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DESCRIPTION CN109019616A

Preparation and application of a three-dimensional hybrid material of silica/molybdenum

disulfide

—M S/ iR CIE = AR BRI & e Sz A

[0001]

Technical Field
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ARG

[0002]

This invention relates to the preparation and application of a three-dimensional hybrid
material of silicon dioxide/molybdenum disulfide, belonging to the field of inorganic nano-

hybrid material preparation.

KBRS Re—ih — | UEE/ IR = R MRIBRIE RN A, BT AR AR & S,

[0003]

Background Technology

BRERA

[0004]

In recent years, the application fields of various civil, decorative and industrial fibers and
nonwoven fabrics have expanded rapidly, becoming an indispensable part of daily life and

industrial production.
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TR, BREA. RiMANF L AFERIFLISHINATEIRET K, AR EEFMI WL
REIHERAVEB ST

However, these materials are inherently flammable and easily ignited by external heat
sources. During combustion, they release large amounts of heat, smoke, and toxic gases,
seriously endangering life and property. According to statistics, fires of all sizes in my country
cause more than 500 million yuan in losses to society every year, and serious fires caused by

the flammability of fiber products account for more than half of these.

A, XEMEIASEGZMEE, SWMINBRIFESIR, HEMRIIETERAENARE. BRIKE
55, FEEkESBUTRE, ERIT, KEFHEENRNNARESLEHIERSZTIA LR
K, MHSFEHIGIZ MR ENRMS T—F U L,

Developing high-performance, low-dosage flame retardants is an effective way to improve the
added value and safety of fiber products, making them less prone to ignition or slowing down

the burning rate.

FAEERE. RAENMEMNT, RRETENRIMINESREY, EERSENRIRIEER RIS

BREEN—MERT %o

[0005]
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Flame retardants can be classified into organic flame retardants and inorganic flame

retardants according to their chemical structure.

BEAFIIR L L5 10 RT 0 9 B MR IAFTIAD TTATLBE AT

Organic flame retardants include organophosphorus, nitrogen, and boron-based flame
retardants. When added to the material matrix, these flame retardants have problems such as
high dosage (>20%), poor compatibility, environmental unfriendliness, and poor thermal
stability. When they react with fiber materials, they can easily reduce their mechanical

properties and water resistance.

BRI aEENGE. . WREWAT, JRMEIMEREPRE, ZXERTEETREX
(>20%). HEMRE. TR, AREMEREFD,;, AS5FEMEIRNE, FIEREIFERE.
M 7K1 BE = BB (R

Inorganic flame retardants mainly include metal hydrates, red phosphorus, boron
compounds, and antimony compounds. In particular, silica nanoparticles have advantages
over organic flame retardants, such as good thermal stability, non-volatility, long-lasting
effect, and low price. However, metal hydroxides have high polarity and poor compatibility
with polymer materials. Furthermore, the large amount added during use can greatly

deteriorate the physical properties of the material.
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THNEREFEREERBKEY. A8 WERUEY). BRUSYF, FrRTHENEPHRNT, 18
EEFENEMT, HEERREMRE. fMELR. BREA. MEEEFHR, AMEBRANYBT

WEXR,SEDFMFHERME HEREERIEFHRNEXR, IWMAMTUMBRIIEEE,

[0006]

Inorganic nanomaterials have become a new favorite in the flame retardant field due to their
excellent gas barrier properties, good thermal stability, low addition amount, green and
environmentally friendly properties, and minimal negative impact on the mechanical

properties and thermal stability of the matrix, and can even play a reinforcing role.

TNARME B TFEHEERAENSAMEREE. ARARENE. AmEL. FEeFR, MANEERR
NFEM AR E SR A E RSN EEIRR] LURIEIERMN, BBV,
Molybdenum disulfide, as a new type of flame retardant material, has relatively low thermal
conductivity and a high melting point (1185°C). It can effectively inhibit the penetration of
external heat and oxygen and the release of toxic substances. Molybdenum atoms can also
catalyze the formation of a large number of carbon layers in the matrix to reduce heat
exchange. However, the flame retardant efficiency of molybdenum disulfide alone is limited,
as it often exhibits severe aggregation in the polymer matrix, weakening the interfacial

interaction between molybdenum disulfide and the matrix.
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IR E AT AR, BEENRRNASERNSHER(1185°C), seBRUmKIsMatHE
RESESNESYRIREN, HRFTEEENEFTRAEREURDAZM, B2, Bk
RACSHR AR Z AR, CEEAERSYERPRILTENRE, HI55 7 —RBESEEFRR

EAEE{EA.

