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Effect of black phosphorous nanosheet on the flame retardance and

mechanical property of polypropylene

LI Yongxiang"**, YIN Sihao"**, XIE Yuhui"**, MEI Yuli"**, XIE Delong™** , MEI Yi"**

(1. Faculty of Chemical Engineering, Kunming University of Science and Technology, Kunming 650500, China; 2. Yunnan
Province Key Laboratory of Energy Saving in Phosphorus Chemical Engineering and New Phosphorus Materials,
Kunming 650500, China; 3. The Higher Educational Key Laboratory for Phosphorus Chemical Engineering of Yunnan
Province, Kunming 650500, China)

Abstract: Ball-milling the mixture of black phosphorous (BP) and zinc hydroxyl stannate (ZHS) was carried out to
prepare ZHS-BP nanocomposite, which was then introduced into polypropylene (PP) matrix as flame retardant via
melt blending. The thermal stability, combustion and mechanical properties of the PP based composites were in-
vestigated. Results show that the addition of BP and ZHS could increase the carbon residue of PP, and only 2wt% BP
increases the limiting oxygen index (LOI) of the BP/PP composite from 19.7% (for pure PP) to 23.8%. Moreover, BP
can effectively reduce the peak heat release rate (PHRR) and total heat release (THR) of BP/PP composite, the val-
ues of which are decreased by 32.52% and 17.80% respectively compared with that of pure PP. However, the release
of toxic gases from PP combustion is increased obviously as BP is added, ZHS was then introduced as the assistant
agent to suppress the smoke release. As a result, the average specific extinction area (av-SEA) and CO emission of
ZHS-BP/PP are decreased by 15.42% and 29.76% respectively compared with BP/PP. Mechanical properties test
shows that merely adding BP or ZHS has negative effect on the mechanical properties of the composites. However,
the addition of ZHS-BP nanocomposite effectively improves the mechanical properties. Compared with BP/PP, the
tensile strength and breaking tensile ratio of ZHS-BP/PP composites are increased by 12.51% and 4.04%, respect-

ively.
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KERAFRERPIAE RGBSR, B2,
W s B R B i TE AT 3 /D, ALEE Th 7 R A B (PU).
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ZHS 75 B 55 25 U N A R 08 B 458 e ) LR 35 2 el
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KA PR MRAR R . SR 5 3 o 15 il 3L TR ZHS-
BP 7S & PP, BIF 5T ZHS-BP 4 >k &2 4 BHL K& 57
X PP MR SRR E M . BB MERE L IR R
EMERE RS o 25 A OULIE 35 R AR 4> RAE B AR
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P PR AR IR LA R ROR R A A R Y
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. B . B —IKEY . RO EE:
yrpral, LgRTRL T AR A R B
P AR (PP): T30S, Hr[E £ 3 K AR A A FR
oy LKGEEREE: srdral, 2R
RARAT; JREAE (H,0,): s hral, Kt
WA 2GR RO IR A R ERR . e brdl,
HR BB AL 2= A PR F o
1.2 ZHS B #) % % BP REp)#l &

#4100 mL ¥ > 0.01 mol/L Y B 2 5 v W A
0.3 g R & I (PEG) W A £ 250 mL — #i48H
i, SRS 20 mL ¥ 24 0.05 mol/L Hi R 44 %5
WA VKK S T RV 5 he [ 5E UG, FHE O
Pl (R A % B ML, TGL-16, PUJIE R4
PR 2> W) LA 8 000 r/min W HEVLVE, JF A L 81K
MOBEEG, BT 2 TRA (B T4, BPZ-
6123LC, I ifF —fEHB}2={UERA R AR 80C T
f12h, 53] ZHS BrA .

KRk il £ BP, HRZLBE . WUk . mifk
8. BRIRARAREE D, IES IR, B
T CTREA N, SX-G36123, KHE:HIEF
HL P IRy A BR 2\ 7)) Hh ] 5 BP-bulk (MR f K )
¥ BP-bulk b )5 £ H .

1.3 ZHS-BP W& &

BP fh KW S 2~3 h J5id 74 um i, 5 ZHS %
Fo A T A B K e, JF s AR AT AL, L
53 350 r/min 7F AT EREEHL (1T EREEHL,
XQM-04L, F§ 5t BN LB AL AR ) HEREE 9 h, 43
B# 228 7Kk b (1 mg/1 mL), A S AR Ik
BP Ak, B 43 BRI 8 7 2 P IR B 5 2 he
H4 43 WO B L LA 12 000 r/min 5500 5 min, Y&
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RUE, REHIEYE T RS TRATHIRT
f 24h, 75%| ZHS-BP.
1.4 ZHS-BP/PP Hi#l &

PP ¥ /i 7F 80°C T T 12 h J5 Jin A 2] = iR
AL (LH300 A2 ¥R 5 3¢ %, LH300, [ifERMEIHR
PR A A BRAR]) B, WERE R 175°C,
A 50 r/min, RIS 5min 5, I ABHBEF],
PR IR A 10 min, A A9 BT A LE L3R 1,

