bonds correspond to characteristic peaks of 252 

1553 and 3130 cm-1[25]. Other characteristic peaks, such as N-N and N=N are shown 253 

in 3337 cm-1 and 1653 cm-1. It is found that MA@BP nanosheets present the same 254 

characteristic peaks as melamine, without the demonstration of P=O and PO4
3- bonds. 255 

This result is due to the overlap of characteristic peaks of melamine over the BP 256 

nanosheets. The Raman spectra of pure BP and MA@BP in the 200-700 cm-1 are 257 

presented in Figure 3b. Three characteristic peaks near 362, 437, and 467 cm-1 are 258 

corresponding to out-of-plane (Ag
1) and in-plane phonon modes (Ag

2 and B2g), 259 

respectively[26]. In detail, the characteristic peaks of Ag
1, Ag

2, and B2g modes of pure 260 
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BP nanosheets are located in 362.2, 437.8, and 466.3 cm-1, while corresponding peaks 261 

in MA@BP nanosheets are in 361.4, 437.7, 466.1 cm-1. Compared to pure BP 262 

nanosheets, Ag
1, Ag

2, and B2g modes in MA@BP nanosheets move to the lower 263 

wavenumber, implying the potential interaction between melamine and BP 264 

nanosheets[27]. 265 

 266 

Figure 3 FTIR (a), Raman (b), XRD (c), and XPS (d) spectra of pure BP and MA@BP 267 

nanosheets; high-resolution XPS spectra of P in pure BP (e) and MA@BP (f) 268 

nanosheets. 269 

XRD spectrum is also performed to investigate the crystalline phase of pure BP and 270 

MA@BP nanosheets (Figure 3c). Presented by XRD curve of pure BP, high-intensity 271 

diffraction peaks at 16.9, 34.4, and 52.7 are corresponding to the (020), (040), and (060) 272 

planes of BP crystal[28]. Meanwhile, low diffraction peaks attributed to the (021), (041), 273 

and (132) planes are also presented. It is found that, after being modified by melamine, 274 

MA@BP still presents obvious diffraction peaks which are at same position with pure 275 

BP nanosheets. Other new peaks are attributed to melamine, as shown by the XRD 276 

curves of MA and MA@BP nanosheets[29]. The diffraction peaks originating from 277 

melamine indicate that an ordered structure is formed during the hydrogen-bond self-278 

assembly process. XPS analysis is carried out to give a more precise element content 279 

(Figure 3d). It is found that pure BP nanosheets present an extremely high intensity in 280 

P element. Therefore, the appearance of high-intensity oxygen and carbon peaks in 281 
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MA@BP nanosheets is attributed to the modification of melamine. The mass 282 

percentages of O, P, N, and C elements in MA@BP nanosheets are 15.9 wt%, 19.8 wt%, 283 

38.2 wt%, 26.2 wt%. The investigation depth of XPS analysis is usually lower than 10 284 

nm. Therefore, in view of the structure of MA@BP nanosheets, the N content is 285 

overestimated. The high-resolution XPS spectrum of P 2p of pure BP and MA@BP 286 

nanosheets is also compared to reveal the oxidation degree (Figures 3e and 3f). Three 287 

characteristic peaks at 130.40 131.25, and 134.45 eV correspond to P 2p3/2, P 2p1/2, and 288 

oxidized P[30]. The ratio value of peak area in high-resolution P 2p XPS spectrum was 289 

used to investigate the oxidation degree. The area ratios of P 2p3/2, P 2p1/2, and oxidized 290 

P are 60.2%, 33.0%, and 6.8%, respectively. After being functionalized by melamine, 291 

the corresponding ratio value changed to 47.9%, 22.1%, and 30.0%. This higher ratio 292 

for oxidized P means more defect structure. Therefore, based on the above analyses, 293 

two conclusions can be obtained: (1) the gradual cooling process from 100 oC will 294 

inevitably destroy the crystal structure of BP nanosheets; (2) melamine molecules will 295 

form an ordered structure with hydrogen-bond interactions onto the surface of BP 296 

nanosheets.    297 

 298 

3.2 Thermal stability of TPU-MA@BP composites 299 

As presented in Figure 4, the TGA curves of pure TPU and TPU/BP composites are also 300 

