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Abstract

:

The usage of flame retardants in flammable polymers has been an effective way to protect both lives and material goods from accidental fires. Phosphorus flame retardants have the potential to be follow-on flame retardants after halogenated variants, because of their low toxicity, high efficiency and compatibility. Recently, the emerging allotrope of phosphorus, two-dimensional black phosphorus, as a flame retardant has been developed. To further understand its performance in flame-retardant efficiency among phosphorus flame retardants, in this work, we built model materials to compare the flame-retardant performances of few-layer black phosphorus, red phosphorus nanoparticles, and triphenyl phosphate as flame-retardant additives in cellulose and polyacrylonitrile. Aside from the superior flame retardancy in polyacrylonitrile, few-layer black phosphorus in cellulose showed the superior flame-retardant efficiency in self-extinguishing, ~1.8 and ~4.4 times that of red phosphorus nanoparticles and triphenyl phosphate with similar lateral size and mass load (2.5~4.8 wt%), respectively. The char layer in cellulose coated with the few-layer black phosphorus after combustion was more continuous and smoother than that with red phosphorus nanoparticles, triphenyl phosphate and blank, and the amount of residues of cellulose coated with the few-layer black phosphorus in thermogravimetric analysis were 10 wt%, 14 wt% and 14 wt% more than that with red phosphorus nanoparticles, triphenyl phosphate and blank, respectively. In addition, although exothermic reactions, the combustion enthalpy changes in the few-layer black phosphorus (−127.1 kJ mol−1) are one third of that of red phosphorus nanoparticles (−381.3 kJ mol−1). Based on a joint thermodynamic, spectroscopic, and microscopic analysis, the superior flame retardancy of the few-layer black phosphorus was attributed to superior combustion reaction suppression from the two-dimensional structure and thermal nature of the few-layer black phosphorus.






Keywords:


black phosphorus; flame retardant; two-dimensional material; polymer












1. Introduction


Unpredictable fires pose serious challenges as to how such fires can be avoided and controlled in the future. Different fire management techniques have been envisaged, of which using flame retardants has been proven to be effective [1,2,3,4]. Among the diverse flame retardants currently available, phosphorus flame retardants (P-FRs) have the potential to be follow-on flame retardants after halogenated variants, due to their environmentally-friendly nature, high efficiency, and huge abundancy [2,5,6]. P-FRs are already being widely used, consisting of up to a quarter of the worldwide market in flame retardants [3,7,8,9,10,11,12]. Thereinto, red phosphorus (RP) has been used as a commercial additive in flammable polymers, including polyurethane, epoxy resins, and so on [13,14], to suppress their flammability. In addition, various organophosphorus varieties, triphenyl phosphate (TPP), resorcinol bis (diphenyl phosphate), and so on, have also been used to improve the flame retardancy in electronic device packaging materials [12,15]. As is well-known, phosphorous acts as an efficient flame-retardant element to suppress combustion reactions, by both promoting the formation of char in condensed phase, which blocks the transfer of heat and flammable gases, and the release of radicals (e.g., HPO2·, PO2·, etc.) in the gas phase which, in turn, neutralizes the free radicals (e.g., H·, CO·, etc.) participating in the combustion reactions [1,2].



Black phosphorus (BP), an emerging allotrope of elemental phosphorus with a two-dimensional (2D) structure, was rediscovered in 2014, and has since become one of the most attractive 2D materials after graphene, and has shown great promise for high-performance electronic and optoelectronic devices, energy storage, and biomedicine applications [16,17,18,19,20,21,22,23,24,25]. Due to an ultimate phosphorus content (100 wt.%), and good intrinsic thermal stability [26], few-layer BP is expected as a follow-on high-efficiency flame retardant after RP and organophosphorus. Few-layer BP can be prepared by exfoliation from bulk BP (e.g., mechanical exfoliation, sonication, intercalation, etc.) and synthesis from precursors of phosphorus (e.g., solvothermal methods, phase transformation under high pressure, chemical vapor phase transfer, etc.) [27,28].



Recently, few-layer BP has shown potential application as a flame retardant, and it has enhanced the flame retardancy, and even the mechanical strength, of the polymer composites. Ren et al. firstly reported the enhanced flame retardancy of waterborne polyurethane via mixing 0.2 wt.% few-layer BP into it, with the limiting oxygen index increasing by 2.6%, and the heat flow and peak heat release rate deceasing 34.7% and 10.3%, respectively [29]. Then, the combination of few-layer BP with other polymers, including epoxy resins [30,31,32,33], polyvinyl alcohol [34], polyethylene terephthalate [35], and so on [36,37,38,39,40], to enhance flame retardancy, and even mechanical properties [34,37,38,40,41,42,43], have been reported. Considering the environmental degradation of the few-layer BP [44,45,46], a further surface chemical modification was adopted to increase the stability and compatibility of the few-layer BP in polymers of few-layer BP [30,31,32,34,36,38,40], based on a large specific surface area and surface lone pair electron of few-layer BP [26,47]. All these works make few-layer BP potentially attractive for flame-retardant applications. However, it is generally believed that the universal high flame retardancy of few-layer BP mainly stems from its phosphorus element nature, and the personalities in flame retardancy of the few-layer BP among P-FRs are not fully studied and understood.



Herein, we have compared the flame retardancy of the few-layer BP to two common commercial P-FRs, RP and TPP, via constructing model polymer composites and introducing a self-extinguishing time for quantitative evaluation. The self-extinguishing time of the cellulose coated with the few-layer BP was ~56% and ~22% of those coated with red phosphorus nanoparticle and TPP, respectively, and similar results were found in polyacrylonitrile fiber films. A joint thermodynamic, spectroscopic, and microscopic analysis of the model polymer composites showed that the superior flame-retardant efficiency of the few-layer BP was attributed to a fast formation of a uniform and thermostable char layer in the condensed phase from 2D phosphorus oxide catalysis, aside from the proper oxidation temperature and low combustion enthalpy change in the few-layer BP. Beside the previous works demonstrating the potential application of BP in flammable polymers, the systematic demonstration of comparative advantages of FLBP among P-FRs in this work will further boost both fundamental research and the future technological application of FLBP in flame retardants.



In this work, we first show the process of preparing model polymer composites, followed by the combustion results of the model polymer composites. Then, based on a joint analysis of the model polymer composites, we discuss the sources of the superior flame retardancy of FLBP. Finally, a schematic diagram was exhibited to illustrate the sources.




