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Abstract: Few-layer black phosphorus (BP)- and red phosphorus (RP)-modified diglycidyl ether of
bisphenol A-based epoxy resins (EP) was prepared with 4,4’-diaminodiphenylsulfone as a curing
agent. The thermal stability and flame-retardant properties of the modified EPs were compared.
Both BP and RP were able to improve the flame-retardant properties of EPs, while the BP showed
higher flame-retardant efficiency than RP. As a two-dimensional nanomaterial, BP exhibited good
compatibility, high flame-retardant efficiency, and negligible impact on the mechanical and thermal
stability of EP. Pyrolysis-gas Fourier-transform infrared spectroscopic analysis of EP showed that the
addition of BP significantly inhibited the release of pyrolysis products in the gas phase. The modes of
action for flame-retardant BPs in gas phase and condensed phase were proposed.

Keywords: few-layer black phosphorus; flame retardant; epoxy resin

1. Introduction

Due to its advantages in terms of chemical, physical and mechanical properties, epoxy
resin is applied in many areas, such as construction [1], adhesives [2], protective coatings [3],
and electrical and electronic applications [4]. Since flame retardancy is always required in
most application areas, flame-retardant epoxy has become a hot topic in both enterprises
and research institutions. It is especially challenging to achieve flame retardancy in epoxy
systems cured with aliphatic hardeners, owing to their high flammability. So far, halogen-
containing [5] and phosphorus-containing [6] flame retardants are two kinds of highly
effective flame retardants for epoxy resins. However, the application of halogen-containing
flame retardants has been restricted by environmental legislation during the last twenty
years. Therefore, there are many works on the structural design, synthesis and application
of phosphorus-containing flame retardants for epoxy resins.

The reported phosphorus-containing flame retardants for epoxy resins including
dialkylphosphinates (OP) [7], hexphenoxycyclotriphosphazene (HPCTP) [8] and other
derivatives of hexachlorocyclotriphosphazene (HCCTP) [9], 9,10-dihydro-9-oxa-10-phos-
phaphenanthrene-10-oxide (DOPO) [10-13] and its derivatives [14-17], diphenylphosphine
oxide (DPO) [18] and its derivatives [15,19,20], 2,8-dimethylphenoxaphosphin-10-oxide
(DPPO) and its derivatives [21], ammonium polyphosphate (APP) [22,23], etc. These
flame retardants are used either via a reactive method or an additive method. Among
them, DOPO, OP series, HPCTP, and DPO are popular commercial products for epoxy
resins. DOPO and its derivatives dominate the phosphorus flame retardant market in the
electronics and semiconductor packaging fields. However, a large dosage is required due
to the small proportion of phosphorus in their molecular structure, leading to a decrease
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in their mechanical properties. Meanwhile, the use of DOPO also results in a detrimental
impact on the glass transition temperatures of epoxy systems.

Compared with other phosphorous-containing organic compounds, red phosphorus
(RP) is also a widely used flame retardant in many fields [24]. However, RP exhibits poor
processability and compatibility with polymers. Moreover, because red phosphorus can
easily absorb moisture, it needs to be used after coating, which leads to complexity in the
application process.

Black phosphorus (BP) is an allotrope of RP. Like graphite, BP has a lamellar structure.
Few-layer black phosphorus (BPs), also known as phosphene, can be obtained by exfoliating
bulk BP [25,26]. As a novel two-dimensional nanomaterial, BPs has attracted considerable
attention from researchers in recent years [27,28]. Due to the unique physical and chemical
properties, the research on BPs in the fields of electronic devices, optoelectronic devices,
and battery materials has always been a hot research topic [29]. As a flame retardant, BPs
has the advantages of facile preparation (no complex synthesis involved and no coating
required) and good compatibility with polymer matrix. The use of BPs as flame retardants
for polyurethane and polyurethane acrylate has been reported by Xing et al. [30-33]. In
addition, polyphosphazene-functionalized BP (BP-PZN) was incorporated into epoxy
resin to study its flame-retardant properties [34]. The results showed that introduction of
2.0 wt.% BP-PZN in the epoxy resin leads to a 59.4% decrease in peak heat release rate and
63.6% decrease in total heat release. Although the BP-PZN exhibited significantly improved
dispersibility of the phosphorene and excellent flame retardancy, evaluation of the role
of BPs is difficult due to the coexistence of the polyphosphazene, which is also a flame
retardant. In another work, melamine-formaldehyde (MF) was employed to functionalize
BPs by Wu et al. [35], and BP@MF was used as a flame retardant for DDM-cured DGEBA
epoxy resin. The introduction of BP@MF significantly improved the flame retardancy of the
epoxy resin. The LOI value of epoxy resin containing 1.2 wt.% BP@MEF increased to 31.1,
reaching a UL-94 V-0 rating. Moreover, the performance of BP@MF was compared with
MF and BPs. Zou et al. [36] prepared a black phosphorous and carbon nanotube (MCNTs)
nanohybrid (BP-MCNTs) and used it for epoxy resin flame retardant. The peak of heat
release rate and total heat release of epoxy nanocomposites reduced by 55.81% and 41.17%
at a phosphorus content of only 1 wt.%.

Here, we report the facile synthesis of BP nanosheets and an investigation of the
thermal stability, mechanical property, flame retardancy and fire behavior of DGEBA epoxy
resins modified with BP nanosheets. BP nanosheets were compared with RP as a flame
retardant for amine-cured epoxy resins. The structure of BP and morphology of char
residues were characterized with scanning electron microscopy (SEM). The mode of action
for flame retardant of EP/BP was revealed by cone calorimeter (CCT) and thermogravi-
metric analysis coupled with infrared spectrometry (TG-IR). According to the results, EP
modified with BP has better flame retardancy, which makes it a promising for application
for flame retardancy.

2. Experimental Section
2.1. Materials

Unless stated otherwise, all raw materials were used as received. The bisphenol-A-
type epoxy resin (DGEBA, trade code: E-44) with an epoxy value of 0.44 was purchased
from Zhenjiang Danbao Resin Co., Ltd. (Jiangsu, China). The red phosphorus (RP),
4,4'-diaminodiphenyl sulfone (DDS) and N-methyl pyrrolidone (NMP) were purchased
from Aladdin Industrial Corporation. (Shanghai, China). The black phosphorus (BP) was
supplied by Sino-Linchem Group (Guangxi, China).