investigated, in a nitrogen atmosphere. It is found that TPU and its composites present 301 

a two-step thermal pyrolysis process (Figure 4a). The first and second stages correspond 302 

to the degradation in the main chain and pyrolysis of polyols and isocyanates[31]. The 303 

addition of pure BP and MA@BP nanosheets will decrease the initial pyrolysis 304 

temperature corresponding to a weight loss of 5 wt% (T5wt%). As shown in Figure 4b 305 

and Table 1, compared to T5wt% in pure TPU (304.2 oC), the slight increase (308.6 oC) 306 

in TPU-MA@BP-0.5 may be due to a reasonable error. With the increasing addition of 307 

MA@BP nanosheets, the T5wt% of TPU-MA@BP-1.0, TPU-MA@BP-1.5, and TPU-308 

MA@BP-2.0 composites gradually decrease to 296.0 oC, 291.0 oC, and 290.6 oC. 309 

Meanwhile, incorporated 2.0wt% BP nanosheets lead to 292.6 oC for T5.0wt% for 310 

TPU-BP-2.0. This decreased phenomenon in T5wt% is also reported in previous literature. 311 
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However, based on our previous research works, the thermal degradation temperature 312 

in BP nanosheets is obviously higher than 350 oC, whether in air or nitrogen 313 

atmosphere[11]. Therefore, the decreased T5wt% is not caused by the pyrolysis of BP 314 

nanosheets. As demonstrated in the XPS test, there are a lot of phosphoric groups in BP 315 

nanosheets. In other words, it is the existence of phosphoric groups which decrease the 316 

initial thermal pyrolysis temperature.  317 

As presented in Figure 4c, the incorporated BP and MA@BP nanosheets contributed 318 

to the formation of char residue at 800 oC. For example, the addition of 0.5wt% 319 

MA@BP nanosheets increases the char residue at 800 oC of TPU resin to 6.81 wt% 320 

from 4.71 wt%, obviously higher than the additional amount. A gradual increase trend 321 

in the char residue at 800 oC is demonstrated in TPU-MA@BP-0.5, TPU-MA@BP-1.0, 322 

and TPU-MA@BP-1.5. However, with 2.0wt% MA@BP nanosheets, the char residue 323 

at 800 oC in TPU-MA@BP-2.0 (8.83 wt%) is less than those of TPU-MA@BP-1.5 324 

(9.56wt%) and TPU-BP-2.0 (9.46wt%). DTG curves are analyzed to reveal the mass 325 

loss rate in the thermal pyrolysis process (Figure 4d). As demonstrated by Figure 4e, 326 

the peaks corresponding to the first-step thermal pyrolysis are obviously advanced, 327 

from 350.5 oC (pure TPU) to 311.9 oC (TPU-MA@BP-2.0). This result is consistent 328 

with the phenomenon of T5.0wt%. Due to the influences of pure BP and MA@BP 329 

nanosheets in T5wt%, a regular trend is not found in the mass loss rate of the first-step 330 

pyrolysis (MLRmax,1). However, MLRmax,2 with stronger regularity is presented in 331 

Figure 4f. In addition to TPU-MA@BP-0.5, the MLRmax,2 of TPU-MA@BP-1.0, TPU-332 

MA@BP-1.5, and TPU-MA@BP-2.0 are decreased to 0.0666 %/oC, 0.564 %/oC, and 333 

0.353%/oC, compared with pure TPU. Based on the above analyses, it is concluded that 334 

the addition of pure BP and MA@BP nanosheets will decrease the initial pyrolysis 335 

temperature, attributed to the existence of a phosphoric group. Meanwhile, pure BP and 336 

MA@BP nanosheets can increase the formation of char residue at 800 oC, contributing 337 

to the condensed flame retardant mechanism. Besides, the mass loss rate in the second 338 

step will be effectively suppressed by the incorporated pure BP and MA@BP 339 

nanosheets. 340 
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 341 

Figure 4 TGA (a, b, and c) and DTG (d, e, f) curves of pure TPU and its nanocomposites 342 

under nitrogen atmosphere.  343 

Table 1 TGA data of pure TPU and its composites 344 

 T5wt% (oC) MLRmax,1 
(%/oC) 