2. Result and Discussion


To understand the flame retardancy characters of the few-layer BP (FLBP) among P-FRs, different P-FRs, including FLBP, RP, and TPP, were loaded on the combustible polymers, and combustions of these polymer composites were further analyzed. We first chose the commercial paper (Section 3), which mainly consisted of cellulose and was a common source of fires, as the substrate to demonstrate the flame-retardant characters.



We prepared the FLBP dispersing in mixture solvents (water and alcohol (v:v = 3:1)) via a chemical vapor phase transfer method [44], followed by sonication exfoliation of bulk BP crystals (Section 3, Figure 1a) under the nitrogen environment (N2) to avoid BP’s degradation. A TEM (Figure 1b,c) and Raman analysis (Figure 1d) indicated that the prepared FLBP dispersed in mixture solvent with a high-quality crystal structure. With the analysis of TEM and AFM images (Figure 1e), the average thickness and lateral size of the prepared FLBP were confirmed as ~11.1 nm (Figure 1f) and ~293 nm (Figure 1g), respectively.



For comparison, RP and TPP were pre-treated. Red phosphorus nanoparticles (RPnp) with a similar lateral size to FLBP were prepared by ball milling commercial RP powders, followed by dispersion in a mixture solvent (Section 3, Figure S1), and the average lateral size of the obtained RPnp was ~204 nm (Figure S2A,B). Because TPP is soluble in the solvent, we analyzed the average lateral size of the re-precipitated TPP nanoparticles from TPP solution, which was about ~66 nm (Figure S2C). Then, the dispersions containing a certain amount of the three P-FRs were dropped on the well-cut commercial papers, followed by vacuum dry to obtain different P-FR coating paper composites (Section 3, Figure 1a and Figure S1), respectively. Additionally, the mass loadings of FLBP, RPnp, and TPP on papers (FLBP@paper, RPnp@paper, and TPP@paper) were 2.5 ± 0.7 wt%, 2.9 ± 0.6 wt%, and 4.8 ± 1.2 wt%, respectively, determined by weighing. A paper uncoated P-FRs (Paper) was wetted by the mixture solvents followed by vacuum dry to serve as the reference.



Then, the morphology and composition of the papers coated with different P-FRs were characterized. As shown in Figure 2a–d, FLBPs were uniformly distributed on the surface of paper, while RBnp on the surface of paper was partly agglomerated, due to less dispersion in solvents (Figure S3). The morphology of TPP@paper and paper was similar, indicating a uniform dispersion of TPP in cellulose. The crystal structures of the FLBP and RPnp on the papers were further confirmed by Raman spectra (Figure S4A,B). Additionally, a uniform distribution of TPP in the paper was confirmed by EDS mapping (Figure S4C).



Fourier transform infrared (FT-IR) spectra (Figure 2e) of FLBP@paper, RPnp@paper, and TPP@paper indicated that P-FRs were physically adsorbed with the papers, because there was no new absorption peak in the spectra compared to that of paper [48], except for two additional peaks (~1580–~1610 cm−1 and ~740–~800 cm−1) in the TPP@paper, attributed to C=C and P-O-C absorption in the TPP molecule [49].



Further, flame-retardant performances of the papers coated with different P-FRs were assessed in ignitability tests. They were exposed to a flame severally, the flame was removed once ignited, then the combustions of the papers were recorded. As shown in Figure 2f–i, combustions in FLBP@paper, RPnp@paper, and TPP@paper extinguished after ~1.1 s, ~2.9 s, and ~4.3 s, respectively, while paper was combusted unremittingly until full burnout. To quantitatively study the flame-retardant performance of these samples, the self-extinguishing times (SET), the combustion time divided by the corresponding mass of the whole composites [3,50], were calculated. As shown in Figure 2j, paper was highly flammable, with a SET of 349 ± 48 s g−1; for TPP@paper, the SET decreased a little, with the amplitude of reduction being less than 10%. The SETs values of FLBP@paper and RPnp@paper decreased to 71 ± 7 s g−1 (20% of paper’s SET) and 126 ± 16 s g−1 (36% of paper’s SET), respectively. The SET of FLBP@paper was the lowest, at a ~2.5 wt% loading of FLBP. This result showed that the flame-retardant efficiency of FLBP was the highest for cellulose among these P-FRs, as ~1.8 and ~4.4 times that of RPnp and TPP, respectively, based on comparisons in the self-extinguishing times.



For a further illustration of the advantages of flame retardancy of FLBP, we combined FLBP with polyacrylonitrile (PAN) fiber, accounting for about the fifth in the global fiber production, and widely applicating in ultra-filtration membranes, fibers for textiles, and manufacture of carbon fiber. One of the main characteristics of PAN is its high flammability [51]. Thereafter, FLBP was compounded into PAN fiber to improve the flame-retardant properties. The PAN fiber film combining FLBP (FLBP@PAN) was prepared by electrospinning (Figure S5, Section 3). From the morphology and composition characterization results of FLBP@PAN (Figure 3a,b), FLBP was monodispersed in the PAN fibers. In the subsequent ignitability tests (Figure 3c), the PAN fiber films’ combustion time shortened, and the combustion products increased, with the addition of FLBP. Further, quantitatively assessing the flame retardancy, the SET of FLBP@PAN decreased, with an increase in the weight percent of FLBP, and the SET value decreased to zero (unignitable) when the weight percent of FLBP was ~10 wt% (Figure 3d). When compared to RPnp@PAN (PAN fiber film combining RPnp) and TPP@PAN (PAN fiber film combining TPP), the flame-retardant performance of FLBP@PAN was also superior, about 3.9 and 2.9 times that of RPnp and TPP in similar phosphorus contents load, respectively (Figure 3e).



With the presentation of the above results, the superior flame retardancy of FLBP was shown in suppressing the combustion reaction of cellulose and PAN. In other flammable polymers, FLBP could also have a good flame-retardant effect, as shown in previous research [30,34,35,38,40]. To further reveal how FLBP obtains an edge, a joint thermal, spectroscopic, and microscopic analysis of the papers coated with different P-FRs, more suitable model polymer composites than PAN fiber film in uniformity, were performed.



The combustion products of the papers coated with different P-FRs were analyzed first. The surface morphology of ashes of the papers with different P-FRs were shown in Figure 4a–d. The fibrous units of the cellulose were partly reserved in the ashes of FLBP@paper (ash-FLBP@paper), RPnp@paper (ash-RPnp@paper), and TPP@paper (ash-TPP@paper), while they decomposed into loose blocks in the ash of the reference paper (ash-Paper) (Figure 4a–d). Notably, a continuous and smooth surface (Figure 4a) was formed on the ash-FLBP@paper, while the surfaces were coarse in ash-RPnp@paper and discontinuous in TPP@paper.