2.2. Preparation of Few-Layer BPs

Few-layer BPs was prepared using the liquid phase exfoliation (LPE) method [26]. LPE
is used as the most feasible tool for the large-scale production of few-layer 2D materials,
providing high-quality dispersions of 2D materials dispersed in solvents. We used the



Polymers 2023, 15, 1655

30f15

liquid exfoliation method of black phosphorus in N-methyl-2-pyrrolidone (NMP) to form
few-layer phosphorene nanosheets. NMP is a suitable solvent for BP exfoliation due to
its high boiling point and excellent surface tension. First, bulk BP was ground into small
particles and mixed with NMP; then, the BP/NMP mixture was sonicated for 24 h in an
ice bath. After ultrasonic dispersion, the resulting solution was centrifuged for 1 h at
5000 rpm to obtain supernatant containing BPs, which was further centrifuged for 30 min
at 10,000 rpm. Finally, the collected precipitate was dried in a vacuum oven to obtain
few-layer BPs.

2.3. Preparation of BP-Modified Epoxy Resins

The preparation procedure of BP-modified epoxy resins was as follows: the desired
amount of BPs was dispersed in 10 mL ethanol and sonicated for 30 min. Then, 30 g
preheated epoxy resin was added to the treated ethanol dispersion. The mixture was then
heated at 150 °C and mechanically stirred for 1 h to remove the ethanol and evenly disperse
the BPs. Afterwards, 8.57 g of DDS powder was added to the above mixture and stirring
was continued for 2 min. Finally, the processed resin sample was poured into a mold and
placed in an oven (preheated to 120 °C). After 2h, the oven was heated to 180 °C (heating
rate of 5 °C/min) and then held at 180 °C for 2 h. At the end of the curing process, the resin
samples were slowly cooled to room temperature to prevent cracking.

For comparison purposes, RP was incorporated in epoxy resin using the same proce-
dure. For convenience, the epoxy resins containing BP and RP were denoted as EP/BP-x
and EP/RP-x, respectively, where x represents the weight percent of P in the sample.
EP/P-0 denotes the cured epoxy resin without BP or RP.

2.4. Characterization

The microstructure of BP, the cross-section of EP/BP and the microstructure of carbon
residues of EP/BP samples were analyzed by scanning electron microscopy (SEM, Nova
Nano SEM450, Hillsborough, USA) operating at an accelerating voltage of 10 kV. The
corresponding elemental composition was investigated using energy-dispersive X-ray
spectrometry (EDS). The microstructure of the BPs was analyzed by transmission electron
microscopy (TEM, JEOL JEM-2100F, Osaka, Japan). The surface topography of BPs was
characterized by atomic force microscopy (AFM, Bruker, Karlsruhe, Germany). X-ray
diffractometry (XRD, Rigaku D/MAX 2500 PC, Tokyo, Japan) was performed to determine
the crystal structures of the samples. Raman spectroscopy (Horiba Lab-RAM HR Evolution,
Tokyo, Japan) was performed under an excitation of 514 nm argon laser to observe the bulk
BP, few-layer BPs and char layer structure of EP composites.

LOI measurements were conducted on an oxygen index instrument (BinGo Instrument
Co., Ltd., Shenzhen, China) according to the ISO4589-2017 standard with a specimen size
of 130 x 6.5 x 3 mm?3. According to UL-94 test standard, the vertical burning test (UL-94
test) was performed using a BG5210 instrument (BinGo Instrument Co., Ltd., Shenzhen,
China) with a specimen size of 130 x 13 x 3 mm?. The fire behavior was characterized
using a cone calorimeter (CCT, East Grinstead FTT, Sussex County, UK) based on the ISO
5660 standard at an external heat flux of 50 kW/m? and a distance between the sample and
the cone of 25 mm. The sample dimensions were 100 x 100 x 3 mm?>. X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Escalab 250Xi, Massachusetts, USA) was performed to
analyze the element composition of the residues after the CCT test.

Dynamic mechanical analysis (DMA, Hitachi DMS6100, Tokyo, Japan) was employed
to test the storage modulus and tan & of EP, EP/BP and EP/RP composites. The glass
transition temperature (Tg) of EP nanocomposites can be measured using the tan 6 curves
of DMA, and the peak value of tan o reflects the Ty of the nanocomposites. DMA was
performed under air using the double cantilever clip mode from 100 to 200 °C at a heating
rate of 5 °C/min, with a frequency of 1 Hz and an amplitude of 3 pm. The sample
dimensions were 35 x 6.5 x 3 mm?3. Crosslinking density (v,) was calculated according to
the method presented in the literature [37].
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Thermogravimetric analysis (TGA, Netzsch TG-209F3, Bavaria, Germany) was per-
formed to analyze the thermal stability of EP composites. A sample powder of 5-10 mg
was heated from 100 to 700 °C under nitrogen, applying a heating rate of 10 °C/min and a
flow rate of 50 mL/min. Thermogravimetric analysis coupled with infrared spectrometry
(TG-IR) was carried out on a TG209F3/Tensor 27 thermo-analyzer instrument combined
with a Bruker spectrometer from 20 to 800 °C at 10 °C/min (N, atmosphere, flow rate of
100 mL/min).

3. Results and Discussion
3.1. Characterization of BPs

Figure 1a shows the typical multilayer structure of bulk BP [27,34]. After exfoliation,
the BP nanosheets became thinner, with a length of about 3 pm and a width of about
2.5 pm, as shown in Figure 1b. Transmission electron microscopy (TEM) is usually used to
observe the fine internal structure of the sample. Figure 1c shows the TEM and selected
area electron diffraction (SAED) pattern of the as-prepared few-layer BPs. The TEM image
shows that the BPs was successfully exfoliated. The SAED pattern shows the orthorhombic
crystalline structure of the BPs. Lattice spacing in the HRTEM image was calculated using
Digital Micrograph software. Figure 1d presents the high-resolution TEM (HRTEM) image
of the BP, where the lattice fringes of 0.33 nm are assigned to the (021) plane of BP [27],
which is in line with the results of the XRD tests. Few-layer BPs is also evidenced by the
atomic force microscopy (AFM) images in Figure le,f. The AFM images present BP as
having a relatively uniform surface, with an average thickness of 3.34 nm. According to
the literature [38], 0.53 nm is generally considered to be the thickness of a single layer
of phosphorene. Therefore, the BPs with an average thickness of 3.34 nm observed in
Figure le is composed of approximately six or seven layers of phosphorene; these results
are highly consistent with the observations in Figure 1b,d, demonstrating that few-layer
BPs was successfully fabricated.