MLRmax,2 
(%/oC) 

Char residue at 
800 oC (wt%) 

Pure TPU 304.2 0.0397 0.0817 4.71 
TPU-MA@BP-0.5 308.6 0.0371 0.0516 6.81 
TPU-MA@BP-1.0 296.0 0.0533 0.0666 8.34 
TPU-MA@BP-1.5 291.0 0.0581 0.0564 9.56 
TPU-MA@BP-2.0 290.6 0.0296 0.0353 8.83 
TPU-BP-2.0 292.6 0.0501 0.0583 9.46 
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3.3 Fire safety of TPU-MA@BP composites 345 

At present, the cone calorimeter test is regarded as an effective tool for evaluating the 346 

fire hazards of polymer composites, in terms of heat release and smoke production[32]. 347 

In Figure 5a, the heat release rate versus the time of pure TPU and its composites is 348 

recorded during the combustion. It is observed that pure TPU presents a two-step heat 349 

release process, turning at ~100s. This phenomenon is similar to the TGA curves, and 350 

may be due to the pyrolysis process of the main chain and pyrolysis of polyols and 351 

isocyanates. It is found that the addition of pure BP and MA@BP nanosheets will 352 

change and advance the turning point (signed by red frame), also corresponding to the 353 

first-step thermal pyrolysis of TGA results. The detailed data of peak values of heat 354 

release rate (PHRR), total heat release (THR), smoke production rate (SPR), and total 355 

smoke release (TSR) are presented in Table 2. Compared to the high PHRR value of 356 

pure TPU (982.1 kW/m2), incorporated 0.5 wt%, 1.0 wt%, 1.5 wt%, and 2.0 wt% 357 

MA@BP nanosheets decrease the PHRR values to 836.0 kW/m2, 800.5 kW/m2, 683.5 358 

kW/m2, and 660.6 kW/m2, respectively. The reduction of up to 32.7% in PHRR of TPU-359 

MA@BP-2.0 confirms the enhancement of fire safety. The incorporation of 2.0 wt% 360 

pure BP also leads to a PHRR of 703.0 kW/m2 in TPU-BP-2.0, higher than that of TPU-361 

MA@BP-2.0. This result indicates that MA@BP nanosheets are more efficient than 362 

pure BP nanosheets in fire safety improvement. Meanwhile, THR values of pure TPU, 363 

TPU-MA@BP-0.5, TPU-MA@BP-1.0, TPU-MA@BP-1.5, and TPU-MA@BP-2.0 are 364 

61.4 MJ/m2, 59.4 MJ/m2, 50.0 MJ/m2, 48.7 MJ/m2, and 47.4 MJ/m2 (Figure 5b). At the 365 

same addition amount, 2.0wt% BP nanosheets only decrease the THR of TPU 366 

composite to 50.0 MJ/m2. According to a previous research work, TPU added with 2.0 367 

wt% graphene decorated with bromine and nano-Sb2O3 showed a reduction of 8% in 368 

THR[33]; in another study reported by our group, TPU incorporated with 2.0 wt% 369 

flame retardant functionalized graphene had a THR of lower than 19%[34]. However, 370 

in this work, THR of TPU-MA@BP-2.0 is decreased by 22.8%. Such reductions in 371 

PHRR and THR together confirm the suppression of MA@BP nanosheets in the heat 372 

release behavior of TPU composites. 373 
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 374 

Figure 5 HRR (a), THR (b), SPR (c) and TSR (d) curves of pure TPU and its 375 

composites 376 

Table 2 cone calorimeter data of of pure TPU and its composites 377 

 PHRR 
(kW/m2) 

THR 
(MJ/m2) 

SPR  
(m2/s) 

TSR 
(m2/m2) 

Char 
residue 
(wt%) 

Pure TPU 982.1 61.4 0.230 1.030 2.77 
TPU-MA@BP-
0.5 

836.0 59.4 0.216 1.056 5.38 

TPU-MA@BP-
1.0 

800.5 50.0 0.134 0.971 5.15 

TPU-MA@BP-
1.5 

683.5 48.7 0.135 1.019 6.76 

TPU-MA@BP-
2.0 

660.6 47.4 0.074 0.760 9.28 

TPU-BP-2.0 703.0 50.0 0.103 0.662 10.93 

 378 

  The smoke production process is also detected by an infrared laser sensor. An 379 

extremely pointed peak is presented in the SPR curve of pure TPU, demonstrating a 380 
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drastic and rapid formation of smoke particles (Figure 5c). The addition of pure BP 381 

nanosheets effectively decreases the SPR of TPU composite, from 0.230 m/s2 (pure 382 