®1 BEBBE-MARBYERE (ZHS-BP/PP)
S A EBRIBLLL
Table1 Formulations of zinc hydroxyl stannate-black
phosphorous/polypropylene (ZHS-BP/PP)
composite materials

wt%
Sample PP ZHS BP
PP 100 0 0
2%ZHS/PP 98 2 0
2%BP/PP 98 0 2
1%ZHS-1%BP/PP 98 1 1
0.5%ZHS-0.5%BP/PP 99 0.5 0.5
1.5%ZHS-1.5%BP/PP 97 1.5 1.5

1.5 MiX 5 RIE

X S AT 4 (XRD, £ ILfE X G AT 4L
XPert3 Powder, fif ZMHNRIAF]), ERRFMAFT,
i it i 4% A B CuKad 58 5 A 40 kV L JE () PAN
I3 AT X AT S A A T I

% 5t i T L4 8% (TEM, FEI Talos F200, %2R
K&, fAEJ%AYS . FEI Super-X EDS Detector), fill i
L R 220 KV,

Ji T 71 BT (AFM, Agilent 5500, 32 [& %2 £
&AW, T34 BP -4 R

W (TG, STA 449 F3, % [F NETZSCH 2 #)
ST, FEAY R 5~-8 mg, FHE % 10°C/min, &
SR, IR B 40~800°C

Z 8 H & gk (DSC) 43 #r (DSC25, 3£ [
TA), FE&iHEE 5-8 mg, JHE# R 5 K/min, %<
SAH B H -40~200°C

X BHOG T e (XPS, X STt T e
{¥, Thermo fisher Scientific K-Alpha, 3% [E 3% 2 &
Anl), DLEE LR AlKe 5 (Mono AlKo) 754 X 5f
LGNS BELAR TR L K MR b8 S 1) ke o 3R 47 DAt 23 A

2 BR 48 48 B0 it (LOI, COI, 575 Wik be 4%
AR () A BRA R A5 RS 8 130 mmx10 mmx
4mm, Z M8 GB/T 2406.2—2009%" M br i

T H B (UL-94, CZF-6, 5l VL T 04T

ILEATBR AT, BEARSE RN 130 mmx 13 mmx3 mm,
K GB/T 2408—2008%") 5 i #1732

HEIE I (CC, BT300-2], 75 M 3EJE va i
TR A AT B2 A ), i S AR A AL 43 i) A
PP. ZHS/PP. BP/PP. ZHS-BP/PP (¥4 J& & #il
AR o AR N SE 100 mmx100 mmx3 mm, & )&
175°C, J&J1 10 MPa, # % 300 s i 17 #F i 1fil £5 -
HEJE B ARG AR 5RO 50 kW/m?, R ] 1SO
5660— 1 Al FE 473

72 /3 (Roman, HORIBA Scientific LabRAM
HR Evolition, ¥: [ HORIBA A1), XREEIE 5%
e IEAT R MR 53T -

4% i 7 B LB (SEM, Zeiss Sigma 300, f&
B 28Rl AN D), B g% e HE AT mE A IR, n i
0.02~30 kV.,

PRI (LA B T BEIRIGHL, ETM104B,
NS B35 A BRA R, A SR ST 2 130 mmix
10 mmx3 mm, #7ff # % & 50 mm/min, %
GB/T 1040.2—2006"" ¥ /i £ 1732

2 #R5TR
2.1 ZHS-BP E&6# B &R

XRD M AT DAESE & 5 #OBHY SOE 4544 . BP-
bulk, BP. ZHS #il ZHS-BP (1) XRD FiF 25 & 1
fi7~ . BP-bulk 7 16.8°, 26.5°, 34.1°, 52.1°F 4 |~
I A7 &, 4 9 X T (020), (021). (040).
(060) fm 1H7 , iX 7 Wl #5 19 BP-bulk H A7 R 4F 1 45
n P X L & B BP [ (040) T (060) 17 5 1 fr) 5
W] 5 fIK T BP-bulk (9 W58 B, H BP 1Y (111) fif

(040)
(020)
l (021) L (060)  Bp_puik
(111)
| i BP
<
z
g l ZHS-BP
=
(200)
(220) o) (420) (42
111 400
20 30 40 50 60

26/(°)
[%1 BP-bulk(Huik#H{K). BP. ZHS-BP, ZHS [¥) XRD &1
Fig.1 XRD patterns of BP-bulk, BP, ZHS-BP and ZHS
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B 7AFENTHE, AR T (111). (200). (220).
(222). (400). (420) F1 (422) &1, 5 CHRIRE R
— ™, R ZHS W) A R . BRI 5 ZHS-BP