The XRD patterns and Raman spectra of bulk BP and BPs are shown in Figure 2a,b.
For bulk BP, diffraction peaks were observed at 16.8°, 26.6°, 34.2°, 52.4°, 56.2° and 56.8°,
corresponding to the (020), (021), (040), (060), (151) and (061) planes, respectively [39].
The BPs exhibited all of the diffraction peaks that could be observed in bulk BP; however,
the intensities of all of the diffraction peaks were weaker, which can be attributed to the
thinning of the molecular layer after exfoliation [34]. In addition, in the BPs spectrum,
the intensity of the (111) plane was higher than that of the (040) plane. This phenomenon
was contrary to what was observed in bulk BP, because the stacking of the interlayered
planes is affected by the weakening of van der Waals interactions between the phosphorene
layers [27]. The Raman spectrum of bulk BP showed three characteristic peaks located at
about 362.8, 437.2 and 463.8 cm ™!, which could be indexed as Ag, By and A vibrational
modes of BP, respectively [27]. Although the same peaks were also detected in BPs, the peak
position of Aé model for BPs was more biased towards a lower wavenumber relative to bulk

BPs. Meanwhile, the peak position of the Aé model was biased towards high wavenumbers.
This phenomenon was caused by a decrease in the number of black phosphorus layers [40].
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Figure 1. SEM images of bulk BP (a) and BPs (b); TEM image and SAED pattern of BPs (c); HRTEM
image of BPs (d); AFM image of BPs (e); the height of line 1 and line 2 (f).
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Figure 2. XRD patterns (a) and Raman spectra (b) of bulk BP and BPs.

3.2. Dispersibility of BPs and RP in Epoxy Composites

To characterize the dispersion of fillers in EP composites and the effect of filler on the
texture of the matrix, the sections of EP/P-0, EP/RP-0.9 and EP/BP-0.9 were characterized
by SEM and EDS. Figure 3a shows that the fracture surface of EP/P-0 was very smooth. The
section of EP/RP-0.9 had more irregular cracks, while the section of EP/BP-0.9 had slight
undulations and cracks (Figure 3b—e). This indicates that the addition of RP and BPs had
a certain effect on the texture of the epoxy matrix, and the influence of BPs on the matrix
was smaller than that of RP. The epoxy composites show a rough fracture surface due to
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the matrix shear yielding or local polymer deformation. Therefore, the epoxy composites
failed in a brittle manner due to the mode of action for crack deflection induced by the
nanosheets. Figure 3f-i present the elemental surface mapping with energy dispersive
spectroscopy (EDS) in the region of Figure 3b, revealing the distributions of C, O, N and
P elements within the EP/BP-0.9 composites. As shown in Figure 3i, the phosphorus
element was evenly distributed in the matrix, indicating that BPs did not re-aggregate in
the epoxy matrix.

50 pm
[

Figure 3. SEM images of the section of EP/P-0 (a), EP/BP-0.9 (b,c) and EP/RP-0.9 (d,e); EDS mapping
of C (f), O (g), N (h) and P (i) elements for the same section of the image (b).

3.3. Flame-Retardant Properties

The flame retardancy of the epoxy resin samples was evaluated by LOI test and UL-94
vertical combustion test. The obtained results are shown in Figure 4a. EP/P-0 showed
high flamability with a low LOI value of 23.0%. Whereas the LOI values of EP/BP samples
increased apparently with the introduction of BPs. Adding only 0.3 wt.% BPs, the LOI
value of the epoxy resin increased to 29.2%. Compared with BPs, the flame retardancy
efficiency of RP was fairly low. The LOI value of EP/RP-15 (30.0%) was lower than that of
EP/BP-0.9 (31.9%). According to the UL-94 test results, EP/BP-0.3 and EP/BP-0.6 reached
a UL-94 V-1 rating and EP/BP-0.9 reached a V-0 rating. The EP/RP-0.9 showed no rating,
and EP/RP required a phosphorus content of 15% to achieve the V-0 rating. In summary,
whether RP or BPs is introduced, the flame retardancy of epoxy resins will be improved.
The flame retardancy performance of BP-modified epoxy resins is much better than that of
RP-modified ones.

Figure 4b shows some screenshots of the UL-94 test videos for EP/P-0, EP/BP-0.3
and EP/BP-0.9, respectively. The combustion process of EP/P-0 was smooth, and it was
accompanied by dripping phenomenon when burning. Although EP/BP-0.3 did not reach
a V-0 rating due to small amount of BPs added, the blowout effect was clearly observed
during the combustion process: while one or more visible smoke streams were blowing
out of the sample, the flame in the blowing direction was significantly reduced compared
to the flame in the opposite direction. As for the EP/BP-0.9, the combustion process and
extinguish process were both rapid. Its blowout effect was also rapid and efficient.
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Figure 4. LOI values and UL-94 vertical burning of epoxy resins (a); video screenshots of EP/P-0,

EP/BP-0.3 and EP/BP-0.9 during UL-94 test (b); HRR curves and THR curves (c) of EP/P-0 and

EP/BP-0.9.

The fire behaviors of EP/P-0, EP/BP-0.9 and EP/RP-0.9 were tested with CCT. The
HRR and THR curves of EP/P-0, EP/BP-0.9 and EP/RP-0.9 are presented in Figure 4c
and detailed data are presented in Table 1. The results indicate that EP/P-0 exhibited high
flammability with PHRR and THR values of 1166.7 kW /m? and 99.3 M]/m?, respectively.
The PHRR and THR of EP/RP-0.9 are 673.9 kW /m? and 88.2 Mj/ m?2, which were 57.8%
and 88.8% of EP/P-0, respectively. Addition of 0.9 wt.% BPs led to the significant increase
in tpgrr (113% of EP/P-0) and the decreases in PHRR (44.6% of EP/P-0) and THR (80.8% of
EP/P-0). This phenomenon indicates that the addition of BPs slows down the heat release
rate of the EP/BP nanocomposites during the burning process, thereby improving the
flame retardancy of the epoxy composites.

Table 1. Cone calorimetry test data of the EP/P-0 and EP/BP-0.9.

