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HIGHLIGHTS

® The novel two-dimensional BP-NH-TOF hybrids was in situ synthesized.

e EP/ BP-NH-TOF exhibits low PHRR, THR, SPR, TSR and smoke toxicity.

e EP/BP-NH-TOF nanocomposites shows significantly enhanced mechanical property.

® Excellent fire safety and mechanical properties are owing to the P-N synergistic system.

ARTICLE INFO ABSTRACT

Keywords: As the most thermodynamical and chemical stable allotrope of phosphorus, black phosphorus (BP) has recently
Black phosphorus generated huge research interest due to its high carrier mobility, semi-conductive property and an intrinsically
Covalen:f organic framework tunable bandgap. BP has shown potential application in flame retardant polymer nanocomposites as emerging
Composites nanofiller. However the utilization of BP in polymer nanocompsoites still remains a huge challenge as it is prone

Mechanical properties

Fire hazards to oxidation in water under air condition and pristine BP shows limited flame retardancy efficiency. In order to

solve these issues, herein, triazine based organic framework was grown onto the surface of two-dimensional (2D)
BP by in situ polymerization, resulting in the formation of organic-inorganic hybrids (BP-NH-TOF) which were
subsequently incorporated into epoxy resin to fabricate the final nanocomposites. With increasing the loading of
BP-NH-TOF in EP nanocomposites, the corresponding PHRR, THR, TSR and SPR values were reduced re-
markably. For example, the addition of 2 wt% BP-NH-TOF results in a maximum decrease in PHRR (61.2%) and
THR (44.3%) along with the dramatically improved LOI (29.0%) and UL-94 (V-0) performance, in addition to
the obvious reduction of the amount of toxic carbon monoxide and flammable volatile products. Meanwhile, the
mechanical properties of EP/BP-NH-TOF nanocomposites are enhanced significantly, e.g. 67.1% improvement in
storage modulus at 1 wt% of BP-NH-TOF loading along with the improved glass transition temperature. The
outstanding fire safety and mechanical properties of EP nanocomposites are attributed to the synergistic action
of BP-NH-TOF hybrids. This work provides a facile method to prepared functionlized BP with the application in
high performance flame retardant polymer nanocomposites.

1. Introduction devices owing to its exceptional mechanical, electronic, optical and
transport properties [2-5]. Recently, A puckered layer structure is in-

Black phosphorus (BP) is emerging as the most stable allotrope of tegrated into bulk BP via weak van der Waals forces [6]. Exfoliation
solid phosphorus in thermodynamics and chemistry[1], which has strategy is extensively explored to generate single- or few-layer two-
found potential applications in catalysis, energy and optoelectronic dimensional (2D) BP nanosheets. After exfoliation of bulk BP, BP
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Fig. 1. Schematic illustration of the fabrication process of the BP-NH-TOF nanohybrids.

nanosheets possess high specific surface area and abundant active sites.
Sonication-assisted liquid exfoliation is regarded as an effective strategy
to prepare BP nanosheets [7,8] , but is usually time-consuming, en-
vironmentally harmful. More importantly, it is difficult to completely
remove auxiliary organic solvents on the surface of BP nanosheets [9].
After liquid exfoliation, there are few active groups on the surface of
BP, which can not provide active sites for further chemical functiona-
lization due to its intrinsically inert nature. Recently, hydroxyl func-
tionalized BP nanosheets have been achieved successfully by ball-mil-
ling mixing of BP power with LiOH [10]. In another work, -NH,
functionalized BP nanosheets were synthesized via urea-assisted ball-
milling [11]. These impressive results demonstrate that ball milling can
realize simultaneous exfoliation and functionalization of bulk BP at
large scale, which makes it possible for preparing BP-based functional
materials.

Covalent organic frameworks (COFs) are a class of novel crystalline
nanomaterial composed of a porous network structure, which have
strong covalent bonds between organic moieties. Generally, COFs
maintain two- or three-dimensional structures with the characteristics
of regular porous, low density, high crystallinity and good stability. Up
to now, various COFs have been developed, such as boronate esters
[12,13], triazines [14,15], Schiff-base types, etc [16,17]. Owing to the
huge species and unique characteristics, COFs have generated great
interest in a variety of applications, such as catalysis, energy, optoe-
lectronic devices and sensors [18-20]. However, it remains still a long-
term challenge to explore different applications of COFs. Triazine based
covalent organic frameworks (TOFs) fabricated from triazine or nitrile
containing reactant by covalent bonding has been regarded as an im-
portant sub-class of COFs, due to their unique structure and char-
acteristics of marvelous surface area, abundant nitrogen elements and
high stability in organic media [21]. These attractive features enable
TOFs to be used as promising nanofillers for polymeric materials with
improved properties.