Raman and FTIR spectra of these ashes were analyzed to understand their composition. As shown in the Raman spectra (Figure 4e), the graphitic (G) band and defect (D) band of ashes appeared centered at ~1590 and ~1350 cm−1, respectively, indicating that the ashes were made predominantly of char, consistent with previous research [31,52]. With the addition of P-FRs, the position of the D band shifted to lower wavenumbers, probably due to phosphorus doping in the chars. Under the same measurement conditions, the intensities of the D and G peaks were highest in ash-FLBP@paper, followed by ash-RPnp@paper, ash-TPP@paper, and ash-paper, indicating that the char content of the ash-FLBP@paper was the highest. Additionally, the char in FLBP@paper should have less defects in structure and higher structural stability from the Raman spectra results of lowest ID/IG (inset in Figure 4e). [52,53,54] FT-IR spectra were investigated to further elucidate the structure of the chars. As shown in Figure 4f, it was confirmed that P-FRs were involved in the formation of chars, from the appearance of P-O-C vibration in ashes of the papers coated with P-FRs, consistent with results from Raman spectral analysis. The appearance of P-O and P=O in FTIR spectra should be attributed to the formation of phosphorus oxide resulting from oxidation of P-FRs during combustion. From these results, we deduced the formation of a more continuous, smooth, and higher quantity of the structural stable char layer in FLBP@paper during combustion.



To elucidate the flame-retardant interactions between paper and P-FRs during the combustion process, the behaviors under thermal stimuli of these P-FRs, and the papers coated with these P-FRs, were analyzed by thermal analysis technologies. As shown in Figure 5a,b, although the oxidation of FLBP in air was an exothermic reaction, compared to the endothermic volatilization of TPP, the combustion enthalpy of FLBP was two times lower than that of RPnp, and the temperature of the peak of combustion enthalpy was higher than that of RPnp and TPP, indicating a superior thermal stability of FLBP.



Thermal gravimetric analysis (TGA) curves of the papers coated with P-FRs in air and N2 atmosphere were shown in Figure 5c and Figure S6. When heated in air, two main decomposition processes were observed. The first weight loss at around ~230–~350 °C (the mauve area in Figure 5c) results from two competing pathways: (i) the depolymerization of the glycosyl units to volatiles (partly flammable); and (ii), the decomposition of the glycosyl units to thermostable aromatic char. The subsequent weight change at ~350–~470 °C (the blue area in Figure 5c) is due to the further oxidation of char [37,38]. When in N2 atmosphere (Figure S6), the temperature area of the first decomposition reaction became higher, and further oxidation of char did not occur. The TGA curves of different samples showed no obvious differences under N2, other than obvious differences in those under air atmosphere, indicating that the oxides from P-FRs’ oxidation were the main species that affected their thermal behaviors (Figure S7), mainly in the formation of char [57,58], probably due to the dehydration of phosphoric oxide. Therefore, the low volatile temperature of TPP was unfavorable for its effect in the high temperature decomposition of polymers.



During the first decomposition process in air, the weight loss rate of FLBP@paper was the fastest in the first half of the degradation step (Figure 5c and Figure S8), because the initial oxidation temperature of FLBP was lower (225 °C, Figure 5a) and the exothermic oxidation reaction accelerated the decomposition (Figure 5b). After the first decomposition step, FLBP@paper showed a lower weight-loss rate (~21 wt%, from ~62% to ~41%, Figure 5c) than that of RPnp@paper and TPP@paper, because of the earlier formation of char restraining the following decomposition. In the second decomposition step, the rate of weight loss of FLBP@paper was minimal (Figure 5c and Figure S8), which meant that the char formed in FLBP@paper was more thermostable, consistent with the earlier Raman analysis of ash-FLBP@paper. Until thermal decomposition in air to 600 °C, the final weight-loss rates were 67%, 77%, 81%, and 81% for FLBP@paper, RPnp@paper, TPP@paper, and paper, respectively. The thermal decomposition suppression results in thermal analysis experiments were consistent with the flame-retardant performance in ignitability tests before.



With the help of morphology, component, and thermal analysis, we observed that a more continuous and thermostable char formed in the paper coated with the more thermostable FLBP, which may be one of keys to its superior flame retardancy. Considering the complications in combustion reactions and flame retardants in polymers with different thermal properties, we draw a simplified picture to intuitively demonstrate the possible advantages of FLBP in structure from the perspective of condensed phase flame retardants and in thermal-property coupling, assuming P-FRs have a similar flame-retardant effect in the gas phase [1,2,30] (Figure 6). Notably, phosphorus in FLBP was a zero-valence state, meaning free radicals with more variable valence states (e.g., PO·, PO2·, PO3·, etc.) would probably be released in the gas phase to quench the combustion reactions, rather than that in high valence-state P-FRs [1,2].



As shown in Figure 6a, 2D FLBP could be uniformly oxidized on the surface of a flammable polymer to form a continuous layer of phosphorus oxide (POx), which catalyzed the fast formation of a continuous thermostable char during the decomposition of the polymer. The formed continuous char layer hindered the transmission of external heat to the interior flammable polymer, and the release of volatile fuel gases from the decomposition of flammable polymer. Thus, the combustion reaction cycle was interrupted, and the combustions were suppressed. While a continuous char layer was difficult to form quickly in the catalysis of zero-dimensional POx from the oxidation of zero-dimensional P-FRs particles, pyrocondensation, a continuous char layer was also difficult to form in a uniform distribution of organic P-FRs in flammable polymers.



From the point of view of thermal-property coupling (Figure 6b), most of the decomposition temperature ranges of different polymers were coupled with thermal stability of FLBP. Phosphorus oxides formed from FLBP could act on whole decomposition temperature ranges of these polymers to promote char formation. While the decomposition in some polymers (Cellulose, PAN, TPU, and PVA) started earlier than phosphorus oxides formed in RPnp, for TPP, it may have been volatilized before the decomposition of polymers began.




3. Materials and Methods


3.1. Preparation of the Bulk Black Phosphorus


Bulk BP was prepared through a low-pressure transport route. In detail, 500 mg of RP particle, 20 mg of Sn, and 10 mg of SnI4 were sealed in an evacuated quartzose ampoule. The sealed ampoule was transferred to a tube furnace and heated at 930 K for 3 h. Then, the temperature was dropped to 830 K in 15 h, followed by a natural cooling process to yield dark bulk BP. After purification, the product was stored in a glovebox for further research.