PHRR THR av-EHC av-CO av-CO, TML Char Residual
Sample tPHRR (s) (KW/m?) (MJ/m?) (MJ/kg) (kg/kg) (kg/kg) (wt.%) e (wt.%)
EP/P-0 115 1166.7 99.3 233 0.09 1.68 96.4 40 3.55
EP/BP-0.9 130 520.8 80.2 19.0 0.12 1.24 86.0 38 13.20
EP/RP-0.9 105 673.9 88.2 23.7 0.10 1.51 89.8 38 10.19

Abbreviations: tpprg, time to peak heat release rate; PHRR, peak heat release rate; THR, total heat release; av-EHC,
the average effective heats of combustion; av-CO, average carbon monoxide yields; av-CO,, the average carbon
dioxide yields; TML, total mass loss; TTI, time to ignition.

Filler efficiency is often used to characterize the contribution per unit weight of filler
to flame-retardant properties. The filler efficiencies for PHRR, LOI and THR are defined as
@PHRR, ¢LOI, and TR according to Equations (1)—(3) [35], respectively. The effect of BPs
as flame retardants was compared with those described in the literature. A comparison of
the results is provided in Table 2. It is clear that with the lowest amount of FRs, the BPs
used in our study exhibited the highest value of ¢1 01, purr and ¢yr. This indicates that
BPs has an excellent effect on the enhancement of flame retardancy in epoxy composites.

PHRR — PHRRm
PHRRm x wt.%

— LOIm |
LOIm X Wt%

@PHRR =|

| )

@LOI -k @)
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THR — THRm
(PTHR = | o, | (3)
THRm x wt%
Table 2. The efficiency of FRs in the literature and this work.
FRs BP-Bulk BP-PZN BP BP@MF BPs
Fraction (wt.%) 2 2 1.2 1.2 0.9
PLOI - - 5.1% 21.1% 43.0%
PPHRR 24.4% 29.7% 32.8% 36.1% 61.5%
@THR 21.8% 31.8% 2.3% 10.5% 21.4%
UL-94 V-0 - NR V-0 V-0
Matrix E-44 E-44 E-51 E-51 E-44
Ref. [34] [31] This work

Abbreviations: PHRR is peak heat release rate of the composite, and PHRR, is peak
heat release rate of the matrix material. LOI is limiting oxygen index of the composite,
and LOIy, is limiting oxygen index of the matrix material. THR is total heat release of the
composite, and THRy, is total heat release of the matrix material. In addition, wt.% is the
weight fraction of filler.

In order to better understand the mode of action for flame retardancy of BPs in epoxy,
the flame inhibition effect, charring effect and formation of a protective barrier layer effect
of BPs were quantitatively evaluated. According to Equations (4)—-(6) [41,42], the values of
the three flame retardant modes were calculated, and the results are shown in Table 3.

EHC _
Flame inhibition = 1— ——£r/BP=09 4)
EHCgp
: TMLgp,/Bp0.9
Charring = 1——/—>——= 5
PHRREgp,/Bp_0.9
. . PHRRgp
Barrier and protective layer = 1— ——5—"7>—— 6
P y THREp,/BP—0.9 ©)
THREgp
Table 3. Quantitative assessment of the three main flame-retardant modes.
Sample Flame Inhibition Effect Charring Effect Barrier and Protective Effect
EP/BP-0.9 18.45% 10.79% 44.73%

According to the data presented in Table 3, the barrier and protective effect (44.73%)
was the main flame-retardant mode of BPs in epoxy resins, accompanied by flame inhibition
effect and charring effect. The barrier and protective effect mainly come from (1) the high
thermal stability and nanosheets structure of BPs; (2) the catalytic effect on the formation of
carbon layer. This plays an important role in reducing heat transfer and mass exchange
during combustion. The improved flame inhibition effect is attributed to the release of
a large number of free radicals (POe, POe, and HPOe), which can quench free radical
reaction by capturing He and OHe [34].

To investigate the mode of action for flame retardant of BPs in the condensed phase,
SEM, Raman and XPS tests were performed on the residual carbon obtained from CCT.
Figure 5 shows the digital photos and SEM images of residues after the CCT of EP/P-0
and EP/BP-0.9. Compared with EP/P-0, the addition of BPs led to the formation of a
continuous carbon layer, which apparently increased the amount of char residue. This
result is consistent with the results of CCT, whereby the TML for EP/BP-0.9 decreased
ca.10% compared with EP/P-0. The external and internal surface of the residues of EP/P-0
was full of holes and cracks, while those of the residues of EP/BP-0.9 were relatively
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smooth, with only a few pores. The formation of such continuous and dense layer was
attributed to the catalytic effect of BPs. This layer inhibits the transfer of heat and oxygen
and protects the polymer matrix during combustion. These results are consistent with
those presented in Tables 1 and 3, further confirming the remarkable effect of BPs as flame
retardant for EP.

L SEM images ‘llDigital images

Figure 5. SEM images of external surface and internal surface of the char residues after CCT tests for
EP/P-0 (a,b) and EP/BP-0.9 (d,e); digital photos of external char residues after CCT tests for EP/P-0
(c) and EP/BP-0.9 (f).

Figure 6 depicts the Raman spectra and the high-resolution N1s XPS spectra of the
char residues of EP/P-0 and EP/BP-0.9 after the cone calorimetry test. The characteristic
absorption peak at 1350 cm ™! was the D peak, representing the disordered carbon structure,
and the characteristic absorption peak at 1582 cm~! was the G peak, representing the
ordered carbon structure. The ratio of the intensity of the D peak to the G peak (Ip/Ig)
represented the degree of graphitization of the residual carbon. The lower the ratio, the
higher the degree of graphitization [43]. The Ip/Ig ratio of EP/P-0 was 3.229, which
dropped to 2.958 after the addition of BPs. This indicates that the addition of BPs was
beneficial to the formation of an ordered carbon structure in the residue [44]. This effect
promotes the formation of a stable and continuous carbon layer. This result is consistent
with those reported for CCT and SEM, confirming the role of BPs in improving the flame
retardancy of EP. According to the XPS results (Figure 7a), the char residues of EP/P-0 and
EP/BP-0.9 both contain C, N, and O elements, while the P element appears in EP/BP-0.9
due to the addition of BPs. The high-resolution XPS spectra of EP/BP-0.9 in the N1s region
(Figure 6d) consisted of three peaks (401.8, 400.6 and 398.5 eV) corresponding to P-N, C-N,
and N-H bonds, respectively. C-N and N-H bonds originated from the reaction of EP
with DDS, which appeared in N1s XPS spectra for EP/P-0 (Figure 6b). P-N bonds were
formed by the combination of BPs and the N element in the curing agent DDS. This result
revealed the formation of phosphorus-nitrogen oxide network and was confirmed by the
high-resolution P 2p XPS spectra of EP/BP-0.9 (Figure 7b). This phosphorus-nitrogen oxide
network indicates that BPs take part in the formation of compact and dense carbon layers.
This is consistent with the SEM results of the residue (Figure 5). The phosphorus-containing
flame retardants mentioned above have good flame-retardant performance in the polymer
matrix containing nitrogen elements. The effect and mode of action for P-N synergy have
also been reported previously [45]. Therefore, we believe that in the epoxy cured by the
N-containing curing agent DDS, composite materials with good flame-retardant properties
can be obtained by simply introducing black phosphorus-containing phosphorus elements.
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Figure 6. Raman spectra of the char residues after CCT tests for EP/P-0 (a) and EP/BP-0.9 (c); the
high-resolution N1s XPS spectra of EP/P-0 (b) and EP/BP-0.9 (d).
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Figure 7. XPS survey spectra of the residual char (a); high-resolution P 2p XPS spectra of EP/BP-0.9 (b).
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3.4. Thermal Properties