TEM I 2 J2 48 7 A4 R HOULIE 58 1Y) B 22 R AiF T
Bt. K 2(a) y BP B TEM KI{%, 7] L)W 5] i3
1y )24k BP, & 2(b) i BP ¥ 43 ¥ % TEM(HRTEM)
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Fig.2 TEM image (a) and HRTEM image (b) of BP, TEM image ((c), (d)) and SAED patterns of ZHS-BP (e) as well as AFM image of BP ((f), (g))
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KM%, 0.25 nm 1Y i 4% JE AR X I & BP /Y (111)
1, X 5 XRD AR 4 SR — 2, & 2(c) Al 2(d)
J& ZHS-BP (1) TEM K%, YLk ZHS 23 5 ok
AN#E W, 0.25 nm Fl 0.33 nm Y &b 4 550X I
BP [y (111) il (021) #18 °Y, H ZHS-BP i HL F 47
SHE (8 2(e)) Basth T ZHS F1BP By, 8] ZHS
& F BP %, Kl 2(g) A1 2(f) & BP i) AFM K%,
TR B A B E A AT Y A R R, R
FE5nm A7, WE, HRBHEIIRE A 0.53nm",
Hy st WD 219 BP & W Zh il % o

BP F 7543 3828 P2p (1) XPS K35 i & 3(a) /R,
1£130.0 eV 1 130.9 eV HA 2 o FUie , f HIH P
T P2p;,, M1 P2p,,n; fF 132.5~136eV HA 1 P Til4,
A DL K P,Os. O—P=0 Fl P—O—P, %546k
3 %N 135.0 eV, 134.3 eV fll 133.2 eV, ZHS-BP
) 13 43 PE % O1s [ XPS &% 4n 1 3(c) ik, 1] LU
¥ H 4y i iy P—OH., P=0, P—O—P. Sn—O
4 NIEAE, 430X 533.4 eV, 531.5eV, 532.8eV.
532.2 eVF¥ . P—OH I [ 7= 1 & B T ZHS M1 BP
Bk R 53 F b ZHS Xt BP i 47 2 A s ¢ B0, ZHS
F1 ZHS-BP 14 75 43 ¥ % Sn3d 119 XPS &l 1% 41 [ 3(d)
P/, ZHS ) Sn3dy, 45 45 fig 4 494.8 eV, Sn3ds),
455 HEN 486.4eV, 52 AT SCHEMIE -, K

Al i J& , 7F ZHS-BP [ XPS [&13% f1, Sn3d,, 454
fiE M 496.2 eV, Sn3ds, B 45 & kN 487.8 eV, 5
ZHS tHH, 254 REY L5 1.4 eV; ZHS-BP (1) Zn2p
B4 A REME T ZHS A+ T 0.7 ev, Al fE 2
ZHS F1 BP 7E = S BREE T, P Ji 48 A% ZHS &P
o, BURT ZHS Ak M b e R T, B T ZHS
254 e,
2.2 ZHS-BP E&#BIHAIEE N

BP. ZHS & ZHS-BP [¥) # 7> fif #h £& fn [ 4 pr
/No BP B A RIAUFA AR E M, 7E 358.1°C FF IR 44
Ko ZHSTE 228.9°C FFUG 40, 40 ff oK 8 ,
B TR T, B R i — 2B Al R Y
ZHS-BP f#7F 2 N Uit R B B . (1) ZHS My
IR o i 6 B 230.3°C, o4l ZHS #2755 T 1.4°C;
(2) BP [ # i, 0145 A3 ff 2 N 358.1°C $E /i 2| T
368.7°C, BREEHE S 1 & & BRI B0 46 43 e UL EE
1E 800°C i}, kB4 i K 47.94%, (ESCEKE J5 BP
5 ZHS W E AR 1 e 1,
2.3 ZHS-BP/PP E 5 #BIHHIEE

ZHS-BP/PP & & Mk} A Sk i e n 51 5 s
FHIECHE WL 3% 2, PP & MR I 263 KA 1
MEBEHRI LR, FEEHRT PP C=CE
W g B E, XF b all PP, ZHS-PP ) i 2 6

(a) BP P2p (b) ZHS-BP P2p (c) BPOls
— — _ | ro-p
S S =
< < <
= = G =
% % O-P=0 %
E E P205 - P—O—P E

136 134 132 130 128 136 134 132 130 128 536 535 534 533 532 531 530 529 528
Binding energy/eV Binding energy/eV Binding energy/eV
(d) ZHS-BP Ols () -~ ZHS Sn3d |14 ® - ZHSZn2p  Ho.7
7 ZHS/BPSn3d| sl 0.7 — ZHS/BP Zn2p |}

—_ —_ 1.4 —_
5 5 1t =
S 2 i Ik <  Zn2p
g ' g : Sn3d,, Sn3dy, O ' g ,"' \ / no A
5 g v 5 =
= = \< ! =

536 535 534 533 532 531 530 529 528
Binding energy/eV

498 496 494 492 490 488 486 484
Binding energy/eV

10501 0451 0401 0351 0301 0251 0201 015
Binding energy/eV

€3 BP(a) Fl ZHS-BP(b) #43##% P 2p. BP(c) Al ZHS-BP(d) F43#8% O 1s, ZHS il ZHS-BP = 4-#E% Sn 3d(e) LK 434 Zn 2p(f)
Fig.3 High-resolution P 2p of BP (a) and ZHS-BP (b), high-resolution O 1s of BP (¢) and ZHS-BP (d),
high-resolution Sn 3d (e) and high-resolution Zn 2p (f) of ZHS and ZHS-BP
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Fig.5 TG curves of PP, 2%ZHS/PP, 2%BP/PP, 1%ZHS-1%BP/PP,
0.5%ZHS-0.5%BP/PP and 1.5%ZHS-1.5%BP/PP composites