Because of increasing concerns in environmental persistence and
bio-accumulation of halogenated flame retardants [22,23], phosphorus-
and nitrogen-containing flame retardants are highly attractive for ap-
plication in flame retardation of polymeric materials. As an important
subset of synergistic flame retardant systems, phosphorus-nitrogen (P-
N) synergistic action has been extensively explored due to their high
efficiency in the past few decades [24]. Exploring and developing new
highly efficient P-N synergistic flame retardant systems will be an on-
going challenge. BP nanosheets, phosphorus-based flame retardants,
which can act in both gas and condensed-phase [25]. Besides the
physical barrier effect, they can accelerate the carbonization and char

formation of polymers. Specifically, the decomposition of BP releases
phosphoric acid to promote cationic crosslinking, contributing to
forming dense char [26], and then the dense char layer isolates the heat
feedback to weaken polymer pyrolysis [27]. TOF nanosheets are gen-
erally synthesized by a condensation polymerization of melamine and
cyanuric chloride through a facile solvothermal process. TOF may be a
promising flame retardant for polymeric materials, taking into account
the abundant nitrogen element and the large specific surface area of its
2D structure

Inspired by the outstanding physical and chemical properties of BP
and TOF nanosheets, herein, the BP and TOF were creatively integrated
to explore their synergistic effects on flame retardacy of epoxy resin.
Specifically, functionalized BP nanosheets with NH, groups (BP-NH,)
were synthesized by urea-assisted ball-milling (Fig. S1). Then TOF was
in situ grown on the surface of BP-NH, nanosheets through a facile
solvothermal process, leading to the formation of BP-NH,/TOF nano-
hybrids (BP-NH-TOF). The resultant BP-NH,/TOF nanohybrids (BP-NH-
TOF) with the rich amino groups on the surface may improve the
compatibility between BP-NH-TOF and the epoxy matrix to sig-
nificantly enhance the mechanical and flame retardancy. Mechanisms
of flame retardant and mechanical reinforcement are investigated by
various measurements. .

2. Experimental

The preparation of BP-NH-TOF nanosheets was achieved via one-pot
solvothermal reaction (Fig. 1). The detailed information was shown in
Supplementary Information, including raw materials, fabrication of BP-
NH, nanosheets, BP-NH-TOF nanohybrid and EP/BP-NH-TOF nano-
composites and characterization.

3. Results and discussion
3.1. Characterization of BP-NH-TOF nanohybrid

In this work, a simple and efficient strategy to prepare BP-NH,
nanosheets and BP-NH-TOF hybrids is proposed. As the initial template,
-NH, functionalized BP nanosheets were synthesized by urea-assisted
ball-milling. The morphology and structure of exfoliated BP-NH, were
investigated by TEM. Exfoliated BP-NH, nanosheets show smooth sur-
face with uniform brightness and several hundred nanometers in the
diameter (Fig. 2a). The inserted figure is the electron diffraction pattern
(SAED) of selected area for BP-NH, nanosheets, which is assigned to the
orthogonal crystal structure of BP. The high-resolution TEM image of
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Fig. 2. Morphological characterization of BP-NH, and BP-NH-TOF nanosheets. (a) TEM image of the BP-NH, and (b) the corresponding high-resolution TEM image;
(c) AFM image of BP-NH, nanosheets and (c1) the corresponding height profiles taken along the lines marked in; (d) TEM image of the TOF nanosheets; (e and f) TEM

images of the BP-NH-TOF nanosheets.

BP-NH, nanosheets reflect a lattice spacing of 0.33 nm which is as-
cribed to (021) facet (Fig. 2b) [28]. The results demonstrate the
complete retention of the lattice structure and the successful prepara-
tion of few-layer BP-NH, nanosheets. In order to confirm the specific
thickness of few-layer BP-NH, nanosheets, atomic force microscopy
(AFM) was conducted (Fig. 2c). BP-NH, nanosheets shows the thickness
of 6.12 nm corresponding to 11-12 layers of P atoms based on the
theoretical thickness of 0.53 nm for single-layer phosphorene [29].