[0007]

To improve the flame retardant efficiency and interfacial interaction of molybdenum
disulfide, scholars at home and abroad have conducted research on the synergistic flame
retardancy of molybdenum disulfide inorganic hybrids. For example, in 2014, Xiaming Feng et
al. published in the Journal of Materials Chemistry A, Volume 2, pp. 13299-13308, that they
prepared molybdenum disulfide/cobalt hydroxyoxide (MoS2/CoOOH) hybrid materials by in-
situ synthesis, which can significantly improve the thermal stability of epoxy resin and reduce

CO release.

ATIREZMSENEMARERFEMEEER, BRINFEEXN ZMAET R REPBAHITHZ,
g0: 20144 XiamingFengZ7E (Journal of Materials Chemistry A) 552#13299-1330851 & &iEid
ROIERERIE /B ER L (MoS2/CoO0H) b H!, sERRIR SR amisnIiREMH

B> CORYFEIR.
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In 2016, Dong Wang et al. published in ACS Applied Materials & Interfaces, Vol. 8, pp. 34735-
34743, on the use of molybdenum disulfide nanosheets/graphene hybrid materials for flame
retardancy of unsaturated polyesters, achieving a good synergistic flame retardant effect. In
2017, Hélio Ribeiro et al. published in ACS Applied Materials & Interfaces that molybdenum
disulfide/hexagonal boron nitride nanocomposites were used for flame retardancy of epoxy
resins, which effectively improved their thermal stability. Silica, as an inorganic nano flame
retardant, has the advantages of being environmentally friendly and non-toxic, and can
improve the thermal stability of materials and the stability of the carbon layer. Currently,
Keging Zhou reported on the research of molybdenum disulfide nanosheets/silica hybrid
materials for flame-retardant epoxy resins in the Journal of Hazardous Materials, Volume 344,
pp. 1078-1089 (2018). However, the molybdenum disulfide nanosheets in this hybrid material
contain fewer active sites, and the silica particles are large and non-uniform (150nm),
resulting in low silica loading, difficult morphology control, and insignificant flame-retardant

effect.

20165 Dong WangZ1E (ACS AppliedMaterials&Interfaces) 58%34735-34743T1 & & _Fi{¢5H
PRF [ ARIEZRUME R TRRMRBEERRM, A2 TREFNIHERMAMER. 20174 HéElioRibeiro
Z1E (ACS AppliedMaterials &Interfaces) &F&x IR EE/7<FH RICHIAK Y B FIF | ASHE

¥, BRIRETHMAREM. “SWEFEA—TMTHKERT, BREFR. TSR, RS

MERRRRE S RIRENREM. B#I, Keqing Zhoutt {Journal of Hazardous Materials) %
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3447%1078-1089T1 (20185 )& T —FRILIHAR A/ — R LR KL T IR S AERIRR 5%, B
ZHRAMER ZIRASESRErEEM AR, ZaMENEARBRIIS(150nm), FR-EME

AHER, EHRELITH, BRAKREREE.

[0008]

The aforementioned literature all uses molybdenum disulfide nanosheets as a substrate to
prepare nano-hybrid materials. Sheet materials are prone to stacking and have poor
dispersibility. They have fewer active reaction sites (sulfur defects, vacancies, and edge sites),
smaller specific surface area and loadable area, making it difficult to effectively prepare
molybdenum disulfide hybrid flame retardants with multiple defects, high loading capacity
and controllable morphology, and thus it is difficult to maximize the flame retardant

efficiency.