The thermal stability of the epoxy resins was investigated by TGA. The TG curves of
the epoxy composites under nitrogen are shown in Figure 8. Table 4 lists the selected data
of 5 wt.% mass loss temperature (Ts¢,) and the char yield at 700 °C.

100 =

3 7\ﬂﬁ\

=]
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Residual Mass (wt%)
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——EP/P-0
— EP/BP-0.3
40 F —— EP/BP-0.6
— EP/BP-0.9
EP/RP-0.9
20 —— EP/RP-15
0 1 1 L 1 L
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Temperature (°C)
Figure 8. TG curves of epoxy resins under Nj.

Table 4. Thermal properties data of epoxy thermosets.

] Storage Modulus
Sample Tso, (°C) Char Yeild at Ty %MPa) s Ve s
° 700 °C (wt.%) ©Q) (x10° mol/m>)
50 °C Ty +40 °C

EP/P-0 3775 134 189 1331.87 10.36 1.59
EP/BP-0.3 367.2 18.2 186 1388.82 11.18 1.68
EP/BP-0.6 359.9 19.8 190 1141.44 9.48 1.42
EP/BP-0.9 357.6 21.1 197 1470.61 9.18 1.38
EP/RP-0.9 374.6 16.0 188 1579.31 12.80 1.92
EP/RP-15 359.9 26.2 191 1449.56 13.94 2.09

Note: Crosslink density (ve) was calculated according to the literature®: v, = E’/3RT; where E’ is the storage
modulus of cured EP at (Tg + 40) °C, T is the absolute temperature, and R is the gas constant.

Figure 8 shows that the weight loss behaviors of all flame-retardant epoxy composites
were similar to that of EP/P-0. Under N, atmosphere, whether BPs or RP were used as
additives, the T, of all modified samples were all lower than that of EP/P-0, and gradually
decreased with increasing phosphorus content. This phenomenon may be attributed to
the catalytic effect of BPs or RP on the decomposition of epoxy matrix. This catalytic effect
leads to the formation of carbon layers, which protect the EP and increase the amount of
char residue. The residue mass percentage of EP/BP-0.9 reached 21.1%, which was 157.5%
of EP/P-0. The residual mass percentage of EP/RP-0.9 was 16.0%, which was only 2.6%
higher than that of EP/P-0. Obviously, the effect of BPs is more obvious than that of RP. It
is a fact that BPs is uniformly dispersed in epoxy as two-dimensional nanomaterials, and
can act as templates and skeletons for the formation of multiple and overlapping char via
the so-called “labyrinth effect” [46].

The Ty values, storage modulus and crosslinking density (v,) of the epoxy resins were
measured by DMA. The data are listed in Table 4. The storage modulus curves and tan 6
curves are shown in the Supplementary Materials (Figure S2). As for EP/BP, the Tg value
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increased with increasing P content. When P content was 0.9 wt.%, the Tg was ca. 8 °C
higher than EP/P-0. This phenomenon can be attributed to the high stiffness and sheet-like
structure of BPs restricting the movement of molecular chains in the matrix [47]. This effect
also influenced the v, of EP, resulting in the decrease in v, value. As for EP/RP composites,
the Tg was almost unchanged when the P content was 0.9 wt.%; however, the storage
modulus was higher than that of EP/P-0. This is attributed to the high stiffness of RP [34].

3.5. Mode of Action for Flame Retardancy

To reveal the mode of action for the flame retardancy of EP/BP composites, TG-FTIR
was employed to investigate the gas phase products of EP/P-0 and EP/BP-0.9. The FTIR
spectra of gas phase-pyrolysis products of EP/P-0 and EP/BP-0.9 at different temperatures
are shown in Figure 9. Hydrocarbons (3019 and 2965 cm ™), aromatic compounds (3055,
1592, 1506, 829 and 748 cm™1), phenol (3915~3505, 1260 cm™ 1), carbonyl compounds
(1735 cm ') and CO, (2365 and 2321 cm™~!) were observed for both samples. It should
be noted that almost no aromatic compounds (3055 and 1592 cm~!) were detected above
450 °C for EP/BP-0.9. Moreover, the amount of CO; released at high temperature decreased
with the addition of BPs. This means that the addition of BPs inhibited combustion. The
results were in agreement with those of CCT and SEM. The inhibition of combustion derives
from the promotion of carbon layer formation by BPs.

Jo.or EP/P-0 To.01 EP/P-0.9
. 1506 1260
1260 74 1506 748|
236 9 2365 2321 1178
2321 1592 R”M{ 1178 HT 301 1592 1105
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"""" : i__600°C J e B : s _600°C M “Mj\«
5| : ' E WY
< | < N & N
St S L Adhls “iA__450°C ) ﬂ'w&ﬂ»i'l' A
2 g [ AMe s 450°C Nl AR N AN
s [ s | . ) I
3 - &
'E ‘ 5 “. 400°C
@ | = .
= = g 380°C g, Moluni_- :
: 350°C i |
L At 300°C MM__’_—-———
: : 250°C e
: . 200°C s
T T T T T T T T T T T - T
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™') Wavenumber (cm™")

Figure 9. FTIR spectra of gas phase pyrolysis products at representative temperatures obtained from
TG-FTIR testing.