3.2. Preparation of the Few-Layer Black Phosphorus and Red Phosphorus Nanoparticles


FLBP was prepared by liquid exfoliation with the aid of sonication (Figure S1). In detail, the obtained bulk BP was ground and dispersed in a deoxygenated mixture solvent of water and ethanol (3:1, v:v), followed by a probe-sonic exfoliation (Scientz-IID; Ningbo Scientz Biotechnology Co., Ltd. Ningbo, China) for 3 h, at a power of 475 W. Then, the suspension was centrifuged at 6000 rpm for 10 min, and the supernatant containing FLBP was collected. FLBP powder was obtained by filtering the supernatant (filter paper pore size: 0.22 μm; diameter: 47 mm), and the residue was dried under vacuum. RPnp was prepared by ball milling the commercial RP powders in a planetary ball mill machine (PM 100, Retsch Shanghai, China). In detail, the RP powders were placed into a stainless steel ball mill capsule (100 mL) containing stainless steel balls, the capsule was sealed in a glovebox filled with Ar, then equipped on the planetary ball mill machine. The ball mill process was performed at ambient temperature for total 24 h, with a rotation speed of 200 rpm and a 30 min milling time with a 15 min interval. After the ball mill process, the capsule was cooled at room temperature, then the capsule lid was opened in the glovebox, and the RPnp was collected for further study.




3.3. Preparations of the Papers Coated with Different P-FRs


Papers coated with FLBP, RPnp, and TPP were fabricated by drop coating FLBP, RPnp, and TPP dispersions on commercial papers (thickness: ~100 μm. A4. TANGO Guangdong, China) (Figure S1). Taking FLBP@paper as an example, a certain amount of FLBP powder was added to the deoxygenated ethanol and water (3/1, v/v) mixture solvent, and the solution, after the ultrasonic procedure, was drop coated onto both sides of the paper, well-cut after drying in a vacuum oven at 45 °C overnight. To accelerate the evaporation of the solvent, the paper was placed on a hot plate of 80 °C and swept with nitrogen during the dropping process. After coating, the paper was placed in a vacuum oven at 45 °C overnight, and FLBP@paper was obtained. For the RPnp@paper and TPP@paper, the RPnp and TPP were dispersed and dissolved in the same deoxygenated mixture solvents, and the rest of the treatments were the same as with the FLBP@paper. The load of FLBP, RPnp, and TPP on papers were determined by weighing. In detail, we first recorded the mass of the printed paper after drying it in a vacuum oven at 45 °C overnight, then weighed the mass of the samples loaded with FLBP, RPnp, and TPP, then calculated the load. A blank paper (paper), after drop coating blank mixture solvent, was regarded as reference.




3.4. Preparations of the PAN Fiber Films with Different P-FRs


PAN fiber films loaded with FLBP, RPnp, and TPP were prepared by electrospinning (Figure S5). Take FLBP@PAN as an example, a certain amount of FLBP was dispersed in dimethyl formamide (DMF) by ultrasonic process, and stirred overnight, then PAN powder was added to the mixed solvent (8 wt%, PAN/DMF); after stirring overnight, a uniformly dispersed sample solution was obtained. Next, the solution was transferred to a syringe (5 mL), and the syringe was placed on an electrospinning machine; the parameters of the instrument were 20 KV (voltage), 15 cm (receive distance), and 0.1 mm min−1 (extrusion rate). The obtained fiber film was removed from the substrate (Al foil), followed by vacuum drying at 45 °C overnight, then the FLBP@PAN was obtained. For the RPnp@PAN and TPP@PAN, the RP nanoparticles and TPP powders were dispersed in DMF, and the rest of the process was the same as FLBP@PAN fibers. A blank PAN fiber film, with no addition of P-FRs, was regarded as reference.




3.5. Characterizations


Scanning electron microscopy (SEM) was performed on JSM-2100F (JEOL Ltd. Beijing, China) and the Raman spectra were acquired with a Renishaw inVia with a 532 nm laser excitation. The TEM was performed on JEM-ARM200F (JEOL Ltd. Beijing, China) at an accelerating voltage of 200 kV. The atomic force microscopy (AFM) measurements were carried out on an XE7 scanning probe microscope (Park, Korea). Thermal gravimetric analysis (TGA) was carried out on a Q600 SDT instrument (New Castle, TA, USA). Fourier transform infrared spectroscopy (FT-IR) was acquired with a Bruker Tensor 27.





4. Conclusions


We demonstrated the superior flame-retardant performance of FLBP among P-FRs in cellulose and PAN. More thermostable FLBPs with a 2D structure nature catalyzed the fast formation of continuous and thermostable char layers on the interface of flammable polymers, which suppressed heat and flammable gas transmission during the combustion, to quickly extinguish the flame. The flame retardancy in self-extinguishing of FLBP was found to be ~1.8 and ~4.4 times that of RPnp and TPP in cellulose, respectively, and a more continuous and smoother char layer and larger amount of char were formed after combustion in cellulose coated with FLBP than that coated with RPnp, TPP, and the blank. In addition, the combustion enthalpy changes in FLBP (−127.1 kJ mol−1) are one third of that of RPnp (−381.3 kJ mol−1) in exothermic combustion reactions. Although further research into FLBP (e.g., compatibility, stability, gas-phase flame retardant, smoke-suppression performance, and cheap preparations of FLBP, etc.) is needed, the demonstration of the comparative advantages in flame retardancy of FLBP may further boost both fundamental research and the future technological application of FLBP-base flame retardants.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules28135062/s1, further details of the preparation, TEM and SEM measurements, Raman spectroscopy measurements, and TGA results. Figure S1: The schematic of preparation of different P-FRs and the papers with different P-FRs; Figure S2: (A) The distribution of lateral size of RPnp from analysis of TEM images. Inset in (A) is the lower magnification TEM image of RPnp. (B) Raman spectrum of the RPnp. The Raman peaks between 200 and 500 cm−1 were characteristic peaks of RP. (C) The distribution of lateral size of re-precipitated TPP nanoparticles from analysis of TEM images. Inset in (C) is the lower magnification TEM image of re-precipitated TPP nanoparticles; Figure S3: The photo of FLBP and RPnp dispersing in n-hexane (A), water (B) and DMF (C) after two hours of sonication with a same concentration (0.5 mg mL−1). N-hexane (relative polarity: 0.09), water (relative polarity: 1) and DMF (relative polarity: 0.386) were dispersants; Figure S4: (A) Ra-man spectrum of FLBP@paper. (B) Raman spectrum of RPnp@paper. (C) Energy-dispersive X-ray spectroscopy (EDS) mapping of TPP@paper; Figure S5: (A) Schematic diagram of FLBP@PAN fab-rication. (B) SEM image of FLBP@PAN. (C) Raman spectrum of FLBP@PAN, acquired from the area of bright spots in (B); Figure S6: TGA curves of the papers coated with different P-FRs under N2. The weights at 105 °C were normalized to avoid the disturbance from absorbed water, and the main decomposition process was marked with mauve. The weight loss rate of TPP@paper around 180 °C attributed to volatilization of TPP was noted; Figure S7: (A) TGA curves of FLBP@paper in air or N2. (B) SEM image of FLBP@paper after TGA test in air. The fibrous units of cellulose were partly re-served. (C) SEM image of FLBP@paper after TGA test in N2. The fibrous units of cellulose were destroyed. Indicating phosphorus oxide was the catalyst for char formation; Figure S8: DTG curves of the papers with different P-FRs under air. The peak of weight loss of FLBP@paper was at ~300 °C, and the weight-loss rate of FLBP@paper was lower than that of the others during 350~470 °C; Figure S9. TGA curve of PAN fibers in air; Table S1. BP-base flame retardants in flamable polymers.