ERAEE R A MUENR A AEREIEARRUME, REMEEZHEE, SRy, HEH
RMALR(FRERFE. =, USSR, WRERRAGHEKIEE), BLUXEIZRE. SHEE

KRR a = — AR PRI B A&, BEMSERMELUREIR AL,

[0009]

Summary of the Invention
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RARE

[0010]

To address the aforementioned issues and maximize flame retardant efficiency, this invention
designs a method for in-situ loading ultra-small functionalized silica nanoparticles onto a
layered structure resembling a sandwich, using molybdenum disulfide as a carrier. This
constructs a three-dimensional hybrid flame retardant of silica/molybdenum disulfide. The
flame retardant consists of silica nanoparticles uniformly loaded onto molybdenum disulfide
nanoflowers. The preparation process is simple, green, and efficient. The sandwich-like
layered structure of molybdenum disulfide is a nanoflower structure that replaces the
traditional nanosheet structure. Its three-dimensional structure and large space effectively
increase the loading of silica nanoparticles and improve the flame retardant efficiency, matrix

compatibility, and mechanical reinforcement effect of the hybrid flame retardant.

AT R ERRE, BEMRBERENEAN, AEBILITT —M=RERFEAEN=BEERNEREH
B ZWCIRIERNEIER, RIUAHE NI ZSUENRNTFHNGZE, WET st/ "Rl
H=ERARIRIAR, ZFRATI B S ERTREI D A HE RCIRMNRER, FlEdEE
B, A5, HPEXNU=FFaEREMHN R ER —MPREEN, AT ERNPAKREN,
AL, TEIK, BERRUEMARK S WK FRINEE, HIRSRUEMSTIRIBMSER. &

(RRVB M K I F IR o
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[0011]

The first objective of this invention is to provide a method for preparing a three-dimensional
hybrid material of silica/molybdenum disulfide, the method comprising: synthesizing
molybdenum disulfide nanoflowers from a molybdenum source and a sulfur source using a
hydrothermal method; then using the obtained molybdenum disulfide nanoflowers as a
substrate, chemically bonding them with a silicon source and a thiol-containing silane
coupling agent to synthesize ultra-small silica nanoparticles in situ and uniformly loading
them onto the molybdenum disulfide nanoflowers to obtain a three-dimensional hybrid

material of silica/molybdenum disulfide.

FERBIFE—TBRRIRM T R/ RSB =R OMRIRIE 505, MR AERE: K
BRI AKACES R RNIEARTE, ARSI RABENREFENER, SHR SR
ENfEEEERTEI hFREE, RUSKE N _SHEHRRNTFHIIOMEHE ZMEEMNKEL,

FEIZ|hE/ IR = iatrl,

[0012]

In one embodiment of the present invention, the molybdenum source includes one of

ammonium molybdate tetrahydrate, sodium molybdate, and molybdenum oxide.
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[0013]

In one embodiment of the present invention, the sulfur source includes one of thiourea,

thioacetamide, and sodium thiocyanate.

RPN —MSERES N, FRAREERER. MAZHKR. MEERWP—id,

[0014]

In one embodiment of the present invention, the mass fraction ratio of the added

molybdenum source and sulfur source is (1-1.5):(2-3).

RN —FSEE S NH, PR sHRMRIRR AN ERE DR LG (1~1.5): (2~3).

[0015]

In one embodiment of the present invention, the silicon source includes one of tetraethyl

orthosilicate and sodium silicate.

RPN —FERES N, FridtEReEIERRINZE. ERRMERI—.
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[0016]

In one embodiment of the present invention, the mercapto-containing silane coupling agent
includes one of y-mercaptopropyltriethoxysilane (KH580) and (3-mercaptopropyl)

trimethoxysilane (KH590).

RPN —MLHES IV, TR S FHBREGEEST eEy-RRE =28 2R (KH580), (3-HERA

£) =R &aEhEk(KH590)RaI—M,

[0017]

In one embodiment of the present invention, the volume ratio of the silicon source and the

mercapto-containing silane coupling agent is (2-4):(0.5-1.5).

RPN —FERES IR, FrdtER. SMENERBETIRARMEERIREEA(2~4): (0.5~1.5).

[0018]

In one embodiment of the present invention, the mass-to-volume ratio of the molybdenum

disulfide nanoflowers to the silicon sourceis (0.1-0.2):(2-4).

RPN —FEREA R, Frd ZHIEARESERNRERIREEA(0.1~0.2): (2~4).
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[0019]

In one embodiment of the present invention, the particle size of the molybdenum disulfide

nanoflowers is 100-200 nm.

