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Abstract: Epoxy resin (EP) is an indispensable packaging material for batteries. Excellent thermal
and flame-retardant properties of EP can ensure the safety performance of batteries. To solve the
low-efficiency flame retardant of EP, nickel phenyl phosphate (NiPP) was synthesized and its surface
was modified by polymerization of dopamine (PDA). [3-(hydroxy-phenyl-methylidene) imimine]
triazole (DTA) was synthesized using 9,10-dihydro-9-oxygen-10-phosphophene-10-oxide (DOPO),
3-amino-1,2,4-triazole and p-hydroxybenzaldehyde. The hybrid flame retardance NiPP@PDA@DTA
was further synthesized by self-assembly between the negative charge on the surface of DTA and
the positive charge on the surface of modified NiPP@PDA. Then, NiPP@PDA@DTA was added
to EP to prepare EP/NiPP@PDA@DTA composites. The results showed that the incorporation
of NiPP@PDA@DTA promoted the residual yield at high temperatures. Furthermore, EP com-
posites showed excellent flame retardancy when NiPP@PDA@DTA was added. The EP/4 wt%
NiPP@PDA@DTA composites can reach UL-94 V0 grade with a limit oxygen index (LOI) of 33.7%.
While the heat release rate (HRR), total release rate (THR), CO, production (CO,P) and total smoke
release (TSR) of EP/4 wt% NiPP@PDA@DTA composites decreased by 16.9%, 30.8%, 16.9% and
27.7% compared with those of EP. These improvements are mainly due to the excellent catalytic
carbonization performance of Ni metal and P compounds. The azazole and phosphaphenanthrene
groups have the effects of dilution quenching in the gas phase and cross-linking network blocking, as
well as enhanced blowing-out effects.

Keywords: phenyl metal phosphate; azazole; DOPO; packaging safety; flame retardant

1. Introduction

EP is used in the field of power batteries because of their good insulation, chemical
resistance and high strength, which helps to improve battery performance and enhance
safety. With the continuous progress of technology, the application of epoxy resin in the
field of power batteries will be broader [1,2]. However, the inflammability of EP generates
potential fire hazards and greatly limits its application areas that require high fire safety
performance [3,4]. Thus, it is necessary to improve the fire retardancy of EP [5,6].

Phosphates have attracted great interest as flame retardants of polymers. Metal
organophosphates have been designed and prepared. Their effectiveness as flame retar-
dants has been proven [7]. The PHRR value of PS composites was reduced by 39.8% when
5 wt% layered aluminum organic phosphate was added [8]. In addition, the heat release
of polymer composites was significantly decreased by the homogeneous dispersion of
metal-organic organophosphates with different morphologies. Layered cerium phenyl
phosphate [9], rod-like phosphate-containing metal complexes [10], layered lanthanum
phenyl phosphate [11], layered copper phenyl phosphate [12] and phosphorylenimide
zinc [13]. The yield increases significantly due to the dehydrogenation of phosphorus com-
pounds and the catalytic action of metal compounds in the process of carbonization [14].
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The synergism between phosphorus and metal compounds promotes the cross-linking of
the main chain and the suppression of flame propagation in the gas phase [15,16].

Dopamine (DA) can be self-polymerized to produce a polydopamine (PDA) coating
that adheres to the surface of metals, metal oxides, graphene and hydrophobic poly-
mers [17]. Moreover, PDA can provide abundant active groups for further modification.
When the nano-hybrid MoS,-PDA@Ni(OH), was introduced into the PLA matrix, the
yield was increased by 7.2% and the PHRR was decreased by 21.7% [18]. The introduction
of h-BN@PDA@SnO, nanohybrids can improve the dispersed state of h-BN in the EP
matrix. The thermal performance and flame retardant of EP/BN@PDA@SnO, composites
obviously improved [19]. On the other hand, the PDA layer has amphoteric properties due
to the amino and phenolic hydroxyl groups in the PDA structure [20]. Specifically, the PDA
layer has a positive charge under acidic conditions. The PDA layer shows opposite charac-
teristics under alkaline conditions [21]. Inspired by these, it is believed that the formation
of a PDA layer on a metallic phenyl phosphate surface provides further functionalization
of hybrid nanosheets.