2.4 ZHS-BP/PP £ &+ #HIBEBA 4 BE
X A BELAR A R EAT T B B G, 45

wnE 6 frow, AHR B WA 3, 4l PP Y $ARE il i
{H (PHRR) ik %] 1 242.9 kW/m?, HHEL (THR) i
ik 81.9 MJ/m*, 54 PP [k, 2%BP/PP i) PHRR
FEAR T 32.52%, THRPFEAL T 17.80%. 2%ZHS/PP
) PHHR Fl THR 9 73 5| B K T 14.91% il 5.62%.
1%ZHS-1%BP/PP fj PHHR il THR 1 73 5 &A% T
22.18% 1 11.23%., 1.5%ZHS-1.5%BP/PP f{§ PHRR
1 THR 43 %) B K T 34.92% F1 9.16%. PHRR #i
THR 119 B A AT DL AE 22 b1 RHER 5 35 2] TN 9K 19 B5F (]
Sy NATTHE KR A S ok i A5 5 5% 1R B ) o R
IF 8] (TTI) A& VA 4 RE R S B M 19 B 2245
X Lt PP 7E 38 s ¥ #i #X , 2%BP/PP. 2%ZHS/PP.
1%ZHS-1%BP/PP ., 0.5%ZHS-0.5%BP/PP F11.5%ZHS-
1.5%BP/PP ) TTI 435} 21s, 28s, 24s, 265 fll
22's, TTI Fifi & BH AR 5 00 8 im0 , TTI 45 58 2

&2 PP. 2%ZHS/PP. 2%BP/PP. 1%ZHS-1%BP/PP. 0.5%ZHS-0.5%BP/PP F1
1.5%ZHS-1.5%BP/PP £ §##7E N, I TGA & DSC ##&
Table2 TGA and DSC data of of PP, 2%ZHS/PP, 2%BP/PP, 1%ZHS-1%BP/PP,
0.5%ZHS-0.5%BP/PP and 1.5%ZHS-1.5%BP/PP composites in N,

Simple Tsq/ C Tinax/ C Yg00/ % Ye/% Ty/C

PP 398.5 440.7 0.15 0.15 -5.95
2%ZHS/PP 376.3 452.7 4.15 2.51 -6.63
2%BP/PP 399.4 459.9 3.77 3.57 -6.28
1%ZHS-1%BP/PP 428.9 458.6 3.08 2.17 -7.57
0.5%ZHS-0.5%BP/PP 419.0 447.2 1.42 0.97 -13.52
1.5%ZHS-1.5%BP/PP 420.9 456.9 4.26 2.90 -11.26

Notes: T5—Temperature at 5% mass loss; Ty,.,— Temperature at maximum mass loss rate; Ygo,—Char yield at 800°C; Y;—Normalized of

char yield; T,—Glass transition temperature.
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Fig.6 Cone calorimetric test curves of PP, 2%ZHS/PP, 2%BP/PP, 1%ZHS-1%BP/PP, 0.5%ZHS-0.5%BP/PP and 1.5%ZHS-1.5%BP/PP composites:

(a) Heat release rate (HRR) curves; (b) Total heat release (THR) curves; (c) CO release rate curves; (d) CO, release rate curves

*&3 PP. 2%ZHS/PP. 2%BP/PP. 1%ZHS-1%BP/PP. 0.5%ZHS-0.5%BP/PP #1
1.5%ZHS-1.5%BP/PP & &§#1 #lEF E MM 4R
Table 3 Cone calorimeter test results of PP, 2%ZHS/PP, 2%BP/PP, 1%ZHS-1%BP/PP,
0.5%ZHS-0.5%BP/PP and 1.5%ZHS-1.5%BP/PP composites

Simple TTI/s PHRR/(kW-m?) THR/(MJ-m?) Avg EHC/(MJkg™")  Av-SEA/(m*kg™) CO/(kgkg™)
PP 38 12429 81.9 36.6 261.7 0.057
2%ZHS/PP 28 1 057.6 77.3 36.0 292.1 0.055
2%BP/PP 21 838.7 67.6 31.6 517.2 0.168
1%ZHS-1%BP/PP 24 967.2 72.7 33.9 437.4 0.118
0.5%ZHS-0.5%BP/PP 26 956.7 80.7 35.3 350.4 0.102
1.5%ZHS-1.5%BP/PP 22 808.9 74.4 33.6 435.8 0.151

Notes: TTI—Ignition time; PHRR—Peak heat release rate; THR—Total value of heat release; Avg EHC—Average effective heat of
combustion; Av-SEA—Average specific extinction area; CO—Carbon monoxide production.
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Fig.7 Limiting oxygen index (LOI) of PP, 2%ZHS/PP, 1%ZHS-1%BP/PP
and 2%BP/PP composites
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Fig.8 Carbon residue and SEM images of 2%ZHS/PP ((a), (a')), 2%BP/PP ((b), (b')) and 1%ZHS-1%BP/PP ((c), (c")) composite after cone calorimetry
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Fig. 11 Tensile properties (a), stress-strain curves (b) of PP, 2%ZHS/PP, 2%BP/PP and 1%ZHS-1%BP/PP composites
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- 3188 -