As shown in Fig. 2d, the as-prepared TOF exhibits an irregular
contour of up to tens of nanometers in size, and its surface with holes is
different from BP-NH, nanosheets. Using the synthetic BP-NH, na-
nosheets as a template, TOF was polymerized in situ through a facile
solvothermal process using melamine and cyanuric chloride as the raw
materials. The morphology of BP-NH-TOF hybrid was investigated by
TEM, as shown in Fig. 2e and f. The smooth sheets with a length of
hundreds of nanometers are alleged to be BP-NH,, while the frag-
mented shadow with tens of nanometers attached to the BP-NH,, surface
represents the TOF nanosheets. The successful preparation of sandwich
structure for BP-NH-TOF hybrid with TOF nanosheets grown on the
surface of BP-NH, nanosheets, which is verified by the size and mor-
phology of nanomaterials In addition, the as-prepared BP-NH-TOF hy-
brid still maintains the nanosheets morphology well. Fig. S2b—e show
the TEM images and the corresponding element mapping images of BP-
NH-TOF nanohybrid, and the successful preparation of BP-NH-TOF
nanohybrid was further confirmed via elemental mapping images of
phosphorus, nitrogen and carbon respectively.

Fourier transform infrared spectroscopy (FTIR), Raman spectro-
scopy and X-Ray diffraction (XRD) were employed to further confirm
the structures of BP-NH,, TOF and BP-NH-TOF. For the FTIR spectrum
of BP-NH-TOF hybrid (Fig. 3a), typical peaks, ascribing to BP-NH, and
TOF nanosheets are identified. For instance, the peaks at 931, 1003,
1083, and 1161 cm ™! are attributed to P-N stretching vibration, P-O
stretching vibration, P=0 stretching vibration, rock vibration of NH,
[11,30]. Moreover, the peak at 803 cm s assigned to the s-triazine
ring modes; the absorptions at 1255, 1332, 1448, and 1663 cm ™' are
due to the typical aromatic CN heterocycle; the peak at 3228 cm ™ is
attributed to the NH, vibration [31]. It is noted that the identifiable
absorption peaks are weak and slightly shift compared with that of BP-
NH, and TOF, which reveals the intensive hydrogen bonding interac-
tion between TOF and BP-NH, nanosheets [11,32]. Fig. 3b shows the
XRD pattern of the BP-NH-TOF hybrid. The typical diffraction peaks

appearing at 17.1°, 26.6°, 34.3°, 35.2°, 52.5°, 56.2° and 56.8° corre-
spond to (020), (021), (040), (111), (060), (151) and (061) inter-
layer planes of BP [33]. Furthermore, the broad peaks at 10.9°, 20.1°,
27.5°and a weaker peak at 40.1° are assigned to (010), (220), (001)
and (002) planes of TOF, respectively [34]. The broad diffraction peaks
indicate low crystallization and slight interlayer shift. All the diffraction
peaks of BP-NH, and TOF nanosheets appear in the XRD pattern of BP-
NH-TOF, indicating the successful preparation of TOF nanosheets via
one pot solvothermal reaction using BP-NH, as a template. Fig. 3c
shows the Raman spectrum of BP-NH-TOF hybrid. It can be seen that
three vibration modes of Agl, By, and Ag2 caused by BP-NH, are lo-
cated at 362.6, 438.9 and 467.3 cm ~ ! with the gradually rising baseline
[30]. The rising baseline is mainly due to the fluorescence of TOF na-
nosheets on the surface of BP-NH,, demonstrating the preservation of
vibrational structure after the combination of BP-NH, and TOF na-
nosheets. In addition, the blue shift of vibration peaks occur in com-
parison to that of bulk BP (Fig. S3c), which reveals the few-layer BP-
NH, nanosheets in BP-NH-TOF hybrid [11]. The surface area and pore
size of TOF were investigated by nitrogen adsorption—desorption ex-
periment, and the results are shown in Fig. 3d. The nitrogen ad-
sorption—desorption isotherm curve of TOF belongs to the H3 hyster-
esis, which reveals the nanosheets structure of TOF with the BET
surface of 37.7 m?/g. The pore size distribution of TOF exhibits the
sharp peak ranging from 3 to 4 nm and the broad peak centered
at ~ 7.8 nm confirms mesoporous characteristics of TOF nanosheets.
The chemical composition and elemental valence state of BP-NH-
TOF hybrid were characterized by XPS (Fig. 4). The XPS spectrum of
BP-NH-TOF (Fig. 4a) shows the same elemental composition as TEM
mapping (Fig. S2b—e). Fig. 4b reveals that the C 1 s spectrum of BP-NH-
TOF can be deconvoluted into three peaks centered at 288.8, 286.1 and
284.8 eV, which are assigned to the spz—hybridized carbon (N-C=N),
defect of sp® carbon (C-C) and aromatic sp® carbon, respectively
[34,35]. The high-resolution N 1 s spectrum of BP-NH-TOF shows four
intensive peaks at 401.1, 400.7, 400.2 and 399.2 eV (Fig. 4c), which are
attributed to P-N bonds, amino function (C-N-H), tertiary nitrogen N-
(C)3 groups and sp*-hybridized nitrogen in triazine rings (C-N=C)
[11,34], respectively. For the P 2p spectrum of BP-NH-TOF (Fig. 4d),
four peaks at 129.6 (P 2p3,5), 130.5 (P 2p;,2), 133.4 (P-N) and 134.4 eV
(P-O) can be deconvoluted [11,36]. Noticeably, the binding energy of N
1 s peak for BP-NH-TOF is slightly higher than that of pristine TOF (Fig.
S6), indicating the formation of interfacial interaction of hydrogen
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Fig. 3. (a) FTIR spectra and (b) XRD patterns of BP-NH,, TOF and BP-NH-TOF; (c) Raman spectra of BP-NH, and BP-NH-TOF; (d) Nitrogen adsorption/desorption
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Fig. 5. SEM images of (a) pure EP, (b) EP/BP-NH,2.0 and (c) EP/BP-NH-TOF2.0 at different magnifications.
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bonding between TOF and BP-NH, nanosheets. In summary, on the
basis of the analysis results abovementioned, it can be concluded that
TOF was successfully grown on the surface of NH,-functionalized few-
layer BP nanosheets.