In recent years, 9, 10-dihydro-9-oxygen-10-phosphophene-10-oxide (DOPO) has at-
tracted wide attention because of its remarkable flame retardancy [22]. The active P-H
bond in DOPO can react with amino, carbonyl, epoxy group and other electron-deficient
compounds to form DOPO derivatives, which have remarkably improved flame retardancy
because of the multiple element synergistic action [23]. Among these, DOPO derivatives
containing nitrogen heterocyclics like triazine, maleimide, phosphazene and triazine-trione
have received extensive attention for suitable thermal stability and high flame-retardant
activity [24]. EP composites reached a UL-94 VO rating with the incorporation of 6 wt%
flame retardant with phosphaphenanthrene group and tetrazole ring [25].

Based on the above review, we attempted to combine the excellent catalytic perfor-
mance of Ni and P compounds, the gas-phase dilution quenching effect and the cross-
linking network barrier effect of the azole group and the phosphaphenanthrene group,
and the reinforcing effect of the blow-out effect. Schiff base (DTA) was synthesized from
p-hydroxybenzaldehyde, 3-amino-1,2,4-triazole and DOPO. Then, a positively charged
PDA layer was formed on the surface of nickel phenyl phosphate (NiPP) under acidic
conditions. And the hybrid nanosheet NiPP@PDA@DTA was prepared by in situ synthesis
of negatively charged azolium schiff base layer on the surface. The EP/NiPP@PDA@DTA
composites were prepared and their thermal properties and flame-retardant properties
were studied.

2. Materials and Methods
2.1. Materials

P-hydroxybenzaldehyde (C7H¢O;), 3-amino 1,2,4-triazole (CoH4Ny), Tris—-HCl
buffer and dopamine (DA) were bought from Macklin Co., Ltd. (Shanghai, China).
Phenylphosphonic acid (>98%) was acquired from TCIl Chemicals Company (Huizhou,
China). Polyvinylpyrrolidone (PVP), hexamethyltetramine (C¢H12Ny), nickel nitrate hex-
ahydrate (Ni(NO3),-6H0), 9,10-dihydro-9-oxygen-10-phospha-phenanthrene-10-oxide
(DOPO), ethylene glycol ((CH,OH),), ethanol (CH;CH,OH), HCI and diaminodiphenyl-
methane (DDM) were acquired from Sinopharm Chemical Reagent Co., Ltd. (Shanghai
China). EP (NPEL128) was purchased from Nanya Electronic Materials Co., Ltd. (Kun-
shan, China).

2.2. Synthesis of NiPP@PDA@DTA

The synthesis graph of NiPP@PDA@DTA is shown in Figure 1. The NiPP was pro-
duced in the lab based on the previous literature. NiPP was synthesized according to the
procedure given by Kong et al. [7]. An amount of 0.50 g NiPP was dispersed in 80 mL
deionized water and 30 mL ethanol by ultrasonic for 30 min. Then, 0.20 g of DA and 0.32 g
of Tris-HCl buffer were added to the above NiPP suspension with an 8.5 PH value, slowly
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stirred and reacted at 30 °C for 24 h. Finally, the product of NiPP@PDA is obtained by
filtration and washed with deionized water.
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Figure 1. Schematic representation of the synthesis of NiIPP@PDA@DTA.

Amounts of 1.00 g NiPP@PDA, 1 mL of hydrochloric acid and 60 mL of ethanol were
added to a 500 mL three-port flask with a stirring and reflux device for 30 min, and then
1.68 g 3-amino-1,2,4-triazole was added. Next, 2.40 g p-hydroxybenzaldehyde was slowly
added to the mixture and stirred for 2 h at 80 °C. Then, 4.32 g DOPO was added and reacted
for 12 h. The product was washed with ethanol and vacuum dried, which was labeled as
NiPP@PDA@DTA.

2.3. Preparation of EP/NiPP@PDA@DTA Composites

EP composites were prepared as follows: An amount of flame retardant and an
appropriate amount of EP were put on a three-roll grinder and fully rotated by shear force
for 30 min. The above mixtures were collected in a beaker and stirred at 90 °C. DDM (the
mass ratio of EP to DDM is 4:1) was added to the EP mixtures. The above mixture was
poured into the preheated mold and cured at 100 °C for 2 h. It was cared for at 110 °C,
130 °C and 150 °C for 2 h, respectively. The content of the EP composite is shown in Table 1.

Table 1. Ingredients of EP composites.