EEMRER

/|

PR WA R A, R J1 AR RE A i e A 25
F ZHS-BP 5 PP I W - AH A4

3 Fig

(1) BB (BP) 55 % 5L 8) 2 4F (ZHS) LA i Lk
H 1 VEREBIRA R MGG 0 IR E R BP AR R T
10.6°C. BP 5 ZHS iy in A #4662 & R M (PP) 1Y
IER R PRI 14 0 Lg% e B . 4 ZHS-BP (1 IR N
O 2wt% B, AR OREHE 800°C B IH— 1k S 114 5%
R4 PP S T 2.02%.

(2) % fin 2wt% BP 1] LLA# PP 4 B} i) 1% B 4 4
L TE = 23.8%, Jffl BB i R (PHRR) Al
SRR i (THR) 43 0] B A% 32.52% . 17.80%, {H
2: 380 PP RS Y CO i ZHS Ay 51 A AT DL
PP Y 10 S MK . 1%ZHS-1%BP/PP & & K1 KL 1Y 4
SOFS4 IO T AR (av-SEA) Fi CO Bk #% 2%BP/PP
WA T 15.42% F1 29.76%

(3) B AR 1 2wt% BP 2% [ A PP (1) L i1 5 JiE
HIWT 2457 i 2, {H RN 2wt% ZHS-BP 1] L3 B3 X
PP Jj 24 VEBE (1 17 T 5% W . 1%ZHS-1%BP/PP & &
Ao Rk g 7 e 58 3 R T S8 7 (R R 5 2% BP/PP 25 T
12.51% #1 4.04%

(4) BP 1] LABEAIL PP JRBEHT 947 sk be ik, JIF
FERR R I S B AL BB BV, A6 & A T 3R B
L — 2 BB I e 2 B A SRS T R SR AR
XF 1 BP PR AR SR IG R R R BT 45 2R, W DL
BP 5 & AMURNIAHLS &, I REEA AT BHIARCR

o

[1] JIANG Z W, LIU G S. Microencapsulation of ammonium
polyphosphate with melamine-formaldehyde-tris(2-hy-
droxyethyl)isocyanurate resin and its flame retardancy in
polypropylene[J]. RSC Advances, 2015, 5(107): 88445-
88455.

[2] DANGL, TANGDL, DUXL, et al. Synergistic effects of
magnesium oxysulte whisker and multiwalled carbon nan-
otube on flame retardancy, smoke suppression, and
thermal properties of polypropylene(J].Journal of Ap-
plied Polymer Science, 2020, 137(40): 49210.

[3] MARTINSR C, CUNHA REZENDE M J, CHAER NASCI-
MENTO M A, et al. Synergistic action of montmorillonite
with an intumescent formulation: The impact of the nature
and the strength of acidic sites on the flame-retardant
properties of polypropylene composites[J]. Polymers,
2020, 12(12): 2781.

[4] XUS,ZHANG M, LI SY, et al. Intercalation of a novel con-

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

(14]

[15]

[16]

taining nitrogen and sulfur anion into hydrotalcite and its
highly efficient flame retardant performance for polypro-
pylene[J]. Applied Clay Science, 2020, 191: 105600.
PEREZ N, QI X L, NIE S, et al. Flame retardant polypropyl-
ene composites with low densities[J]. Materials, 2019,
12(1): 152.

ZHAO W], CHENG Y M, LI Z W, et al. Improvement in fire-
retardant properties of polypropylene filled with intumes-
cent flame retardants, using flower-like nickel cobaltate as
synergist[J]. Journal of Materials Science, 2021, 56(3):
2702-2716.

YIN S H, REN X L, LIAN P C, et al. Synergistic effects of
black phosphorus/boron nitride nanosheets on enhancing
the flame-retardant properties of waterborne polyureth-
ane and its flame-retardant mechanism[J]. Polymers,
2020, 12(7): 1487.

YU SW, XIAO SJ, ZHAO Z W, et al. Microencapsulated am-
monium polyphosphate by polyurethane with segment of
dipentaerythritol and its application in flame retardant
polypropylene[J]. Chinese Journal of Chemical Engineer-
ing, 2019, 27(7): 1735-1743.

XUS, LISY, ZHANG M, et al. Fabrication of green alginate-
based and layered double hydroxides flame retardant for
enhancing the fire retardancy properties of polypropyl-
enelJ]. Carbohydrate Polymers, 2020, 234: 115891.
WANG H Z, NIU H, DONG ] Y. Inherently flame retardant
polypropylene copolymer[J]. Polymer, 2017, 126: 109-
115.

YU G X, MA C, L1J. Flame retardant effect of cytosine pyro-
phosphate and pentaerythritol on polypropylene[J]. Com-
posites Part B: Engineering, 2019, 180: 107520.