3.2. Morphology and structure characterization of EP/BP-NH-TOF
composites

Fig. 5 presents the SEM images of pristine EP, EP/BP-NH, + TOF2.0
and EP/BP-NH-TOF2.0 nanocomposites. For pure EP, the fractured
surface exhibits a smooth, wrinkle-free morphology (Fig. 5a). The
fractured surfaces of EP/BP-NH, (Fig. 5b) and EP/BP-NH, + TOF2.0
(Fig. S7) are relatively rough with small wrinkle, whereas the surface of
EP/BP-NH-TOF2.0 (Fig. 5¢) is the roughest and has a larger wrinkle
pattern. This phenomenon indicates the formation of interface inter-
action between the nanofillers and EP matrix, resulting in the improved
dispersion of BP-NH-TOF in EP matrix [37].

The XRD patterns of pristine EP, EP/BP-NH-TOF, EP/BP-NH,2.0
and EP/BP-NH, + TOF2.0 are presented in Fig. S8. Compared with
pure EP, there exist several sharp diffraction peaks in the XRD patterns
of EP/BP-NH-TOF, EP/BP-NH,2.0 and EP/BP-NH, + TOF2.0 compo-
sites, assigning to (020), (021), (040), (111), (112), (060), (151)
and (061) interlayer planes of BP [33]. The characteristic peaks of TOF
nanosheets are so weak that is nearly invisible, which is due to the small
loading and low crystallization of TOF nanosheets. As a comparison,
EP/BP-NH, + TOF2.0 show the typical peaks, but the intensity of the
peak at ~ 35.2° corresponding to (111) plane which is significantly
weaker than that of EP/BP-NH-TOF. Those phenomena verify that the
hybridization with TOF can improve the dispersion of BP-NH-TOF in EP
matrix.