TPU) to 0.103 m/s2. As reported in our previous literature, pure BP nanosheets will 383 

significantly promote smoke formation during combustion[35]. The obvious distinction 384 

may be due to the different char-forming abilities of polyester and polyether TPU. In 385 

addition, 2.0wt% MA@BP nanosheets present a more significant suppression effect, 386 

with an SPR of 0.074 m2/s, corresponding to a reduction of 67.8%. Even though the 387 

lowest decrease in SPR is presented in TPU-MA@BP-2.0, pure BP nanosheets impart 388 

the largest reduction in TSR values. It is found that the TSR of TPU-BP-2.0 is low to 389 

0.662 m2/m2, presenting a decrease of up to 35.7% compared with pure TPU (Figure 390 

5d and Table 2). These results demonstrate that pure BP nanosheets are more efficient 391 

than MA@BP nanosheets, in the ultimate formation of smoke particles. It may be due 392 

to the pyrolysis products of BP nanosheets, including metaphosphoric acid and 393 

phosphorus-containing radicals, which can react with polymer resin to form a protective 394 

char layer, thus decreasing the total amount of smoke particles[36]. Obviously, the 395 

existence of melamine reduces the corresponding ratio of BP nanosheets in MA@BP 396 

nanosheets. Besides, attributed to the melamine, MA@BP nanosheets will delay the 397 

production rate of smoke particles. 398 

  In addition to combustion heat and smoke particles, CO and CO2 release behaviors 399 

are also recorded (Figure 6). Compared to TPU-BP and TPU-MA@BP composites, 400 

pure TPU has an extremely high release rate of CO near 0.196 mg/m2, demonstrating a 401 

huge gas toxicity (Figure 6a). The addition of pure BP and MA@BP nanosheets all 402 

decrease the CO release rate. 2.0wt% pure BP decreases the CO release rate of TPU 403 

resin to 0.099 mg/m2 from 0.196 mg/m2, with a reduction of 50.5%. Besides, the release 404 

rates of CO gas are gradually decreased to 0.139 mg/m2, 0.118 mg/m2, and 0.070 mg/m2, 405 

with the addition of 0.5wt%, 1.0wt%, and 1.5wt% MA@BP, respectively. It is found 406 

that the release peaks are gradually lower and thus the release peak in TPU-MA@BP-407 

2.0 is disappeared. As a result, the total CO release of TPU-MA@BP-2.0 is significantly 408 

decreased to 2.40 (mg/m3)*s from 10.12 (mg/m3)*s (pure TPU), corresponding to a 409 

reduction of 76.3% (Figure 6c). The CO2 is the main product of TPU combustion and 410 
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its release behavior is similar to combustion heat. In comparison with the release rate 411 

of pure TPU (0.711%), the incorporation of 2.0wt% pure BP (~0.535%) and MA@BP 412 

nanosheets (~0.527%) leads to very approximate CO2 release rates in TPU composites 413 

(Figure 6b). However, pure BP nanosheets promote the release of CO2 in the second 414 

step and more CO2 is released during TPU-BP-2.0 combustion. As a result, the total 415 

CO2 release of TPU-MA@BP-2.0 is 35.3 %*s, much lower than 45.6 %*s (pure TPU) 416 

and 39.5 %*s (TPU-BP-2.0) (Figure 6d). 417 

Based on this atomic (carbon) conservation law, we reasonably put forward a formula  418 

Ctotal =CCO2+CCO+Cchar+Csmoke     (4) 419 

where Ctotal is the total carbon content in TPU composite, CCO2, CCO, Cchar, and Csmoke 420 

are the corresponding carbon content in CO2, CO, char residue, and smoke. It is found 421 

that MA@BP nanosheets are more efficient in reducing CO2 and CO, while pure BP 422 

nanosheets have a better suppression effect in smoke and char residue (Table 2). The 423 

heat release is tightly related to the CO2 and CO produced by TPU combustion. 424 