Components

Samples EP + DDM NiPP@PDA@DTA NiPP NiPP@PDA DTA

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
EP 100.0 0 0 0 0
EP/2 wt%NiPP@PDA@DTA 98 2 0 0 0
EP/4 wt%NiPP@PDA@DTA 9% 4 0 0 0
EP/6 wt%NiPP@PDA@DTA 94 6 0 0 0
EP/4 wt%NiPP 9% 0 4 0 0
EP/4 wt%NiPP@PDA 9% 0 0 4 0
EP/4 wt%DTA 9% 0 0 0 4

2.4. Characterization

X-ray diffraction (XRD) patterns of NiPP@PDA@DTA and NiPP@PDA were measured
with a MAX-Rb instrument produced by Rigaku Co., Ltd. (Tokyo, Japan), which had
a scanning speed of 5 °/min. Fourier transform infrared (FTIR) spectra were obtained
with a 6700 spectrometer produced by Nicolet Instruments Co., Ltd. (Madison, WI, USA).
Its spectral frequency range was 400-4000 Hz/cm. Scanning electron microscopy (SEM)
of NiPP@PDA@DTA and NiPP@PDA was used by JSM-7001F, and gold spraying was
required before testing. The nuclear magnetic resonance (NMR) test was used with the
Bruker AVANCE II 400 MHz NMR (Bruker, Germany).

Vertical combustion tests were tested by CZF-1 coming from Jiangning Analytical
Instrument Co., Ltd. (Nanjing, China). The spline size was 130 x 13 x 3.2 mm?>. The
test standard was in accordance with ASTM D3801-20a [26]. The LOI was tested by the
JE-3 oxygen index instrument produced by Jiangning Analytical Instrument Co., Ltd. The
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spline size was 130 x 6.5 x 3.2 mm? and the test standard was in accordance with ASTM
D2863-23 [27]. TGA was conducted using the TA Q50 thermal analyzer (TA Instrument
Company, New Castle, DE, USA) at the ramp rate of 10 °C/min in N, flow. The cone
calorimeter test (CCT) of EP and EP composites was used with the FIT cone calorimeter
according to ISO 5660-1 at a heat flux of 35 kW /m? [28].

3. Results
3.1. Structural Analysis of NIPP@PDA@DTA

XRD patterns (Figure 2a) show that the diffraction peaks of NiPP appear at 6.2°, 12.2°
and 17.0° [7]. The diffraction peak positions of NiPP@PDA are consistent with those of
NiPP. The diffraction peaks around 8.5°, 11.5°, 16.1°, 22.6° and 26.1° are the presented
spectrum of DTA [29]. Ultimately, the diffraction peaks at 6.2° belonged to NiPP and 8.5°
belonged to DTA, which confirms the successful synthesis of NiPP@PDA@DTA. The 010
plane peak is weaker than that of NiPP, which is caused by surface coating.

(a) NiPP (b)
NiPP@PDA NiPP@PDA@DTA
NiPP@PDA@DTA 4‘{1 32133057
——DTA
;; NiPP@PDA
z —J‘-—Jnk_A.JMM
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S - = W
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Figure 2. (a) XRD patterns of NiPP, NiPP@PDA, NiPP@PDA@DTA and DTA; (b) FTIR curves of
NiPP, NiPP@PDA, NiPP@PDA@DTA, PDA and DTA; (c¢) SEM images of NiPP; (d) SEM image of
NiPP@PDA; (e) SEM image of DTA; (f) SEM image of NiPP@PDA@DTA.

The FTIR spectra (Figure 2b) of relevant flame retardants reveal that the characteristic
absorption peak at 3441 cm~! belongs to the stretching vibration of -OH in adsorbed water.
The characteristic absorption peak at 3057 cm ! corresponds to the stretching vibration of
the C-H bond [30]. The characteristic absorption peak at 1435 cm ! was assigned to the
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stretching vibration of the C=C bond. There is a peak of 1035 cm ™! corresponding to the
stretching vibration of the Ni-O-P bond. The characteristic absorption peak at 977 cm~1 is
the stretching vibration of the P-O bond [31]. The results showed that the above analysis
corresponds to the molecular structure of NiPP. However, the specific functional groups
of the polydopamine layer on the NiPP surface were not observed due to its low signal
intensity and the mask of -OH in NiPP. The characteristic absorption peaks of 3213 cm~! (N-
H), 1592 cm ™! (C=N), 1504 cm~! (P-Ph), 1243 cm ™! and 926 cm~! (P-O-Ph) and 875 cm ™!
and 828 cm~! (C-H bonds in the structure of phosphaphenanthrene) are detected, which
indicates the successful synthesis of NiPP@PDA@DTA [32].