3.3. Thermal and mechanical properties of EP and its composites

TGA have been widely employed to investigate thermal degradation
behavior of materials [38,39]. The thermal stability of EP and its na-
nocomposites were analyzed by TGA under nitrogen (N,), as shown in
Fig. 6a and Fig. S9a. The T_so, T_500, and Tpax are defined as the
temperatures at 5%, 50% and maximum weight loss rate, and the
corresponding parameters are listed in Table S3. EP and its nano-
composites show similar pyrolysis behavior with a one-stage mass loss
process at the temperature ranging from 300 to 450 °C. Considering the
thermal degradation of the BP-NH-TOF hybrid (Fig. S10), the un-de-
composed BP-NH-TOF nanohybrids play a nano-barrier role during
combustion. Furthermore, the incorporation of nanofillers leads to
slightly early degradation of the corresponding EP nanocomposites,
which is conductive to improving the flame retardancy [40]. It is noted
that the final char yields of the EP nanocomposites at 800 °C are sig-
nificantly increased. For example, the char yield of pristine EP is
12.8 wt%,while the char yields increase to 17.5 wt% as the BP-NH-TOF
loading is increased to 2.0 wt%, which is higher than those of EP/BP-
NH, (15.6 wt%) and EP/BP-NH, + TOF2.0 (15.2 wt%). The increased
residues are beneficial to inhibiting the diffusion of pyrolysis products,
and blocking the exchange of oxygen and heat to protect the underlying
matrix during combustion. Fig. 6b and Table S3b show the derivative
thermogravimetric (DTG) curves of EP and its nanocomposites. Pure EP
has the maximum DTG value of 1.83%/°C, the mass loss rate of EP/BP-
NH-TOF nanocomposites is significantly decreased. For example, the
peak DTG value of EP/BP-NH-TOF2.0 is 1.34%/°C, which is lower than
those of EP/BP-NH,2.0 (1.44%/°C) and EP/BP-NH, + TOF2.0 (1.46%/
°C). The significant decrease of thermal decomposition rate makes a
crucial contribution to reducing the peak heat release rate (PHRR) of EP
nanocomposites. It is noted that the EP/BP-NH, + TOF2.0 shows the
earlier degradation than EP/BP-NH-TOF2.0, which is mainly caused by
the low degradation temperature of TOF nanosheets (Fig. S10). In
contrast, the hybridization of BP and TOF promotes the charring and
inhibits the degradation of TOF. In summary, EP/BP-NH-TOF

Chemical Engineering Journal 401 (2020) 126058

nanocomposites exhibit the increased char yield and significantly de-
creased mass loss rate, showing synergistic effect than the BP-NH,2.0 or
BP-NH, + TOF2.0 alone. This demonstrates that the hybridization of
BP with TOF enhance the catalytic charring ability, demonstrating the
synergistic physical barrier effect [41]. The well-designed P-N sy-
nergistic system promotes the formation of dense char layers, thus
improving the flame retardancy of EP nanocomposites.

The influence of nanofillers on the dynamic thermo-mechanical
properties of EP matrix was investigated by DMA. The storage modulus
versus temperature curves of EP nanocomposites are shown in Fig. 6¢
and S9c. Error bars of storage modulus are given in Fig. S11. The sto-
rage modulus of pure EP is 21200 MPa at 25 °C, while that of EP/BP-
NH-TOF nanocomposites are significantly increased by 51.4%, 67.1%
and 14.4% at different BP-NH-TOF nanohybrid loadings of 0.5 wt%,
1.0 wt% and 2.0 wt%, respectively. The high stiffness of BP-NH, and
the improved compatibility of TOF with the epoxy network via che-
mical bonding lead to enhanced storage modulus of the EP nano-
composites [31]. Unfortunately, the EP/BP-NH-TOF2.0 with higher
loading shows worse performance than EP/BP-NH-TOF0.5 and EP/BP-
NH-TOF1.0, which is mainly due to the agglomeration and uneven
dispersion of BP-NH-TOF. In particular, the storage modulus of EP/BP-
NH,2.0 and EP/BP-NH, + TOF2.0 at 25 °C is 22.3 and 23.3 GPa, re-
spectively, which are lower than those of EP/BP-NH-TOF (0.5 wt%,
1 wt%, 2.0 wt%), indicating that the hybridization of BP-NH, with TOF
nanosheets can improve the interfacial interaction between BP-NH-TOF
nanosheets and EP matrix. In addition, the peak of tan § reflects the
glass transition temperature (Tg) of the nanocomposites (Fig. 6d and
S9d), which is gradually increased with the increase of BP-NH-TOF
loading in the EP matrix. The significantly improved mechanical and
thermal performance of EP/BP-NH-TOF nanocomposites is attributed to
the enhanced interfacial interaction between the nanofiller and the
matrix [31,32].