Therefore, it is logical that TPU-MA@BP-2.0 has a lower THR. We are very curious 425 

about the atomic (carbon) conservation during combustion. The decreases in CCO2, CCO, 426 

and Csmoke are not supported by the increase in Cchar (Table 2). The quantitative 427 

relationship needs a deeper investigation provided by a new device or technology. In 428 

addition, a conclusion can be drawn that MA@BP nanosheets can effectively decrease 429 

the release of heat, CO2, and toxic CO, while pure BP nanosheets are more efficient in 430 

suppressing the formation of smoke particles. In other words, MA@BP nanosheets 431 

present a comprehensive flame retardancy effect, compared with pure BP nanosheets. 432 
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 433 

Figure 6 Release rate (a and b) and total release (c and d) curves of CO and CO2 gases. 434 

 435 

3.4 Flame retardancy mechanism 436 

In order to reveal the flame retardancy mechanism of MA@BP nanosheets, the 437 

pyrolysis products of TPU composites in gaseous and condensed phases will be 438 

investigated. After being pyrolyzed under a nitrogen atmosphere, the pyrolysis products 439 

are investigated with FTIR spectrum, i.e., TG-FTIR test. The 3D time-wavenumber-440 

absorbance spectra of pure TPU and TPU-MA@BP-2.0 are presented in Figures 7a and 441 

7b. It is found that the characteristic peak near 1746 and 2360 cm-1 demonstrate an 442 

obvious difference in pure TPU and TPU-MA@BP-2.0, indicating the change in the 443 

thermal pyrolysis process[37]. The FTIR spectra of pure TPU and TPU-MA@BP-2.0 444 

are presented in Figure 7c1, obtained in the strongest signal location. As presented, the 445 

characteristic peaks in pyrolysis products of pure TPU and TPU-MA@BP-2.0 are 446 

coincident. This result illustrates that incorporated MA@BP nanosheets are not able to 447 

change the kind of pyrolysis products. Characteristic peaks near 2975, 2360, 1746, and 448 
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1146 cm-1 are assigned to hydrocarbons, CO2, carbonyl, and others [38]. After being 449 

divided by test mass, the signal intensity versus time curves of total and characteristic 450 

peaks are shown in Figures 7c2-c6. Unexpectedly, the signal intensity of total pyrolysis 451 

products is enhanced by the addition of MA@BP nanosheets. Meanwhile, it is found 452 

that incorporating MA@BP nanosheets will reduce the signal intensity of hydrocarbons, 453 

carbonyl, and ethers. However, the signal intensity of CO2 is increased, confirming that 454 

MA@BP nanosheets will promote the formation of CO2 gas. 455 

 456 

Figure 7 3D-diagram of TGA-IR spectra of pure TPU (a) and TPU-MA@BP-2.0 (b); 457 

(c1) FTIR spectra of pure TPU and TPU-MA@BP-2.0 at maximum intensity; (c2-c6) 458 

Absorption intensity of total and characteristic products of pure TPU and TPU-459 

MA@BP-2.0. 460 

  After the cone calorimeter test, char residues of pure TPU, TPU-MA@BP-2.0, and 461 

TPU-BP-2.0 present different physical morphology. Compared to the thin structure in 462 

the char residue of pure TPU, obviously more and thicker char residues are left in TPU-463 

MA@BP-2.0 and TPU-BP-2.0 (Figures 8a1, b1, and c1). Interestingly, a lot of holes are 464 

formed on the surface of the char layer of TPU-MA@BP-2.0. However, there are no 465 
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holes existed in TPU-BP-2.0. Meanwhile, some fissure, which may be due to the melt 466 

contraction of TPU resin, is produced. These holes contribute to the thermal pyrolysis 467 

of melamine. Compared to the dense structure of the char residue of pure TPU, micro-468 

voids and concave-down morphology presented in the char residue of TPU-MA@BP-469 

2.0 also indicate the distinguishing flame retardant mechanism. The graphitization 470 

degree of char residue from pure TPU, TPU-MA@BP-2.0, and TPU-BP-2.0 is studied 471 

by the Raman spectrum (Figures 8a2, 8b2, and 8c2). The characteristic peaks near 1360 472 

cm-1 and 1590 cm-1 are assigned to G-band and D-band, which are very sensitive to 473 

order structure, defects, and disorders[39]. The Raman intensity ratio of G-band to D-474 

band (IG/ID) is regarded as a critical parameter to determine the graphitization degree. 475 