Author Contributions


Resources, H.X., S.X., A.H., J.L. and J.K.; Writing—original draft, T.Z.; Writing—review & editing, T.Z., J.H., Q.H., H.L. and H.J.; Supervision, H.J.; Project administration, T.Z.; Funding acquisition, T.Z. and H.J. All authors have read and agreed to the published version of the manuscript.




Funding


We appreciate funding support from the National Natural Science Foundation of China (51672262, 21373197, 21573204, 21421063), the MOST (2016YFA0200602), Strategic Priority Research Program of CAS (XDB01020300), 100 Talents Program of the Chinese Academy of Sciences, National Program for Support of Top-notch Young Professional, and Fundamental Research Funds for the Central Universities (WK3430000003), iChEM, and by USTCSCC, SCCAS, Tianjin, and Shanghai Supercomputer Centers, and Postdoctoral Research Foundation of China (2020M672774).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is available in the manuscript or the Supplementary Materials.




Acknowledgments


We thank Jing Li from Beihang University for helpful discussions, and thank Yanwei Ding and Yuxia Bai at University of Science and Technology of China for their help on the thermal analysis measurement.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the compounds are available from the authors.




References


	



Liu, B.-W.; Zhao, H.-B.; Wang, Y.-Z. Advanced Flame-Retardant Methods for Polymeric Materials. Adv. Mater. 2022, 34, 2107905. [Google Scholar] [CrossRef] [PubMed]

	



Velencoso, M.M.; Battig, A.; Markwart, J.C.; Schartel, B.; Wurm, F.R. Molecular Firefighting-How Modern Phosphorus Chemistry Can Help Solve the Challenge of Flame Retardancy. Angew. Chem. Int. Ed. 2018, 57, 10450–10467. [Google Scholar] [CrossRef] [PubMed]

	



Liu, K.; Liu, W.; Qiu, Y.; Kong, B.; Sun, Y.; Chen, Z.; Zhuo, D.; Lin, D.; Cui, Y. Electrospun core-shell microfiber separator with thermal-triggered flame-retardant properties for lithium-ion batteries. Sci. Adv. 2017, 3, e1601978. [Google Scholar] [CrossRef] [PubMed]

	



Hu, C.; Xue, J.; Dong, L.; Jiang, Y.; Wang, X.; Qu, L.; Dai, L. Scalable Preparation of Multifunctional Fire-Retardant Ultralight Graphene Foams. ACS Nano 2016, 10, 1325–1332. [Google Scholar] [CrossRef]

	



Xia, D.; Shen, Z.; Huang, G.; Wang, W.; Yu, J.C.; Wong, P.K. Red Phosphorus: An Earth-Abundant Elemental Photocatalyst for “Green” Bacterial Inactivation under Visible Light. Environ. Sci. Technol. 2015, 49, 6264–6273. [Google Scholar] [CrossRef]

	



Some, S.; Shackery, I.; Kim, S.J.; Jun, S.C. Phosphorus-Doped Graphene Oxide Layer as a Highly Efficient Flame Retardant. Chem. A Eur. J. 2015, 21, 15480–15485. [Google Scholar] [CrossRef]

	



Savas, L.A.; Deniz, T.K.; Tayfun, U.; Dogan, M. Effect of microcapsulated red phosphorus on flame retardant, thermal and mechanical properties of thermoplastic polyurethane composites filled with huntite&hydromagnesite mineral. Polym. Degrad. Stab. 2017, 135, 121–129. [Google Scholar]

	



Kim, M.-J.; Jeon, I.-Y.; Seo, J.-M.; Dai, L.; Baek, J.-B. Graphene phosphonic acid as an efficient flame retardant. ACS Nano 2014, 8, 2820–2825. [Google Scholar] [CrossRef]

	



Schartel, B.; Kunze, R.; Neubert, D. Red phosphorus–controlled decomposition for fire retardant PA 66. J. Appl. Polym. Sci. 2002, 83, 2060–2071. [Google Scholar] [CrossRef]

	



Zhang, W.; Barrio, J.; Gervais, C.; Kocjan, A.; Yu, A.; Wang, X.; Shalom, M. Synthesis of Carbon-Nitrogen-Phosphorous Materials with an Unprecedented High Amount of Phosphorous toward an Efficient Fire-Retardant Material. Angew. Chem. Int. Ed. 2018, 57, 9764–9769. [Google Scholar] [CrossRef]

	



Nguyen, T.-M.D.; Chang, S.; Condon, B.; Uchimiya, M.; Graves, E.; Smith, J.; Easson, M.; Wakelyn, P. Synthesis and characterization of a novel phosphorus–nitrogen-containing flame retardant and its application for textile. Polym. Adv. Technol. 2012, 23, 1036–1044. [Google Scholar] [CrossRef]

	



Wang, J.; Ma, C.; Wang, P.; Qiu, S.; Cai, W.; Hu, Y. Ultra-low phosphorus loading to achieve the superior flame retardancy of epoxy resin. Polym. Degrad. Stab. 2018, 149, 119–128. [Google Scholar] [CrossRef]

	



Ji, W.; Yao, Y.; Guo, J.; Fei, B.; Gu, X.; Li, H.; Sun, J.; Zhang, S. Toward an understanding of how red phosphorus and expandable graphite enhance the fire resistance of expandable polystyrene foams. J. Appl. Polym. Sci. 2020, 137, 49045. [Google Scholar] [CrossRef]