3.4. Flame retardancy of EP/BP-NH-TOF composites

Cone calorimeter could provide abundant information regarding
combustion performance of materials, which correlates well with large-
scale fire tests [42,43]. Fig. 7a and b present the heat release rate (HRR)
and total heat release (THR) evolution of EP nanocomposites versus
time. Various parameters obtained from cone calorimeter tests are
listed in Table S4. Pure EP burns rapidly with high peak heat release
rate (PHRR) and THR, which is 2053.4 kW/m? and 134.6 MJ/m?, re-
spectively. As the loading of BP-NH-TOF increases from 0.5 wt% to
2.0 wt%, the PHRR value of the corresponding EP nanocomposite is
gradually decreased by 16.3% to 61.2%, while the THR value is de-
creased by 18.4% to 44.3%. Meanwhile, the PHRR and THR values of
the EP/BP-NH,2.0 are decreased by 46.8% and 40.7%, respectively. For
EP nanocomposites containing BP-NH, and TOF at total loading of
2.0 wt% (Fig. S12a and b), the PHRR and THR values are decreased by
48.1% and 38.7%, respectively. Therefore BP-NH-TOF exhibits the
highest flame retardancy efficiency. The smoke production rate (SPR)
and total smoke release (TSR) vs. time curves of EP and its nano-
composites are shown in Fig. 7c and d. Pure EP releases a large amount
of smoke during combustion, which is composed of polyaromatic hy-
drocarbon. As expected, with the introduction of BP-NH-TOF nanohy-
brid, the SPR and TSR values of nanocomposites are reduced sig-
nificantly, and EP/BP-NH-TOF2.0 shows the lowest SPR and TSR
values.

The limiting oxygen index (LOI) and the UL-94 vertical burning tests
performance are critical to the prospect of EP composites application.
The LOI refers to the concentration of the polymer in the mixed gas of
oxygen and nitrogen that can just maintain the volume fraction of
oxygen during combustion, which is very effective to judge the diffi-
culty of combustion when the material is in contact with the flame. The
LOI value of pure EP is 23.0%, manifesting the high flammability. After
the incorporation of TOF, BP-NH,, BP-NH-TOF and BP-NH, + TOF, the
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Fig. 7. (a) HRR, (b) THR, (c) SPR and (d) TSR curves of pure EP and its nanocomposites with different BP-NH-TOF contents obtained from cone calorimeter tests.

LOI values are increased. In particular, with the introduction of 2.0 wt%
EP/BP-NH-TOF, the LOI value improved to 29.0%, which is higher than
that of TOF, BP-NH, and BP-NH, + TOF with the same loading, and
specific date is shown in Table S4. In terms of UL-94, a more intuitive
and realistic scene of combustion behavior is shown, and the results are
listed in Table S4. Actually, with the increasing loading of BP-NH-TOF
in EP matrix, the results of UL-94 exhibit improved trend gradually. For
instance, the improvement of EP/BP-NH-TOF 0.5 is not enough to meet
the minimum standards of UL-94, the corresponding UL-94 level
reaches V-1 rating while the addition of BP-NH-TOF reaching to 1.0 wt
%. When the loading of BP-NH-TOF increased to 2.0 wt%, the com-
posites pass the V-0 rating.

Considering the cone calorimeter, LOI and UL-94 results, EP/BP-
NH-TOF2.0 shows the superior performance over other control samples.
The enhanced fire safety property of EP nanocomposites is attributed to
the physical barrier and catalytic charring effects of the BP-NH-TOF, a
well-designed P-N synergistic flame retardant system.

3.5. Products analysis of EP/BP-NH-TOF nanocomposites

In order to explore the possible flame-retardant mechanism, de-
gradation products of EP and its nanocomposites in the condensed
phase and gas phase are identified respectively. Fig. 8 shows the char
residues of EP nanocomposites after cone calorimeter tests. A small
quantity of cracked char residues remain for pure EP (Fig. 8a). By
contrast, the quantity and rigidness of char residues are gradually in-
creased as the loading of BP-NH-TOF increases from 0.5 wt% to 2.0 wt
% (Fig. 8b—d). The EP/BP-NH,2.0 nanocomposite exhibits an expanded
char layer with small holes on the surface (Fig. 8e), while the more
continuous, denser expanded char layer is observed for EP/BP-NH-
TOF2.0 nanocomposite (Fig. 8d). This phenomenon verifies that the
hybridization of BP-NH, with TOF can improve the quality of char layer
of EP nanocomposites. Fig. 9a-f shows the SEM images of the external
and interior char residues of EP nanocomposites. The outer char layer of