The addition of MA@BP and pure BP nanosheets increases the IG/ID value to 0.333 and 476 

0.305 from 0.288 (pure TPU). The higher IG/ID indicates that char residue from TPU-477 

MA@BP-2.0 combustion has a higher graphitization degree with a thermally stable 478 

structure. Besides, the modification of melamine promotes the effect of BP nanosheets 479 

in the increase of graphitization degree. Based on the above results, a synergistic flame 480 

retardancy mechanism in the gaseous and condensed phases is put forward (Figure 8d). 481 

According to the decomposition temperature, melamine will be pyrolyzed into NH3 or 482 

nitrogen to decrease the combustible concentration in the gaseous phase. Then, 483 

phosphorus-containing acids and free radicals pyrolyzed from BP nanosheets will react 484 

with TPU resin and chain-growth free radicals, respectively, to form condensed char 485 

and quench the chain growth. 486 
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 487 

Figure 8 Digital photo and Raman spectra of pure TPU (a),TPU-MA@BP-2.0 (b), and 488 

TPU-BP-2.0 (c); (d) schematic for the flame retardancy mechanism of MA@BP 489 

nanosheets. 490 

 491 

3.5 Photo-thermal conversion performance  492 

As reported by previous literature, due to a bandgap structure of 0.3-2.0 eV, BP 493 

nanosheets have presented a well solar absorption and conversion capability[40]. 494 

Therefore, it is speculated that incorporated MA@BP nanosheets will impart TPU 495 

matrix with well photo-thermal conversion ability. Pure TPU has high absorption in UV 496 

region and high transmittance in the visible and NIR region (Figure 9a). Obviously, the 497 
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addition of MA@BP nanosheets increases the solar absorption to ~90%. Based on 498 

formula 5[41], 499 

𝑎𝑎 = ∫ 𝐼𝐼(𝜆𝜆)𝛼𝛼(𝜆𝜆)𝑑𝑑𝜆𝜆/∫ 𝐼𝐼(𝜆𝜆)𝑑𝑑𝜆𝜆𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚
𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚

𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚
𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚   (5) 500 

the overall solar absorption of TPU-MA@BP-2.0 can be calculated, where α is the solar 501 

absorptivity, I(λ) is solar intensity, λ is the wavelength (μm), λmin and λmax are 0.3 μm 502 

and 2.5 μm, respectively. It is found that the overall solar absorptivity of TPU-503 

MA@BP-2.0 composite is up to 91.0%. After being illuminated by 1.0 kW/m2 504 

simulated solar, the surface temperatures of pure TPU and TPU-MA@BP-2.0 is 505 

recorded by a thermocouple (Figure 9b). The surface equilibrium temperature in pure 506 

TPU is ~57.6 oC, attributed to the heating effect of NIR light. TPU-MA@BP-2.0 507 

presents a rapid temperature increase, achieving ~71 oC at 130s, and finally keeps at an 508 

equilibrium temperature of ~80 oC. Meanwhile, the average surface temperature of near 509 

79.1 oC confirms the high repeatability and robustness (Figure 9c). The thermal imaging 510 

is also provided with an infrared thermal imager. It is presented that the surface 511 

temperature is slowly increased in pure TPU and achieves 59.5 oC at 600s (Figures 9d1 512 

and S3a). The addition of MA@BP nanosheets effectively increases the heating rate 513 

and equilibrium temperature. TPU-MA@BP-2.0 achieved 64.2 oC at 60s and an 514 

equilibrium temperature of 92.0 oC (Figures 9d2 and S3b). It is found that the 515 

temperature difference existed between the thermocouple and infrared thermal imager, 516 

attributed to the different test methods. 517 
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 518 