REN X L, LIAN P C, XIE D L, et al. Properties, preparation
and application of black phosphorus/phosphorene for en-
ergy storage: A reviewl[J]. Journal of Materials Science,
2017, 52(17): 10364-10386.

LIUY J, GAO P F, ZHANG T M, et al. Azide passivation of
black phosphorus nanosheets: Covalent functionalization
affords ambient stability enhancement[J]. Angewandte
Chemie-International Edition, 2019, 131(5): 1493-1497.
LI B, LAI C, ZENG G, et al. Black phosphorus, a rising star
2D nanomaterial in the post-graphene era: Synthesis,
properties, modifications, and photocatalysis

tions[J]. Small, 2019, 15(8): 1804565,

applica-

REN X L, MEI Y, LIAN P C, et al. A novel application of
phosphorene as a flame retardant[J]. Polymers, 2018,
10(3): 227.

QIU S L, ZOU B, ZHANG T, et al. Integrated effect of NH,-
functionalized/triazine based covalent organic framework

black phosphorus on reducing fire hazards of epoxy nano-


https://doi.org/10.1039/C5RA14586D
https://doi.org/10.1007/s10853-020-05367-y
https://doi.org/10.1016/j.cjche.2019.04.023
https://doi.org/10.1016/j.cjche.2019.04.023
https://doi.org/10.1016/j.cjche.2019.04.023
https://doi.org/10.1016/j.carbpol.2020.115891
https://doi.org/10.1016/j.polymer.2017.07.050
https://doi.org/10.1007/s10853-017-1194-3
https://doi.org/10.1002/anie.201813218
https://doi.org/10.1002/anie.201813218
https://doi.org/10.1002/smll.201804565
https://doi.org/10.1039/C5RA14586D
https://doi.org/10.1007/s10853-020-05367-y
https://doi.org/10.1016/j.cjche.2019.04.023
https://doi.org/10.1016/j.cjche.2019.04.023
https://doi.org/10.1016/j.cjche.2019.04.023
https://doi.org/10.1016/j.carbpol.2020.115891
https://doi.org/10.1016/j.polymer.2017.07.050
https://doi.org/10.1007/s10853-017-1194-3
https://doi.org/10.1002/anie.201813218
https://doi.org/10.1002/anie.201813218
https://doi.org/10.1002/smll.201804565

IR AR BB LR IR TR O g 2 PR RE RYSE M

- 3189 -

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

composites[J]. Chemical EngineeringJournal, 2020, 401:
126058.

QIUS L, ZHOU Y F, ZHOU X, et al. Air-stable polyphos-
phazene-functionalized few-layer black phosphorene for
flame retardancy of epoxy resins[J]. Small, 2019, 15(10):
€1805175.

REN X L, MET Y, LIAN P C, et al. Fabrication and applica-
tion of black phosphorene/graphene composite material
as a flame retardant[J]. Polymers, 2019, 11(2): 193.
ZOU B, QIUS L, REN XYY, et al. Combination of black phos-
phorus nanosheets and MCNTs via phosphorus carbon
bonds for reducing the flammability of air stable epoxy res-
in nanocomposites[J]. Journal of Hazardous Materials,
2020, 383: 121069.

ZHOUY F, HUANG J L, WANG J L, et al. Rationally de-
signed functionalized black phosphorus nanosheets as
new fire hazard suppression material for polylactic
acid[J]. Polymer Degradation and Stability, 2020, 178:
109194.

LIUF, ZHOU Y L, GAO Q, et al. Preparation of zinc hy-
droxystannate coated dendritic-fibrillar barium carbonate
and its flame retardant effect on soft poly (vinyl
chloride)[J]. Journal of Macromolecular Science, Part B-
Physics, 2020, 59(11): 659-671.

WANG W, KAN Y C, LIU J J, et al. Self-assembly of zinc hy-
droxystannate on amorphous hydrous TiO, solid sphere
for enhancing fire safety of epoxy resin[J]. Journal of
Hazrdous Materials, 2017, 340: 263-271.

LIU X W, WU W H, QI Y X, et al. Synthesis of a hybrid zinc
hydroxystannate/reduction graphene oxide as a flame re-
tardant and smoke suppressant of epoxy resin[J]. Journal
of Thermal Analysis and Calorimetry, 2016, 126(2): 553-
559.

KIMJ S, SONG J E, LIM D, et al. Flame-retardant mechan-
ism and mechanical properties of wet-spun poly(acryloni-
trile-co-vinylidene chloride) fibers with antimony trioxide
and zinc hydroxystannate[J]. Polymers, 2020, 12(11):
2442,

LEESH, YIGR, LIM DY, et al. Study on the flame retard-
ant and mechanical properties of wet-spun poly(acryloni-
trile-co-vinylchloride) fibers with antimony trioxide and
zinc hydroxystannate[J]. Fibers and Polymers, 2019,
20(4): 779-786.