Figure 2c—f give the SEM images of related flame retardants. The results showed
that NiPP was a flower-like structure assembled from nanosheets. The microstructure
of NiPP@PDA was similar to that of NiPP. The diameter of the sphere was increased
and the agglomeration phenomenon was alleviated, which was due to the attenuated
interaction force between the nanosheets. It is very important that the lamellar structure of
NiPP@PDA@DTA ternary composites is scattered.

The peak of the H-NMR spectrum (Figure 3a) of DTA at 11.80 ppm corresponds to the
hydrogen atom (H) in the triazole ring. The peak at 9.46 ppm belongs to the hydrogen atom
(Ha) of the phenol hydroxyl group [33]. The peaks at a range of 5.07-5.44 ppm are assigned
to the hydrogen atom (Hc) in methine groups. The signal peak of the hydrogen atom (Hd)
on the imino attached to the triazole ring appeared at 8.13-8.26 ppm, while the signal peak
of the hydrogen atom (Hb) on the aromatic ring was observed at 7.05-8.27 ppm [34]. Taken
together, it confirms the expected chemical structure of DTA.
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Figure 3. (a) NMR spectra of DTA; (b) TGA curves of NiPP, DTA, NiPP@PDA and NiPP@PDA@DTA.

Figure 3b shows the TGA curves of NiPP, DTA, NiPP@PDA and NiPP@PDA@DTA.
The weight loss of NiPP was about 7.3% below 250 °C, which was the desorption of
adsorbed water and glycol. The thermal degradation of the benzene ring of the NiPP
occurred after 550 °C. The mass loss of NiPP was 26.3%, indicating that NiPP has high
thermal stability [7]. The thermal degradation process of NiPP@PDA was similar to that of
NiPP after PDA modification, and the residual amount is 62.1%. DTA begins to degrade
at about 260 °C. The process of degradation of DTA underwent two major decomposition
processes of DOPO and triazole rings from 260 to 500 °C [35]. The residual amount of DTA
at 700 °C was 28.1%. The decomposition process of NiPP@PDA@DTA is similar to that of
DTA due to the content of NiPP. The main thermal decomposition stage occurred between
260 °C and 550 °C, which was consistent with the main pyrolysis temperature of EP, so it
was more suitable as a flame retardant for EP. The residual amount of NiPP@PDA@DTA at
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700 °C was 38.5%, which was attributed to the P-C and O-P-O bonds in DTA being less
thermally stable than ordinary C-C bonds [36].

3.2. Thermal Properties of EP/NiPP@PDA@DTA Composites

To observe the dispersion of NiPP@PDA@DTA in EP, the fracture morphologies of
EP/4%NiPP and EP/4%NiPP@PDA@DTA composites were tested by SEM, as shown in
Figure 4. NiPP were well dispersed in EP. There was also a small amount of agglomeration
in Figure 4a. Figure 4b showed that NiPP@PDA@DTA was evenly dispersed on the surface
of the EP matrix, which indicated that NiPP@PDA@DTA has good compatibility with EP.

Figure 4. (a) SEM image of EP /4% NiPP composites, (b) SEM image of EP/NiPP@PDA@DTA composites.

TGA and DTG curves of EP and EP composites are shown in Figure 5. And specific
values are listed in Table 2. The initial decomposition temperature (Ts¢,) and tempera-
ture at the maximum pyrolysis rate (Tmax) of EP were 353 °C and 369 °C. When 4 wt%
NiPP@PDA@DTA was added, the NiPP@PDA@DTA promoted the decomposition of EP at
low temperatures. The residue of Ep/4 wt% NiPP@PDA@DTA at 700 °C was increased to
18.2%, which was higher than those of EP (13.5%), EP /4 wt% NiPP@PDA (16.5%), EP /4
wt% PDA (17.0%) and EP/4 wt% NiPP (16.5%). The excellent thermal performance of
EP/NiPP@PDA@DTA composites was attributed to the excellent catalytic performance of
NiPP@PDA and the gas-phase dilution effect of triazole and phosphoheterophosphoric
groups of DTA [37]. The Tax of the composites was decreased from 365 °C to 360 °C
with the addition of 2, 4, 6 NiPP@PDA@DTA. The residue content of the composites
went to 16.3%, 18.2% and 18.8%, respectively, which may be attributed to the fact that
the phosphoric acid group and Ni compounds generated by the partial degradation of
NiPP@PDA@DTA promoted the formation of phosphorous-rich coke [38].