Figure 9 Solar absorption curves (a) and temperature curves under simulated sunlight 519 

of 1.0 kW/m2 (b) of pure TPU and TPU-MA@BP-2.0; (c) The equilibrium temperature 520 

of TPU-MA@BP-2.0 in repeated 20 times; thermal imagery of pure TPU (d1) and TPU-521 

MA@BP-2.0 (d2) under simulated sunlight of 1.0 kW/m2; Thermal imagery of TPU-522 

MA@BP-2.0 (e1) under -20 oC and simulated sunlight of 1.0 kW/m2; (e2) Melting 523 

process of ice onto the surface of TPU-MA@BP-2.0 under -20 oC and simulated 524 

sunlight of 1.0 kW/m2. 525 

 526 

  Due to the desirable photo-thermal conversion effect, it is believed that TPU-527 

MA@BP-2.0 can absorb and convert solar energy into heat, even in cold environments. 528 

To demonstrate this anticipation, a home-made device is developed to simulate the cold 529 

environment (-20 oC). With simulated solar of 1.0 kW/m2, pure TPU still obtains a 530 

surface temperature of 9.2 oC (Figure S4a). Compared to pure TPU, TPU-MA@BP-2.0 531 

has a significant photo-thermal conversion effect. During 60s, the surface temperature 532 

of TPU-MA@BP-2.0 rapidly increases to 41.1 oC, from -20.1 oC (Figures 9e1 and S4b). 533 

Meanwhile, the equilibrium temperature is up to 49.5 oC. It is found that, during this 534 

illumination process, the environment temperature remains at -20 oC. These results 535 

indicate that TPU-MA@BP-2.0 can effectively convert solar energy to heat, even under 536 
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a cold environment of -20 oC. A simple test is performed to investigate the photo-537 

thermal conversion of TPU-MA@BP-2.0 in the de-icing performance (Figure 9e2 and 538 

S5). An irregular ice is frozen onto the surface of TPU-MA@BP-2.0, in an environment 539 

of -20 oC. With simulated sunlight of 1.0 kW/m2, TPU-MA@BP-2.0 produces a lot of 540 

heat to promote ice melting. Therefore, water flow can be observed at 90s and is 541 

gradually increased with increasing time. The ice-melting phenomenon confirms the 542 

huge potential of TPU-MA@BP-2.0 as a de-icing material.  543 

 544 

4. Conclusion  545 

Inspired by the microstructure in spider silk, the hydrogen bond interactions are 546 

employed to drive the self-assembly process of melamine onto the surface of BP 547 

nanosheets, thus preparing P/N-containing advance nano flame retardant, without the 548 

consumption of any organic solvent. The first-principles calculations confirm that 549 

melamine can spontaneously adsorb onto the surface of BP nanosheets and enhance the 550 

interfacial interactions between BP nanosheets and TPU resin. As confirmed by the 551 

TEM and SEM photographs, melamine is uniformly distributed onto the surface of BP 552 

nanosheets. Compared to pure BP nanosheets, MA@BP nanosheets present more 553 

efficient suppression effects in heat release and toxic CO production. The addition of 554 

2.0 wt% MA@BP nanosheets decreases PHRR and THR values to 660.6 kW/m2 and 555 

47.4 MJ/m2 from 982.1 kW/m2 and 61.4 MJ/m2 (pure TPU). Meanwhile, with the 556 

reduction of 76.3% in total release, the release peak of toxic CO is not presented. Based 557 

on the TG-IR spectrum and morphologies of char residue, a synergistic flame 558 

retardancy mechanism in the gaseous and condensed phase is put forward. BP 559 

nanosheets first react with TPU resin to form condensed char in the condensed phase 560 

and then melamine will be pyrolyzed into NH3 or nitrogen to decrease the combustible 561 

concentration in the gaseous phase. Besides, due to the photo-thermal conversion effect 562 

of BP nanosheets, TPU-MA@BP-2.0 presents an equilibrium temperature of ~80 oC 563 

under simulated sunlight of 1.0 kW/m2. Along with a high photo-thermal conversion 564 

performance in an environment of low temperature, the melting process is significantly 565 
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promoted by the solar harvest. The solve-free and hydrogen-bond assembly method 566 

overcomes the lack problem of functional groups onto the surface of BP nanosheets, 567 

thus providing a new approach to develop the flame retardancy effect of BP nanosheets. 568 
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