Based on the above results and the analysis of the combustion behavior of EP/BP
composites, a possible mode of action for flame retardancy was proposed, as shown in
Figure 10. At the beginning of combustion, BPs inhibit the docomposition of EP due to
a physical barrier effect (one of the main mode of action for flame retardant of layered
nanomaterials [48]). During combustion, BPs form active radicals (POe and HPOe), which
can reduce the generation of combustible gases by trapping He and OHe radicals, thereby
achieving the effect of flame inhibition (Table 3). On the other hand, another part of the
phosphorus in BPs is oxidized to phosphoxides and then react with water to generate a
variety of phosphoric acid derivatives, which catalyze the charring of polymers in the
condensed phase [49]. This results in the formation of a continous layer (Figure 5). This
layer protects the matrix and reduces the amount of aromatic compounds and CO; released
(Table 1 and Figure 9).
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Figure 10. Mode of action for flame retardant of EP/BP composites.

4. Conclusions

In this work, few-layer BPs and RP were incorporated into epoxy resin, respectively,
to prepare flame-retardant epoxy resins. Introduction of either RP or BPs can improve the
flame retardancy of epoxy resins. BPs showed much higher flame retardancy efficiency
than RP. Compared to EP/RP-0.9, EP/BP-0.9 was able to achieve UL-94 V-0 rating with LOI
value of 31.9. Compared to neat EP, PHRR of EP/BP-0.9 and EP/RP-0.9 exhibited decreases
of 55.4% and 42.2%, respectively. The THR of the EP/BP-0.9 and EP/RP-0.9 decreased by
19.2% and 11.2%, respectively. The introduction of both RP and BP showed negligible effects
on the Tg value of EP; however, the Ty of EP/BP-0.9 (197 °C) was higher than EP/RP-0.9
(188 °C). TG-FTIR analysis demonstrated that all the intensities of pyrolysis products were
inhibited with the introduction of BP. The improvement in the flame-retardant performance
of EP/BP is mainly due to the combined effect of catalytic carbonization, physical barrier
and free radical quenching of the BP nanosheets.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15071655/s1. Figure S1: Video screenshots of EP/P-0,
EP/BP-0.3 and EP/BP-0.9 during UL-94 testing; Figure S2: Storage modulus curves (a) and tan &
curves (b) of the epoxy thermosets.

Author Contributions: Y.Z., J.L., Y.X. and W.M. contributed equally to this work. Writing — original
draft: Y.Z., Y.L, J.L. and Y.X.; Formal analysis: W.M.; Supervision: Z.W.; Writing—review & editing:
L.S. and J.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Research Foundation of Qingdao Fusilin Chemical Science
&Technology Co., Ltd. grant number [FSL-RF 2018].

Institutional Review Board Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: Thanks to Sino-Lin Chem International Co., Ltd. for kindly supplying the black
phosphorus used in this work.

Conflicts of Interest: The authors declare no conflict of interest.

1. Credico, B.D.; Levi, M,; Turri, S. An efficient method for the output of new self-repairing materials through a reactive isocyanate
encapsulation. Eur. Polym. J. 2013, 49, 2467-2476. [CrossRef]

2. Ahmadi, Z. Nanostructured epoxy adhesives: A review. Prog. Org. Coat. 2019, 135, 449-453. [CrossRef]

3. Liu, S; Gu, L; Zhao, H; Chen, J.; Yu, H. Corrosion Resistance of Graphene-Reinforced Waterborne Epoxy Coatings. J. Mater. Sci.
Technol. 2016, 32, 425-431. [CrossRef]

4.  Khagokpam, G.K.S.; Halder, S. Paraffin wax microsphere embedded epoxy composites for potential thermal management in
electronic devices. High Perform. Polym. 2018, 31, 767-777. [CrossRef]

5. Kausar, A,; Rafique, I.; Anwar, Z.; Muhammad, B. Recent Developments in Different Types of Flame Retardants and Effect on Fire
Retardancy of Epoxy Composite. Polym.-Plast. Technol. Eng. 2016, 55, 1512-1535. [CrossRef]


https://www.mdpi.com/article/10.3390/polym15071655/s1
https://www.mdpi.com/article/10.3390/polym15071655/s1
http://doi.org/10.1016/j.eurpolymj.2013.02.006
http://doi.org/10.1016/j.porgcoat.2019.06.028
http://doi.org/10.1016/j.jmst.2015.12.017
http://doi.org/10.1177/0954008318792984
http://doi.org/10.1080/03602559.2016.1163607

Polymers 2023, 15, 1655 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Schartel, B. Phosphorus-based Flame Retardancy Mechanisms-Old Hat or a Starting Point for Future Development? Materials
2010, 3, 4710-4745. [CrossRef]

Mariappan, T.; Wilkie, C.A. Flame retardant epoxy resin for electrical and electronic applications. Fire Mater. 2014, 38, 588-598.
[CrossRef]

Zhang, C.; Pan, M.; Qu, L.; Sun, G. Effect of phosphorus-containing flame retardants on flame retardancy and thermal stability of
tetrafunctional epoxy resin. Polym. Adv. Technol. 2015, 26, 1531-1536. [CrossRef]

Zarybnicka, L.; Bacovska, R.; Spacek, V.; Rychly, J.; Vecera, M.; Alberti, M. Preparation and Characterization of Cured Epoxy
Resin with Hexachloro-Cyclo-Triphosphazene. Polym.-Plast. Technol. Eng. 2016, 56, 153-160. [CrossRef]

Wang, C.S.; Lin, C.H. Synthesis and Properties of Phosphorus-Containing Epoxy Resins by Novel Method. J. Polym. Sci. A Polym.
Chem. 1999, 37, 3903-3909. [CrossRef]

Chi, Z.; Guo, Z.; Xu, Z.; Zhang, M.; Li, M; Shang, L.; Ao, Y. A DOPO-based phosphorus-nitrogen flame retardant bio-based
epoxy resin from diphenolic acid: Synthesis, flame-retardant behavior and mechanism. Polym. Degrad. Stab. 2020, 176, 109151.
[CrossRef]

Yang, Y.; Wang, D.-Y,; Jian, R.-K,; Liu, Z.; Huang, G. Chemical structure construction of DOPO-containing compounds for flame
retardancy of epoxy resin: A review. Prog. Org. Coat. 2023, 175, 107316. [CrossRef]