pure EP exhibits a sheet-like morphology with large open pores on the
surface (Fig. 9a). In contrast, the external char layer of the EP/BP-
NH,2.0 shows a continuous and compact void-free surface (Fig. 9b).
Similar to EP/BP-NH,2.0, the EP/BP-NH-TOF2.0 nanocomposite has a
continuous and dense char layer after combustion (Fig. 9¢). Fig. 9d—f
present the SEM images of the interior char layers. The internal char
layer of the EP/BP-NH-TOF2.0 is more compact than pure EP and EP/
BP-NH,2.0. It can be observed that there are many large open pores on
the surface of the internal char residues for pure EP and EP/BP-NH,2.0.
In contrast, the internal char of the EP/BP-NH-TOF has a more compact
and tight wall with almost no holes. These phenomena indicate that the
catalytic charring and physical barrier effect of BP-NH-TOF nanosheets
are beneficial to the quality improvement of the final char layer. There
is no doubt that a continuous dense carbon layer is beneficial to re-
sisting the heat transfer, delaying the mass loss and suppressing the
release of pyrolysis products, thereby improving the fire resistant per-
formance. The ingredients and structure of char residues were eval-
uated by Raman spectroscopy. Two typical peaks at 1596 cm ™! (G
band) and 1365 cm ™! (D band) can be observed in all the Raman
spectra of EP, EP/BP-NH,2.0 and EP/BP-NH-TOF2.0 (Fig. 9g-i). In
general, the integrated intensity ratio of the D band to the G band (Ip/
Is) is employed to evaluate the degree of graphitization of char residues
[44,45], and the higher Ip/Ig value reflects the lower degree of gra-
phitization [30,39,46,47]. The Ip/Ig values of pristine EP, EP/BP-
NH,2.0 and EP/BP-NH-TOF2.0 are 3.23, 3.05 and 2.71, respectively.
The EP/BP-NH-TOF2.0 has the lowest Ip/Ig value, indicating the
highest degree of graphitization due to the catalytic charring effect of
the BP-NH-TOF during combustion. The formation of char layer with
higher carbonization degree is beneficial to preventing underlying
materials from further degradation. Both XRD and XPS were utilized to
characterize the structure and composition of the char residues of EP
nanocomposite after cone calorimeter tests (Fig. 10). All the XRD pat-
terns of the char residues for EP and its nanocomposites present a broad
diffraction peak at 260 = 23° (Fig. 10a), which is assigned to the (002)
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Fig. 8. Digital photos of the external residues from top view and side view for EP and its nanocomposites.

diffraction of carbon. Apart from the broad peak, there are no other
diffraction peaks in the XRD patterns, demonstrating that the crystal
structures of BP-NH, and TOF are destroyed during combustion. More
detailed information on the char residues can be obtained from XPS
results. The char residue of pure EP consists of O, N and C elements, and
additional P element appears in the char residue of EP/BP-NH,2.0 and
EP/BP-NH-TOF nanocomposites (Fig. 10b). The high-resolution N 1s
spectrum of EP/BP-NH-TOF presents three strong peaks at 401.1,
400.35 and 398.6 eV corresponding to P-N, C-N-C and C-N=C [11,34]
(Fig. 10c). In addition, the High-resolution P 2p spectra of the char

W= 90mm

ENT=20000V WD+ 85mm  SoaatA=SE!  Mege 200X

residues for EP/BP-NH,2.0 and EP/BP-NH-TOF also further confirm the
results (Fig. 10d and e). The P 2p peaks of EP/BP-NH,2.0 and EP/BP-
NH-TOF can be deconvoluted into three peaks at about 132.9, 133.8
and 134.65 eV corresponding to P-O-P, O-P=0 and P,0s bonds, re-
spectively, which confirms the formation of char residue with phos-
phorus-nitrogen containing polyaromatic structure [48]. In summary,
the BP-NH-TOF hybrids exhibit optimal synergistic charring effect to
form continuous and compact char layer consisting of C, N, O and P.
Therefore, the flame retardant mechanism in condensed phase is on the
basis of the physical barrier effect of nanosheets and formed char layer.
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Fig. 9. SEM images of external (a—c), interior (d—f) char residues and Raman spectra of the char residues for pristine EP, EP/BP-NH,2.0 and EP/BP-NH-TOF2.0.
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Fig. 10. (a) XRD patterns of the char residues for EP nanocomposites; (b) XPS survey spectra of the residual char for EP nanocomposites; (c) High-resolution N 1s
spectra of the residues for EP/BP-NH-TOF2.0, P 2p spectra of the residues for (d) EP/BP-NH,2.0 and (e) EP/BP-NH-TOF2.0.