100
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Figure 5. (a) TGA curves of pure EP and EP composites, (b) DTG curves of pure EP and EP composites.
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Table 2. TGA results of pure EP and its composites.

Residues (wt%,

Samples Ts9, (°C) Tmax (°C) 700 °C)
EP 353 369 13.5
EP/2 wt%NiPP@QPDA@DTA 340 365 16.3
EP/4 wt%NiPP@QPDA@DTA 333 362 18.2
EP/6 wt%NiPP@QPDA@DTA 319 362 18.8
EP/4 wt%NiPP 350 369 16.5
EP/4 wt%NiPP@PDA 328 361 16.5
EP/4 wt%DTA 354 369 17.0

3.3. Flame-Retardant Properties of EP/NiPP@PDA@DTA Composites

The LOI and UL-94 rating of EP/NiPP@PDA@DTA composites are shown in Table 3.
The LOI of EP was 25.9%, and the vertical combustion test has no grade. When the content
of NiPP or NiPP@PDA was only 4 wt%, the LOI of EP composites was slightly raised
to 28.8% and the vertical combustion test is still no rating. However, EP/4 wt% DTA
composites can reach UL-94 V1 grade, and the LOI goes up to 31.5%, which shows that
the improvement of the flame retardancy of EP is great. Surprisingly, the vertical combus-
tion result of EP composites can reach V0 grade by adding 4 and 6% NiPP@PDA@DTA.
LOl is increased to 33.7% and 33.1%, respectively, indicating that the flame retardant of
EP/NiPP@PDA@DTA composites was significantly improved compared with EP/DTA
composites. The improvement in flame retardancy of EP/NiPP@PDA@DTA composites is
attributed to phosphorus phase free radicals and Ni compounds in the decomposition of
NiPP@PDA@DTA, which play the blocking catalysis effect [39].

Table 3. Vertical combustion and LOI results of EP and its composites.

UL-94
Samples LOI (vol%) .
t1 +tp (s) Rating
EP 259 >50 NR
EP/1 wt%NiPP@PDA@DTA 29.8 31.9 V-1
EP/2 wt%NiPP@PDA@DTA 30.6 23.2 V-1
EP/4 wt%NiPP@PDA@DTA 33.7 7.3 V-0
EP/6 wt%NiPP@PDA@DTA 33.1 8.9 V-0
EP/4 wt%NiPP 28.1 >50 NR
EP/4 wt%NiPP@PDA 28.8 >50 NR
EP/4 wt%DTA 31.5 18.6 V-1

To further analyze the combustion of EP composites, CCT was carried out. The
heat release rate (HRR), smoke production rate (SPR), total smoke release (TSR) and CO,
production (CO,P) of EP composites are displayed in Figure 6 and Table 4. The PHRR value
of EP was 1317 kW/m?. The PHRR value of the composites was reduced to 1123 kW /m?
and 1125 kW/m? by adding 4 wt% NiPP and DTA, respectively. It indicated that NiPP or
DTA alone appropriately reduced the heat release from EP. The PHRR of EP composites with
2,4 and 6 wt% NiPP@PDA@DTA declined to 1119, 1094 and 1021 kW/m?, which decreased
by 15.0%, 16.9% and 22.5% compared with EP, respectively. The reduction in PHRR of
EP/NiPP@PDA@DTA composites may be due to the decomposition of NiPP@PDA@DTA
to generate Ni-based oxides and phosphates, which promoted the formation of P-rich dense
char layers. This char layer covered the polymer surface and prevented heat and mass
transfer [40].

When 4 wt% of NiPP, NiPP@PDA and DTA were added, the THR of EP composites
decreased to 97, 86 and 86 MJ/m?, respectively, which were all lower than that of EP
(104 MJ/m?). The THR of EP/4 wt% NiPP@PDA@DTA composites (72 M]/ m?), which was
30.8% lower than that of EP is the lowest in all of the EP composites. The reduction in the
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THR value of EP/NiPP@PDA@DTA composites was attributed to the lamellar barrier and
metal catalysis of NiPP and dilution quenching of DTA [41].
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Figure 6. (a) HRR, (b) THR, (c¢) CO,P and (d) TSP curves of pure EP and EP composites.

Table 4. CCT results of EP and EP composites.