	



Dogan, M.; Murat Unlu, S. Flame retardant effect of boron compounds on red phosphorus containing epoxy resins. Polym. Degrad. Stab. 2014, 99, 12–17. [Google Scholar] [CrossRef]

	



Pecht, M.; Deng, Y. Electronic device encapsulation using red phosphorus flame retardants. Microelectron. Reliab. 2006, 46, 53–62. [Google Scholar] [CrossRef]

	



Bridgman, P.W. Two New Modifications of Phosphorus. J. Am. Chem. Soc. 1914, 36, 1344–1363. [Google Scholar] [CrossRef]

	



Li, L.; Yu, Y.; Ye, G.J.; Ge, Q.; Ou, X.; Wu, H.; Feng, D.; Chen, X.H.; Zhang, Y. Black phosphorus field-effect transistors. Nat. Nanotechnol. 2014, 9, 372–377. [Google Scholar] [CrossRef]

	



Zeng, L.; Zhang, X.; Liu, Y.; Yang, X.; Wang, J.; Liu, Q.; Luo, Q.; Jing, C.; Yu, X.-F.; Qu, G.; et al. Surface and interface control of black phosphorus. Chem 2022, 8, 632–662. [Google Scholar] [CrossRef]

	



Zhang, Y.; Ma, C.; Xie, J.; Ågren, H.; Zhang, H. Black Phosphorus/Polymers: Status and Challenges. Adv. Mater. 2021, 33, 2100113. [Google Scholar] [CrossRef]

	



Zhang, X.; Donskyi, I.; Tang, W.; Deng, S.; Liu, D.; Zhang, S.; Zhao, Q.; Xing, B. Biological Effects of Black Phosphorus Nanomaterials on Mammalian Cells and Animals. Angew. Chem. Int. Ed. 2023, 62, e202213336. [Google Scholar] [CrossRef]

	



Jin, H.; Xin, S.; Chuang, C.; Li, W.; Wang, H.; Zhu, J.; Xie, H.; Zhang, T.; Wan, Y.; Qi, Z.; et al. Black phosphorus composites with engineered interfaces for high-rate high-capacity lithium storage. Science 2020, 370, 192–197. [Google Scholar] [CrossRef] [PubMed]

	



Viscardi, L.; Intonti, K.; Kumar, A.; Faella, E.; Pelella, A.; Giubileo, F.; Sleziona, S.; Kharsah, O.; Schleberger, M.; Di Bartolomeo, A. Black Phosphorus Nanosheets in Field Effect Transistors with Ni and NiCr Contacts. Phys. Status Solidi B 2023, 2200537. [Google Scholar] [CrossRef]

	



Telesio, F.; le Gal, G.; Serrano-Ruiz, M.; Prescimone, F.; Toffanin, S.; Peruzzini, M.; Heun, S. Ohmic contact engineering in few–layer black phosphorus: Approaching the quantum limit. Nanotechnology 2020, 31, 334002. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, A.; Faella, E.; Durante, O.; Giubileo, F.; Pelella, A.; Viscardi, L.; Intonti, K.; Sleziona, S.; Schleberger, M.; Di Bartolomeo, A. Optoelectronic memory in 2D MoS2 field effect transistor. J. Phys. Chem. Solids 2023, 179, 111406. [Google Scholar] [CrossRef]

	



Kumar, A.; Viscardi, L.; Faella, E.; Giubileo, F.; Intonti, K.; Pelella, A.; Sleziona, S.; Kharsah, O.; Schleberger, M.; Di Bartolomeo, A. Black phosphorus unipolar transistor, memory, and photodetector. J. Mater. Sci. 2023, 58, 2689–2699. [Google Scholar] [CrossRef]

	



Ling, X.; Wang, H.; Huang, S.; Xia, F.; Dresselhaus, M.S. The renaissance of black phosphorus. Proc. Natl. Acad. Sci. USA 2015, 112, 4523–4530. [Google Scholar] [CrossRef]

	



Dinh, K.N.; Zhang, Y.; Sun, W. The synthesis of black phosphorus: From zero- to three-dimensional nanostructures. J. Phys. Energy 2021, 3, 032007. [Google Scholar] [CrossRef]

	



Chaudhary, V.; Neugebauer, P.; Mounkachi, O.; Lahbabi, S.; El Fatimy, A. Phosphorene—An emerging two-dimensional material: Recent advances in synthesis, functionalization, and applications. 2d Mater. 2022, 9, 032001. [Google Scholar] [CrossRef]

	



Ren, X.; Mei, Y.; Lian, P.; Xie, D.; Yang, Y.; Wang, Y.; Wang, Z. A Novel Application of Phosphorene as a Flame Retardant. Polymers 2018, 10, 227. [Google Scholar] [CrossRef]

	



Qiu, S.; Zhou, Y.; Zhou, X.; Zhang, T.; Wang, C.; Yuen, R.K.K.; Hu, W.; Hu, Y. Air-Stable Polyphosphazene-Functionalized Few-Layer Black Phosphorene for Flame Retardancy of Epoxy Resins. Small 2019, 15, 1805175. [Google Scholar] [CrossRef]

	



Qu, Z.; Wu, K.; Jiao, E.; Chen, W.; Hu, Z.; Xu, C.; Shi, J.; Wang, S.; Tan, Z. Surface functionalization of few-layer black phosphorene and its flame retardancy in epoxy resin. Chem. Eng. J. 2020, 382, 122991. [Google Scholar] [CrossRef]

	



Zou, B.; Qiu, S.; Ren, X.; Zhou, Y.; Zhou, F.; Xu, Z.; Zhao, Z.; Song, L.; Hu, Y.; Gong, X. Combination of black phosphorus nanosheets and MCNTs via phosphoruscarbon bonds for reducing the flammability of air stable epoxy resin nanocomposites. J. Hazard. Mater. 2020, 383, 121069. [Google Scholar] [CrossRef] [PubMed]

	



Duan, Z.; Wang, Y.; Bian, S.; Liu, D.; Zhang, Y.; Zhang, X.; He, R.; Wang, J.; Qu, G.; Chu, P.K.; et al. Size-dependent flame retardancy of black phosphorus nanosheets. Nanoscale 2022, 14, 2599–2604. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, S.; Zhou, Y.; Ren, X.; Zou, B.; Guo, W.; Song, L.; Hu, Y. Construction of hierarchical functionalized black phosphorus with polydopamine: A novel strategy for enhancing flame retardancy and mechanical properties of polyvinyl alcohol. Chem. Eng. J. 2020, 402, 126212. [Google Scholar] [CrossRef]