SANG B, LI Z W, YU L G, et al. Preparation of zinc hy-
droxystannate-titanate nanotube flame retardant and eval-
uation its smoke suppression efficiency for flexible
polyvinyl chloride matrix[J]. Materials Letters, 2017, 204:
133-137.

e N R ] ) 5 o R G S, e I SRR A

[28]

[29]

(30]

[31]

[32]

[33]

A BIZE DL 2x. R TR BQE I MR T o - 252800 &l
45 GB/T 2406.2—2009 [S]. Jbxt: A Gk H kL, 2009.
General Administration of Quality Supervision, Inspection
and Quarantine of the People's Republic of China, Stand-
ardization Administration of the People's Republic of
China. Plastics—Determination of burning behaviour by
oxygen index method—Part 2: Ambient temperature test:
GB/T 2406.2—2009 [S]. Beijing: China Quality Inspection
Press, 2009 (in Chinese).

rie N BRI ] 55t e A AG R R, T T ] b e
R G2, SR IR BE I RE 1Y I 2 /K P vk Rl E 5 GB/T
2408—2008 [S]. Jbat: HrE ks H ik, 2008.

General Administration of Quality Supervision, Inspection
and Quarantine of the People's Republic of China, Stand-
ardization Administration of the People's Republic of
China. Plastics—Determination of burning characterist-
ics—Horizontal and vertical test: GB/T 2408—2008 [S].
Beijing: China Quality Inspection Press, 2008 (in Chinese).
[ BRAm AL ZL. X i R . VB . R MR A T
IR RO (HEJE BT IR): 1SO 5660-
1—2002 [S]. H N E: Fi b2, 2002.

International Organization for Standardization. Reaction
to fire test. Heat release rate, smoke emission rate and
mass loss rate. Part 1: Rate of heat release (cone calorimet-
er method): ISO 5660-1—2002 [S]. Geneva: Swedish Stand-
ards Institute, 2002 (in Chinese).

rhie N B [ 5 5 e A R AG e R, i T ] b e
I G125, RL-RLARPERE I E - 55 280 43 BRI I R
BRI 55 1F: GB/T 1040.2—2006 [S]. dt5T: rf [ B s ik,
2006.

General Administration of Quality Supervision, Inspection
and Quarantine of the People's Republic of China, Stand-
ardization Administration of the People's Republic of
China. Plastics—Determination of tensile properties—
Part 2: Test conditions for moulding and extrusion plastics:
GB/T 1040.2—2006 [S]. Beijing: China Quality Inspection
Press, 2006 (in Chinese).

CAIW, CAITM, HELX, et al. Natural antioxidant function-
alization for fabricating ambient-stable black phosphorus
nanosheets toward enhancing flame retardancy and toxic
gases suppression of polyurethane[J]. Journal of Hazard-
ous Materials, 2020, 387: 121971.

LONG MY, PENG S, DENG W S, et al. A robust superhydro-
phobic PDMS@ZnSn(OH)(6) coating with under-oil self-
cleaning and flame retardancy[J]. Journal of Materials
Chemistry A, 2017, 5(43): 22761-22771.

QIU S, ZOU B, SHENG H B, et al. Electrochemically exfoli-
ated functionalized black phosphorene and its polyureth-

ane acrylate nanocomposites: Synthesis and applica-


https://doi.org/10.1002/smll.201805175
https://doi.org/10.1080/00222348.2020.1788801
https://doi.org/10.1080/00222348.2020.1788801
https://doi.org/10.1016/j.jhazmat.2017.06.068
https://doi.org/10.1016/j.jhazmat.2017.06.068
https://doi.org/10.1007/s10973-016-5516-5
https://doi.org/10.1007/s10973-016-5516-5
https://doi.org/10.1007/s12221-019-1137-5
https://doi.org/10.1016/j.matlet.2017.06.026
https://doi.org/10.1016/j.jhazmat.2019.121971
https://doi.org/10.1016/j.jhazmat.2019.121971
https://doi.org/10.1016/j.jhazmat.2019.121971
https://doi.org/10.1039/C7TA06190K
https://doi.org/10.1039/C7TA06190K
https://doi.org/10.1002/smll.201805175
https://doi.org/10.1080/00222348.2020.1788801
https://doi.org/10.1080/00222348.2020.1788801
https://doi.org/10.1016/j.jhazmat.2017.06.068
https://doi.org/10.1016/j.jhazmat.2017.06.068
https://doi.org/10.1007/s10973-016-5516-5
https://doi.org/10.1007/s10973-016-5516-5
https://doi.org/10.1007/s12221-019-1137-5
https://doi.org/10.1016/j.matlet.2017.06.026
https://doi.org/10.1016/j.jhazmat.2019.121971
https://doi.org/10.1016/j.jhazmat.2019.121971
https://doi.org/10.1016/j.jhazmat.2019.121971
https://doi.org/10.1039/C7TA06190K
https://doi.org/10.1039/C7TA06190K

3190 -

EEMRER

[34]

[35]

[36]

[37]

[38]

[39]

tions[J]. ACS Applied Materials & Interfaces,
11(14): 13652-13664.
QU Z, WU K, JTAO E, et al. Surface functionalization of few-

2019,

layer black phosphorene and its flame retardancy in epoxy
resin[J]. Chemical Engineering Journal, 2020, 382:
122991.

QU Z C, WANG K X, XU C A, et al. Simultaneous enhance-
ment in thermal conductivity and flame retardancy of flex-
ible film by introducing covalent bond connection(J].
Chemical Engineering Journal, 2021, 421: 129729.