Varganici, C.-D.; Rosu, L.; Bifulco, A.; Rosu, D.; Mustata, F.; Gaan, S. Recent advances in flame retardant epoxy systems from
reactive DOPO-based phosphorus additives. Polym. Degrad. Stab. 2022, 202, 110020. [CrossRef]

Schartel, B.; Braun, U.; Balabanovich, A.L; Artner, ]J.; Ciesielski, M.; Doring, M.; Perez, R M.; Sandler, ] KW.; Altstadt, V. Pyrolysis
and fire behaviour of epoxy systems containing a novel 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide-(DOPO)-based
diamino hardener. Eur. Polym. . 2008, 44, 704-715. [CrossRef]

Zhao, J.; Dong, X.; Huang, S.; Tian, X.; Song, L.; Yu, Q.; Wang, Z. Performance comparison of flame retardant epoxy resins
modified by DPO-PHE and DOPO-PHE. Polym. Degrad. Stab. 2018, 156, 89-99. [CrossRef]

Wang, X.; Zhang, Q. Synthesis, characterization, and cure properties of phosphorus-containing epoxy resins for flame retardance.
Eur. Polym. J. 2004, 40, 385-395. [CrossRef]

Hou, Y,; Liu, L,; Qiu, S.; Zhou, X.; Gui, Z.; Hu, Y. DOPO-Modified Two-Dimensional Co-Based Metal-Organic Framework:
Preparation and Application for Enhancing Fire Safety of Poly(lactic acid). ACS Appl. Mater. Interfaces 2018, 10, 8274-8286.
[CrossRef]

Wei, Z.; Gu, X.; Wu, ].; Wei, M,; Yu, Q.; Xiujuan, T.; Wang, Z. Performance comparison of epoxy resins modified with diphenylphos-
phine oxide and DOPO. Fire Mater. 2019, 43, 892-902. [CrossRef]

Wei, Z.; Wu, J; Liu, Z,; Gu, Y,; Luan, G; Sun, H.; Yu, Q.; Zhang, S.; Wang, Z. Effect of ethyl-bridged diphenylphosphine oxide on
flame retardancy and thermal properties of epoxy resin. Polym. Adv. Technol. 2020, 31, 1426-1436. [CrossRef]

Han, Y.; Zhao, H.; Chen, J.; Wang, X.; Chen, L.; Ran, D.; Wang, Z.; Zeng, P. A new phosphorus flame-retard curing agent for epoxy
resin/anhydride system. Polym. Adv. Technol. 2021, 33, 927-936. [CrossRef]

Schifer, A.; Seibold, S.; Lohstroh, W.; Walter, O.; Déring, M. Synthesis and properties of flame-retardant epoxy resins based on
DOPO and one of its analog DPPO. J. Appl. Polym. Sci. 2007, 105, 685-696. [CrossRef]

Zhang, W.; He, X.; Song, T.; Jiao, Q.; Yang, R. The influence of the phosphorus-based flame retardant on the flame retardancy of
the epoxy resins. Polym. Degrad. Stab. 2014, 109, 209-217. [CrossRef]

Tan, Y.; Shao, Z.-B.; Chen, X.-E; Long, ].-W.; Chen, L.; Wang, Y.-Z. A Novel Multifunctional Organic-Inorganic Hybrid Curing
Agent with High Flame-Retardant Efficiency for Epoxy Resin. ACS Appl. Mater. Interfaces 2015, 7, 17919-17928. [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. [CrossRef]

Liu, H.;; Du, Y.; Deng, Y.; Ye, P.D. Semiconducting black phosphorus: Synthesis, transport properties and electronic applications.
Chem. Soc. Rev. 2015, 44, 2732-2743. [CrossRef]

Brent, J.R.; Savjani, N.; Lewis, E.A.; Haigh, S.]J.; Lewis, D.J.; O’Brien, P. Production of few-layer phosphorene by liquid exfoliation
of black phosphorus. Chem. Commun. 2014, 50, 13338-13341. [CrossRef]

Shao, L.; Sun, H.; Miao, L.; Chen, X.; Han, M.; Sun, J; Liu, S.; Li, L.; Cheng, F,; Chen, ]. Facile preparation of NH,-functionalized
black phosphorene for the electrocatalytic hydrogen evolution reaction. J. Mater. Chem. A 2018, 6, 2494-2499. [CrossRef]
Erande, M.B.; Pawar, M.S,; Late, D.J. Humidity Sensing and Photodetection Behavior of Electrochemically Exfoliated Atomically
Thin-Layered Black Phosphorus Nanosheets. ACS Appl. Mater. Interfaces 2016, 8, 11548-11556. [CrossRef]

Ren, X; Lian, P; Xie, D.; Yang, Y.; Mei, Y.; Huang, X.; Wang, Z.; Yin, X. Properties, preparation and application of black
phosphorus/phosphorene for energy storage: A review. . Mater. Sci. 2017, 52, 10364-10386. [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. [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. [CrossRef] [PubMed]

Qiu, S.; Zou, B.; Sheng, H.; Guo, W.; Wang, J.; Zhao, Y.; Wang, W.; Yuen, RK.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. [CrossRef] [PubMed]


http://doi.org/10.3390/ma3104710
http://doi.org/10.1002/fam.2199
http://doi.org/10.1002/pat.3576
http://doi.org/10.1080/03602559.2016.1185622
http://doi.org/10.1002/(SICI)1099-0518(19991101)37:21&lt;3903::AID-POLA4&gt;3.0.CO;2-X
http://doi.org/10.1016/j.polymdegradstab.2020.109151
http://doi.org/10.1016/j.porgcoat.2022.107316
http://doi.org/10.1016/j.polymdegradstab.2022.110020
http://doi.org/10.1016/j.eurpolymj.2008.01.017
http://doi.org/10.1016/j.polymdegradstab.2018.08.007
http://doi.org/10.1016/j.eurpolymj.2003.09.023
http://doi.org/10.1021/acsami.7b19395
http://doi.org/10.1002/fam.2749
http://doi.org/10.1002/pat.4872
http://doi.org/10.1002/pat.5568
http://doi.org/10.1002/app.26073
http://doi.org/10.1016/j.polymdegradstab.2014.07.023
http://doi.org/10.1021/acsami.5b04570
http://doi.org/10.1016/j.polymdegradstab.2013.12.017
http://doi.org/10.1039/C4CS00257A
http://doi.org/10.1039/C4CC05752J
http://doi.org/10.1039/C7TA10884B
http://doi.org/10.1021/acsami.5b10247
http://doi.org/10.1007/s10853-017-1194-3
http://doi.org/10.3390/polym10030227
http://doi.org/10.1016/j.jhazmat.2019.121971
http://www.ncbi.nlm.nih.gov/pubmed/31918053
http://doi.org/10.1021/acsami.8b22115
http://www.ncbi.nlm.nih.gov/pubmed/30900457