	



Xiao, Y.; Li, J.; Wu, J.; Song, L.; Han, Y.; Wang, Z.; Yu, Q. Glass fiber reinforced PET modified by few-layer black phosphorus. Polym. Adv. Technol. 2021, 32, 3515–3522. [Google Scholar] [CrossRef]

	



Qiu, S.; Zou, B.; Sheng, H.; Guo, W.; Wang, J.; Zhao, Y.; Wang, W.; Yuen, R.K.K.; Kan, Y.; Hu, Y. Electrochemically Exfoliated Functionalized Black Phosphorene and Its Polyurethane Acrylate Nanocomposites: Synthesis and Applications. ACS Appl. Mater. Interfaces 2019, 11, 13652–13664. [Google Scholar] [CrossRef]

	



Ren, X.; Mei, Y.; Lian, P.; Xie, D.; Deng, W.; Wen, Y.; Luo, Y. Fabrication and Application of Black Phosphorene/Graphene Composite Material as a Flame Retardant. Polymers 2019, 11, 193. [Google Scholar] [CrossRef]

	



Cai, W.; Cai, T.; He, L.; Chu, F.; Mu, X.; Han, L.; Hu, Y.; Wang, B.; Hu, W. Natural antioxidant functionalization for fabricating ambient-stable black phosphorus nanosheets toward enhancing flame retardancy and toxic gases suppression of polyurethane. J. Hazard. Mater. 2020, 387, 121971. [Google Scholar] [CrossRef]

	



Yin, S.; Ren, X.; Lian, P.; Zhu, Y.; Mei, Y. Synergistic Effects of Black Phosphorus/Boron Nitride Nanosheets on Enhancing the Flame-Retardant Properties of Waterborne Polyurethane and Its Flame-Retardant Mechanism. Polymers 2020, 12, 1487. [Google Scholar] [CrossRef]

	



Zhou, Y.; Huang, J.; Wang, J.; Chu, F.; Xu, Z.; Hu, W.; Hu, Y. Rationally designed functionalized black phosphorus nanosheets as new fire hazard suppression material for polylactic acid. Polym. Degrad. Stab. 2020, 178, 109194. [Google Scholar] [CrossRef]

	



Cai, W.; Hu, Y.; Pan, Y.; Zhou, X.; Chu, F.; Han, L.; Mu, X.; Zhuang, Z.; Wang, X.; Xing, W. Self-assembly followed by radical polymerization of ionic liquid for interfacial engineering of black phosphorus nanosheets: Enhancing flame retardancy, toxic gas suppression and mechanical performance of polyurethane. J. Colloid Interface Sci. 2020, 561, 32–45. [Google Scholar] [CrossRef]

	



Du, X.; Qiu, J.; Deng, S.; Du, Z.; Cheng, X.; Wang, H. Flame-retardant and form-stable phase change composites based on black phosphorus nanosheets/cellulose nanofiber aerogels with extremely high energy storage density and superior solar-thermal conversion efficiency. J. Mater. Chem. A 2020, 8, 14126–14134. [Google Scholar] [CrossRef]

	



Qu, Z.; Wu, K.; Xu, C.-a.; Li, Y.; Jiao, E.; Chen, B.; Meng, H.; Cui, X.; Wang, K.; Shi, J. Facile Construction of a Flexible Film with Ultrahigh Thermal Conductivity and Excellent Flame Retardancy for a Smart Fire Alarm. Chem. Mater. 2021, 33, 3228–3240. [Google Scholar] [CrossRef]

	



Zhang, T.; Wan, Y.; Xie, H.; Mu, Y.; Du, P.; Wang, D.; Wu, X.; Ji, H.; Wan, L. Degradation Chemistry and Stabilization of Exfoliated Few-Layer Black Phosphorus in Water. J. Am. Chem. Soc. 2018, 140, 7561–7567. [Google Scholar] [CrossRef]

	



Zhou, Q.; Chen, Q.; Tong, Y.; Wang, J. Light-Induced Ambient Degradation of Few-Layer Black Phosphorus: Mechanism and Protection. Angew. Chem. Int. Ed. 2016, 55, 11437–11441. [Google Scholar] [CrossRef] [PubMed]

	



Favron, A.; Gaufrès, E.; Fossard, F.; Phaneuf-L’Heureux, A.-L.; Tang, N.Y.W.; Lévesque, P.L.; Loiseau, A.; Leonelli, R.; Francoeur, S.; Martel, R. Photooxidation and quantum confinement effects in exfoliated black phosphorus. Nat. Mater. 2015, 14, 826–832. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Chen, K.; Li, X.; Xu, Q.; Weng, J.; Xu, J. Electron Matters: Recent Advances in Passivation and Applications of Black Phosphorus. Adv. Mater. 2021, 33, 2005924. [Google Scholar] [CrossRef]

	



Zhu, X.; Zhang, T.; Jiang, D.; Duan, H.; Sun, Z.; Zhang, M.; Jin, H.; Guan, R.; Liu, Y.; Chen, M.; et al. Stabilizing black phosphorus nanosheets via edge-selective bonding of sacrificial C60 molecules. Nat. Commun. 2018, 9, 4177. [Google Scholar] [CrossRef]

	



Okram, G.S.; Singh, J.; Kaurav, N.; Lalla, N.P. Trioctylphosphine as self-assembly inducer. Faraday Discuss. 2015, 181, 211–223. [Google Scholar] [CrossRef]

	



Wang, J.; Yamada, Y.; Sodeyama, K.; Watanabe, E.; Takada, K.; Tateyama, Y.; Yamada, A. Fire-extinguishing organic electrolytes for safe batterie. Nat. Energy 2018, 3, 22–29. [Google Scholar] [CrossRef]

	



Aizenshtein, E.M. Global Output of Chemical Fibres in 2014. Fibre Chem. 2016, 48, 90–93. [Google Scholar] [CrossRef]

	



Smith, M.W.; Dallmeyer, I.; Johnson, T.J.; Brauer, C.S.; McEwen, J.-S.; Espinal, J.F.; Garcia-Perez, M. Structural analysis of char by Raman spectroscopy: Improving band assignments through computational calculations from first principles. Carbon 2016, 100, 678–692. [Google Scholar] [CrossRef]

	



Cançado, L.G.; Takai, K.; Enoki, T.; Endo, M.; Kim, Y.A.; Mizusaki, H.; Jorio, A.; Coelho, L.N.; Magalhães-Paniago, R.; Pimenta, M.A. General equation for the determination of the crystallite size La of nanographite by Raman spectroscopy. Appl. Phys. Lett. 2006, 88, 163106. [Google Scholar] [CrossRef]