For the purpose of exploring the action of EP/BP-NH-TOF in the gas
phase, TG-FTIR technique was employed to investigate the pyrolysis
products of EP, EP/BP-NH,2.0 and EP/BP-NH-TOF2.0 nanocomposites
(Fig. 11). Several typical peaks of pyrolysis products are located at
2930, 2360, 2190, 1740, and 1510 cm™?, corresponding to hydro-
carbons, carbon dioxide (CO,), carbon monoxide (CO), carbonyl com-
pounds, and aromatic compounds, respectively. The maximum ab-
sorption intensity of EP/BP-NH,2.0 and EP/BP-NH-TOF2.0 is
significantly reduced compared with pure EP. In particular, the EP/BP-
NH-TOF2.0 nanocomposite shows the lowest absorption intensity of
typical volatile products, which is in agreement with DTG results. The
reduction of flammable pyrolysis products (including hydrocarbons,
carbonyls and aromatics) are beneficial to reducing the release of heat
and smoke. CO is considered to be the main toxic substance causing
casualties in a fire, and the significant reduction of CO concentration
contributes to the reduction of smoke toxicity and improvement of fire
safety.

3.6. Flame retardant mechanism

EP/BP-NH-TOF nanocomposites show significantly enhanced flame
retardancy properties. The reasonable flame retardancy mechanism of
BP-NH-TOF is proposed based on systematically experimental results
and prior works.

Two-stage thermal degradation is observed for EP [49]. The first
stage is attributed to the decomposition of the matrix generating
flammable gases, ignited under a suitable condition. The second stage is
that the combustion heat feedback to the underlying polymer matrix,
accelerating the further decomposition of the matrix to support gas-
phase combustion. The repeated cycle of the two stages allows flame
spread and development. BP-NH-TOF hybrids show the flame retardant
action in both the condensed phase and gas phase. In condensed phase,
undecomposed BP-NH-TOF acts as physical barrier in EP nanocompo-
sites. In addition, BP-NH-TOF generates phosphorus species during
thermal degradation, e.g. HPO, [50] which promote char formation

and construct the three-dimensional (3D) expanded char layer. The
undecomposed BP-NH-TOF and 3D char layer inhibit heat and oxygen
transmission, preventing the further pyrolysis of underlying EP and
reducing the release of flammable volatiles. In the gas phase, the gen-
eration of HO- and H: radicals are the key to the continuous combustion
of polymeric materials. As an allotrope of solid phosphorus, the BP in
EP matrix can generate PO- radicals during combustion, which can
capture HO- and H- radicals in flame zone [51,52]. In addition, ni-
trogen-rich TOF can generate NH3 during decomposition which dilutes
the concentrations of flammable gases and creates an inert atmosphere
to slow down combustion in the gas phase [53]. In summary, the sig-
nificantly enhanced flame retardant performance of EP/BP-NH-TOF is
attributed to the well-designed P-N flame retardatn system with the
combination of physical barrier effect of nanosheets and char layer, and
nonflammable gases dilution.

4. Conclusion

In this work, BP-NH, was synthesized by urea-assisted ball milling,
which was used as a template to synthesize the BP/TOF nanohybrids by
in-situ polycondensation. The composition and structure of BP-NH-TOF
were well identified, which was subsequently incorporated into EP
matrix. As the loading of BP-NH-TOF was increased, the char residue
was increased along with the decrease in peak of DTG. In addition, the
introduction of 2 wt% BP-NH-TOF led to 62.1% reduction in PHRR and
up to 44.3% reduction in THR along with the dramatically enhanced
LOI (29.0%) and UL-94 (V-0) properties, in addition to significantly
reduced TSR and SPR values, indicting the outstanding flame re-
tardancy performance. TG-FTIR results indicated that the amount of
main toxic CO and flammable volatile products from thermal decom-
position of EP nanocomposites were significantly inhibited, which
meant the reduction of smoke production and heat release. In addition,
EP/BP-NH-TOF behave better mechanical properties than pure EP,
which was 67.1% increase in storage modulus at 1 wt% loading of BP-
NH-TOF along with improved glass transition temperature. On the basis
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Fig. 11. Absorbance of pyrolysis products for EP, EP/BP-NH,2.0 and EP/BP-NH-TOF2.0 vs. time: (a) total pyrolysis products, (b) CO, (c) CO., (d) hydrocarbons, (e)

carbonyl compounds and (f) aromatic compounds.

of the analysis of the pyrolysis products and residues, the significant
reduction of fire risk and enhanced mechanical properties are mainly
due to the synergetic effect of BP-NH-TOF.
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