ZHU X J, ZHANG T M, SUN Z J, et al. Black phosphorus re-
visited: A missing metal-free elemental photocatalyst for
visible light hydrogen evolution[J]. Advanced Materials,
2017, 29(17): 1605776.

HAN L X, LIU J, WANG Z J, et al. Shape-controlled synthe-
sis of ZnSn(OH)g crystallites and their HCHO-sensing
properties[J]. CrystEngComm, 2012, 14(10): 3380-3386.
LI H Q, HONG W S, CUI Y M, et al. High photocatalytic
activity of C-ZnSn(OH); catalysts prepared by hydrother-
malmethod[J].Journal of Molecular Catalysis A: Chemical ,
2013, 378: 164-173.

QU H Q, WUWH, ZHENG Y J, et al. Synergistic effects of in-
organic tin compounds and Sb,0; on thermal properties
and flame retardancy of flexible poly(vinyl chloride)[J].
Fire Safety Journal, 2011, 46(7): 462-467.

[40]

[41]

[42]

[43]

[44]

[45]

SHI Y Q, GUI Z, YU B, et al. Graphite-like carbon nitride
and functionalized layered double hydroxide filled
polypropylene-grafted maleic anhydride nanocomposites:
Comparison in flame retardancy, and thermal, mechanical
and UV-shielding properties[J]. Composites Part B: Engin-
eering, 2015, 79: 277-284.

CAIW, LIZ X, MU X W, et al. Barrier function of graphene
for suppressing the smoke toxicity of polymer/black phos-
phorous nanocomposites with mechanism change[J].
Journal of Hazardous Materials, 2021, 404: 124106.

QU Z C, WU K, MENG W H, et al. Surface coordination of
black phosphorene for excellent stability, flame retard-
ancy and thermal conductivity in epoxy resin[J]. Chemic-
al Engineering Journal, 2020, 397: 125416.

GU M L, L1 Y H, ZHANG M, et al. Bismuth nanoparticles
and oxygen vacancies synergistically attired Zn,SnO, with
optimized visible-light-active performance[J]. Nano En-
ergy, 2021, 80: 105415.

LIU L, WANG W, SHI Y Q, et al. Electrostatic-interaction-
driven assembly of binary hybrids towards fire-safe epoxy
resin nanocomposites[J]. Polymers, 2019, 11(4): 724.
YANG L, WANG Y Y. Smoke suppressant and flame retard-
ant properties of PVC/zinc hydroxystannate compo-
sites[J]. Advanced Materials Research, 2012, 512: 2804-
2807.


https://doi.org/10.1021/acsami.8b22115
https://doi.org/10.1021/acsami.8b22115
https://doi.org/10.1021/acsami.8b22115
https://doi.org/10.1021/acsami.8b22115
https://doi.org/10.1016/j.molcata.2013.06.012
https://doi.org/10.1016/j.firesaf.2011.07.006
https://doi.org/10.1016/j.compositesb.2015.04.046
https://doi.org/10.1016/j.compositesb.2015.04.046
https://doi.org/10.1016/j.compositesb.2015.04.046
https://doi.org/10.4028/www.scientific.net/AMR.512-515.2804
https://doi.org/10.1021/acsami.8b22115
https://doi.org/10.1021/acsami.8b22115
https://doi.org/10.1021/acsami.8b22115
https://doi.org/10.1021/acsami.8b22115
https://doi.org/10.1016/j.molcata.2013.06.012
https://doi.org/10.1016/j.firesaf.2011.07.006
https://doi.org/10.1016/j.compositesb.2015.04.046
https://doi.org/10.1016/j.compositesb.2015.04.046
https://doi.org/10.1016/j.compositesb.2015.04.046
https://doi.org/10.4028/www.scientific.net/AMR.512-515.2804
https://doi.org/10.1021/acsami.8b22115
https://doi.org/10.1021/acsami.8b22115
https://doi.org/10.1021/acsami.8b22115
https://doi.org/10.1021/acsami.8b22115
https://doi.org/10.1016/j.molcata.2013.06.012
https://doi.org/10.1016/j.firesaf.2011.07.006
https://doi.org/10.1016/j.compositesb.2015.04.046
https://doi.org/10.1016/j.compositesb.2015.04.046
https://doi.org/10.1016/j.compositesb.2015.04.046
https://doi.org/10.4028/www.scientific.net/AMR.512-515.2804

	1 实 验
	1.1 实验材料
	1.2 ZHS的制备及BP晶体的制备
	1.3 ZHS-BP的制备
	1.4 ZHS-BP/PP的制备
	1.5 测试与表征

	2 结果与讨论
	2.1 ZHS-BP复合材料的结构形貌
	2.2 ZHS-BP复合材料的热稳定性
	2.3 ZHS-BP/PP复合材料的热稳定性
	2.4 ZHS-BP/PP复合材料的阻燃性能
	2.5 ZHS-BP/PP复合材料的残炭分析
	2.6 ZHS-BP/PP复合材料的力学性能

	3 结 论