	



Bernard, S.; Beyssac, O.; Benzerara, K.; Findling, N.; Tzvetkov, G.; Brown, G.E. XANES, Raman and XRD study of anthracene-based cokes and saccharose-based chars submitted to high-temperature pyrolysis. Carbon 2010, 48, 2506–2516. [Google Scholar] [CrossRef]

	



Gómez-Pérez, J.; Barna, B.; Tóth, I.Y.; Kónya, Z.; Kukovecz, Á. Quantitative Tracking of the Oxidation of Black Phosphorus in the Few-Layer Regime. ACS Omega 2018, 3, 12482–12488. [Google Scholar] [CrossRef]

	



Gibertini, E.; Carosio, F.; Aykanat, K.; Accogli, A.; Panzeri, G.; Magagnin, L. Silica-encapsulated red phosphorus for flame retardant treatment on textile. Surf. Interfaces 2021, 25, 101252. [Google Scholar] [CrossRef]

	



Arseneau, D.F. Competitive Reactions in the Thermal Decomposition of Cellulose. Can. J. Chem. 1971, 49, 632–638. [Google Scholar] [CrossRef]

	



Soares, S.; Camino, G.; Levchik, S.V. Comparative study of the thermal decomposition of pure cellulose and pulp paper. Polym. Degrad. Stab. 1995, 49, 275–283. [Google Scholar] [CrossRef]








[image: Molecules 28 05062 g001 550] 





Figure 1. Preparation and characteristics of the few-layer BP. (a) The schematic of preparation of FLBP and the papers with FLBP. (b) A TEM image of the few-layer BP. (c) Atomic resolution dark field TEM image of the few-layer BP, showing the crystal structure of the few-layer BP. (d) A Raman spectrum of the few-layer BP. Ag1, B2g, and Ag1 are corresponding characteristic lattice vibration modes of BP. (e) An AFM image of the few-layer BP. (f) The distribution of the thickness of the few-layer BP, from analysis of the AFM images. The average thickness was ~11.1 nm. Inset: a BP flake with a thickness of 10.1 nm. (g) The distribution of the lateral size of the few-layer BP, from analysis of the TEM. The average lateral size was ~293 nm. Inset in (f): the lower magnification TEM image of the few-layer BP. 
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Figure 2. Flame-retardant performances of the papers coated with different P-FRs. SEM images of FLBP@paper (a), RPnp@paper (b), TPP@paper (c) and paper (d). (e) Fourier transform infrared spectra of FLBP@paper, RPnp@paper, TPP@paper and paper. The absorption features at ~1590 and ~800 − ~740 cm−1, assigned to C=C and P-O-C absorptions in TPP, were zoomed in the inset. Ignitability tests of FLBP@paper (f), RPnp@paper (g), TPP@paper (h), and paper (i). The flames were extinguished in ~1.1 s (f), ~2.9 s (g), ~4.3 s (h), and ~4.7 s (i), respectively. Note: the paper (i) burned out completely before it was extinguished. (j) SET values of FLBP@paper, RPnp@paper, TPP@paper, and paper. Note: the unit of SET is second per gram. 
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Figure 3. Flame-retardant performances of the PAN fibers film combining FLBP. (a) A SEM image of FLBP@PAN. The bright sheets were FLBP. (b) STEM-EDS elemental mappings of a fiber in FLBP@PAN. FLBP in the fiber. (c) Ignitability tests of the FLBP@PAN (up) and blank PAN fiber films. Combustion times shortened and products (marked by yellow) increased in FLBP. (d) The SET values of FLBP@PAN with different addition contents of FLBP. (e) The SET values of FLBP@PAN, RPnp@PAN, TPP@PAN, and blank PAN fiber film. The phosphorus contents in FLBP@PAN, RPnp@PAN, and TPP@PAN were similar, ~8 wt.%. 
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Figure 4. Morphology and component analysis of the combustion products of the papers with different P-FRs. SEM images of ashes of FLBP@paper (ash-FLBP@paper) (a), RPnp@paper (ash-RPnp@paper) (b), TPP@paper (ash-TPP@paper) (c), and blank paper (ash-Paper) (d). False colors have been added to mark continuous fibrous units. (e) Raman spectra of these four ashes. Inset: ID/IG of these four ashes. (f) Fourier transform infrared spectra of these four ashes. The areas of main differences in characteristic absorption peaks were highlighted, namely P=O and P-O-C absorption peaks (mauve) and the P-O absorption peak (blue). 
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Figure 5. Thermal analysis of the P-FRs and the papers with P-FRs. (a) The TGA curves of FLBP, RPnp and TPP in air. TPP begins to volatilize at 180 °C, FLBP and RPnp begin to oxidize at 225 °C and 315 °C, respectively. The weight loss after ~450 °C in FLBP and RPnp is mainly due to volatilization of phosphorus oxides. (b) The DSC curve of FLBP, RPnp, and TPP in air. The combustion enthalpy changes in FLBP and RPnp were −127.1 and −381.3 kJ mol−1, and the volatilization enthalpy changes in TPP was 101.1 kJ mol−1. Note: the unit of heat flow is watts per gram. (c) The TGA curves of FLBP@paper, RPnp@paper, TPP@paper, and paper in air. Two main decompositions processes were marked with mauve and blue, respectively. The final weight-loss rates of different samples were noted; the weight loss of TPP@paper around 180 °C was attributed to volatilization of TPP. The similar weight gain from the oxidation of FLBP and RPnp [55,56] in (a) was difficult to distinguish in (c) because of the quick and near-half weight loss in decomposition of paper (more than 95% of the whole sample quality). 
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Figure 6. Schematic illustration of the superior flame retardancy of the few-layer BP in a structure (a) and a thermal-property coupling (b). (a) FP: flammable polymer, OPs: organic P-FRs. (b) Yellow regions represent the generation and volatilization temperature ranges of phosphorus oxide in FLBP and RPnp, and the red highlighted regions represented the regions of the combustion enthalpy peaks; the blue region represents the volatilization temperature range of TPP, where the green highlighted area represents the region of the volatilization enthalpy peak; red color in cellulose represents its decomposition to char temperature range, and different polymer decomposition start temperatures were noted. The decomposition start temperatures of polyurethane (PU), polyvinyl alcohol (PVA), polylactic acid (PLA), and epoxy resin (EP) were read from references [32,34,38,40]. 
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