Polymers 2023, 15, 1655 15 of 15

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Du, X,; Qiu, J.; Deng, S.; Du, Z.; Cheng, X.; Wang, H. Flame-retardant and solid-solid phase change composites based on
dopamine-decorated BP nanosheets/Polyurethane for efficient solar-to-thermal energy storage. Renew. Energy 2021, 164, 1-10.
[CrossRef]

Qiu, S.; Zhou, Y.; Zhou, X.; Zhang, T.; Wang, C.; Yuen, RK.K.; Hu, W.; Hu, Y. Air-Stable Polyphosphazene-Functionalized
Few-Layer Black Phosphorene for Flame Retardancy of Epoxy Resins. Small 2019, 15, e1805175. [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. [CrossRef]

Zou, B.; Qiu, S.; Ren, X.; Zhou, Y.; Zhou, E; 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. [CrossRef] [PubMed]

Xu, Y.; Sun, J; Qian, L.; Li, ]. Effect of gas-condensed phase synergistic system of 9,10-dihydro-9-oxo-10-phosphaphenanthrene-
10-oxide and polydopamine on flame retardancy of epoxy resin. J. Appl. Polym. Sci. 2020, 138, 49698. [CrossRef]

Zhang, Y.; Rui, X.; Tang, Y,; Liu, Y.; Wei, J.; Chen, S.; Leow, W.R,; Li, W,; Liu, Y.; Deng, J.; et al. Wet-Chemical Processing of
Phosphorus Composite Nanosheets for High-Rate and High-Capacity Lithium-Ion Batteries. Adv. Energy Mater. 2016, 6, 1502409.
[CrossRef]

Wang, J.; Liu, D.; Huang, H.; Yang, N.; Yu, B.; Wen, M.; Wang, X.; Chu, P.K.; Yu, X. In-Plane Black Phosphorus/Dicobalt Phosphide
Heterostructure for Efficient Electrocatalysis. Angew. Chem. Int. Ed. 2018, 57, 2600-2604. [CrossRef]

Bagheri, S.; Mansouri, N.; Aghaie, E. Phosphorene: A new competitor for graphene. Int. J. Hydrogen Energy 2016, 41, 4085-4095.
[CrossRef]

Tang, S.; Wachtendorf, V.; Klack, P; Qian, L.; Dong, Y.; Schartel, B. Enhanced flame-retardant effect of a montmoril-
lonite/phosphaphenanthrene compound in an epoxy thermoset. RSC Adv. 2017, 7, 720-728. [CrossRef]

Qiu, Y.; Wachtendorf, V.; Klack, P; Qian, L.; Liu, Z.; Schartel, B. Improved flame retardancy by synergy between cyclotetrasiloxane
and phosphaphenanthrene/triazine compounds in epoxy thermoset. Polym. Int. 2017, 66, 1883-1890. [CrossRef]

Wu, W.; Xu, Y.; Wu, H.; Chen, J.; Li, M.; Chen, T.; Hong, J.; Dai, L. Synthesis of modified graphene oxide and its improvement on
flame retardancy of epoxy resin. J. Appl. Polym. Sci. 2020, 137, 47710-47720. [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. [CrossRef]

Garth, K.; Klinkowski, C.; Fuhr, O.; Déring, M. Synthesis of a new phosphorylated ethylamine, thereon based phosphonamidates
and their application as flame retardants. Heteroat. Chem. 2017, 28, €21407. [CrossRef]

Sang, B.; Li, Z.-w.; Li, X.-h.; Yu, L.-g.; Zhang, Z.-j. Graphene-based flame retardants: A review. J. Mater. Sci. 2016, 51, 8271-8295.
[CrossRef]

Qian, X.; Song, L.; Yu, B.; Wang, B.; Yuan, B.; Shi, Y.; Hu, Y.; Yuen, R K K. Novel organic-inorganic flame retardants containing
exfoliated graphene: Preparation and their performance on the flame retardancy of epoxy resins. J. Mater. Chem. A 2013, 1,
6822-6830. [CrossRef]

Wang, R.; Zhuo, D.; Weng, Z.; Wu, L.; Cheng, X.; Zhou, Y.; Wang, J.; Xuan, B. A novel nanosilica/graphene oxide hybrid and its
flame retarding epoxy resin with simultaneously improved mechanical, thermal conductivity, and dielectric properties. |. Mater.
Chem. A 2015, 3, 9826-9836. [CrossRef]

Téduber, K.; Marsico, F.; Wurm, ER.; Schartel, B. Hyperbranched poly(phosphoester)s as flame retardants for technical and high
performance polymers. Polym. Chem. 2014, 5, 7042-7053. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.renene.2020.09.067
http://doi.org/10.1002/smll.201805175
http://doi.org/10.1016/j.cej.2019.122991
http://doi.org/10.1016/j.jhazmat.2019.121069
http://www.ncbi.nlm.nih.gov/pubmed/31522066
http://doi.org/10.1002/app.49698
http://doi.org/10.1002/aenm.201502409
http://doi.org/10.1002/anie.201710859
http://doi.org/10.1016/j.ijhydene.2016.01.034
http://doi.org/10.1039/C6RA25070J
http://doi.org/10.1002/pi.5466
http://doi.org/10.1002/app.47710
http://doi.org/10.1002/pat.5362
http://doi.org/10.1002/hc.21407
http://doi.org/10.1007/s10853-016-0124-0
http://doi.org/10.1039/c3ta10416h
http://doi.org/10.1039/C5TA00722D
http://doi.org/10.1039/C4PY00830H

	Introduction 
	Experimental Section 
	Materials 
	Preparation of Few-Layer BPs 
	Preparation of BP-Modified Epoxy Resins 
	Characterization 

	Results and Discussion 
	Characterization of BPs 
	Dispersibility of BPs and RP in Epoxy Composites 
	Flame-Retardant Properties 
	Thermal Properties 
	Mode of Action for Flame Retardancy 

	Conclusions 
	References