Samples TTI (s) (lfxlll{nRz) (h}]l}lnljz) ((j;;;)P TSP (m?)
EP 90 1317 104 0.59 26.0
EP/2 wt%NiPP@PDA@DTA 74 1119 106 0.56 214
EP/4 wt%NiPP@PDA@DTA 63 1094 72 0.49 18.8
EP/6 wt%NiPP@PDA@DTA 61 1021 99 0.46 209
EP/4 wt%NiPP 96 1123 97 0.54 23.7
EP/4 wt%NiPP@PDA 80 1221 86 0.58 21.1
EP/4 wt%DTA 79 1125 86 0.55 23.2

The CO,P values of EP, EP /4 wt% NiPP, EP/4 wt% NiPP@PDA and EP/4 wt% DTA
were 0.59, 0.54, 0.58 and 0.55 g/s, respectively, which indicated that the NiPP or DTA can
appropriately reduce the release of CO, during the combustion of EP composites. However,
the CO,P value of EP/4 wt% NiPP@PDA@DTA composites was the lowest (0.49 g/s).
When 2 and 6 wt% NiPP@PDA@DTA were added, the CO,P value of EP composites
declined to 0.56 and 0.46 g/s, which decreased by 5.1% and 22.0% compared with that of
EP, respectively. The significant reduction of CO, in EP/NiPP@PDA@DTA composites is
due to the fact that more residue is produced during the combustion of EP composites [42].

Generally speaking, the amount of smoke is an important index in fire escape. The
TSP values of EP composites were 23.7, 21.1 and 23.2 m?2, respectively, adding 4 wt%
NiPP, NiPP@PDA and DTA, which were all lower than that of EP (26.0 m?). The TSP
value of EP/4 wt% NiPP@PDA@DTA composites was further reduced to 18.8 m2. The
above results indicated that NiIPP@PDA@DTA further reduced the formation of the volatile
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gas-phase component and left more char in the condensed phase. It indicates that the
addition of NiPP@PDA@DTA reduces the formation of volatile fractions in the gas phase
and leaves more char in the condensed phase. Nevertheless, the TSP values of EP/6
wt%NiPP@PDA@DTA composites increased to 20.9 m?, which may be because the excessive
addition of NiPP@PDA@DTA made the composites exhibit more vapor flame-retardant
effect, accelerating the release of quenching free radicals and non-flammable gases [43].

3.4. Flame-Retardant Mechanism of EP/NiPP@PDA@DTA Composites

Figure 7 is a schematic diagram of the flame-retardant mechanism. It can be inferred
based on the thermal degradation and combustion of EP/NiPP@PDA@DTA composites.
In the gas phase, NiPP and DTA release phosphorus free radicals in the pyrolysis process,
which eliminates H and HO free radicals in the flame zone and interrupts the burning free
radical chain reaction [44]. In addition, the cleavage of PDA and DTA can also produce
nitrogen-containing compounds, which can be converted into non-flammable gases such as
NHj3, Ny and NO;. The matrix combustion produced CO,. These gases dilute oxygen and
combustible gases, taking away the heat produced by combustion. The transition metal (Ni)
plays a catalytic role in promoting the char formation of EP [45]. The residual phosphorus
elements in the condensed phase can also be converted into phosphoric acid sources to
promote the dehydration of epoxy groups. This dehydration carbonization can form a
high-quality char layer that acts as a cavity barrier. When the amount of gas accumulated
in the char layer exceeds the capacity of the char layer in the combustion process, the gas
will be released centrally, which plays a blow-out effect, extinguishing the flame [46].

Blowing-out effect Phosphorus-rich char layers
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Figure 7. Schematic diagram of flame-retardant mechanism of NiPP@PDA@DTA in EP.

4. Conclusions

In summary, the hybrid flame-retardant NiPP@PDA@DTA was added to EP to prepare
the composites, which can promote the cross-linked charring of EP in advance. The Tse,
and Tmax of EP composites in TGA were earlier. The flame retardant of EP was greatly
improved with the addition of NiPP@PDA@DTA. EP/4 wt7%NiPP@PDA@DTA composites
reached the UL94 V-0 level, and the LOI value increased to 33.7%. The thermal and flame
retardant properties of EP/NiPP@PDA@DTA composites were improved mainly due to
the free radical quenching of the phosphorus phase, the dilution and endothermic effect
of non-flammable gas, the catalytic effect of Ni metal and the dehydration of P phase into
char, which had positive significance for fire rescue.
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