RN —MEEA N, PR R CIRAKTERTAIIZ9100-200nmo

[0020]

In one embodiment of the present invention, the particle size of the ultra-small silica

nanoparticles is 10-15 nm.

NREAN—MEEA N, PIRE/ N | KR FRIAIZ910-15nm,

[0021]

In one embodiment of the present invention, the method specifically includes the following

steps:

NEPRB—MSLEES TV, PR ARARERIN TR

[0022]
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(1) Add molybdenum source and sulfur source to deionized water to dissolve, stir to prepare a
solution, mix evenly by ultrasonication, transfer to a hydrothermal reactor, react at 160-240°C
for 8-24h, wash by centrifugation with deionized water, and dry at 60°C to obtain

molybdenum disulfide nanoflowers.

()RHR. BERMAEZBFKFRE, HHECKAR, BREESHYIRENKAZER, 160~240°C

[RN8~24h, EBFKELE, 60°CHT, T2 ZHMHESKE.

[0023]

(2) Take a small amount of molybdenum disulfide nanoflowers obtained in step (1), disperse
them in deionized water by ultrasonication, add a silicon source, adjust the pH to 8-10.5, react
at 40-65°C and 400-600rpm for 12-24h, then add a silane coupling agent containing mercapto

groups and continue the reaction for 8-12h.

QEVESE(1)PRFEINMUBHKE, BEOBEEIEFKS, MAER, BTpH=8-10.5,
40~65°C, 400~600rpm, REZ12~24h, BMASHEEGEET, H8RN8~12h,

The molybdenum disulfide nanoflowers were washed alternately by centrifugation with
deionized water and dried under vacuum at 60°C to obtain a three-dimensional hybrid

material of molybdenum disulfide nanoflowers supported on ultra-small functionalized silica.
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ZESEBFKIBRELER, 60°CEZTIR, FEI-MABEMRERMUAHE NI _ R

B ZRRL S = LR Z MR

[0024]

The second objective of this invention is to provide a three-dimensional hybrid material of

silicon dioxide/molybdenum disulfide prepared by the above method.

R E BN RE—MF R LR G ERER[ RN ZahE/ R eE = 4er il

[0025]

The third objective of this invention is to provide a flame-retardant polyacrylonitrile fiber,
which is obtained by adding the above-mentioned silica/molybdenum disulfide three-

dimensional hybrid material to a polyacrylonitrile spinning solution and then wet spinning.

FERPNE=TBENBIRE—MEMERIBIET 4, PMABMERIBHBRTERE DR — St/ —mh

LSH =R UMM R RGBS 2RP, EEHLENAISE,

[0026]
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The fourth objective of this invention is to apply the above-mentioned silicon dioxide

/molybdenum disulfide three-dimensional hybrid material to the field of flame retardancy.

AR PANSE I BBV DR TS ke / Rt = A R AT R A T R AU R,

[0027]

Beneficial effects of this invention:

RRPABEmMR:

[0028]

This invention utilizes inexpensive and readily available raw materials to prepare
molybdenum disulfide nanoflowers loaded with ultra-small silica nanoparticles through in-
situ reaction. The process is low-cost, simple, and highly controllable in morphology. The
molybdenum disulfide nanoflowers have numerous reactive sites and a large specific surface
area, while the loaded silica particles are small and uniform in size, have a high loading

capacity, and have no other functional groups on their surface.
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LR AENZENER, BERARMGE ZREBEARTELER N_SUERRNT, BAE
BR, RMSREEE., FSRaHEIER, _MBAKERMERE USRS, LERERK, HEN S
RN s). AEES. KELTHeER,

This material has a uniform structure, excellent morphology, and superior performance. It
exhibits a good synergistic flame-retardant effect and high flame-retardant efficiency when
used in the flame-retardant field. At the same time, it improves the compatibility of nano
flame retardants, which greatly enhances the compatibility and mechanical reinforcement

effect of the matrix.

BMEERY—, RIE. MRS, BTFREMTUSESRENMEIRMN, BMNES; B

RS THREAFIERYE, EEFIBEMERAFIEEMNSEIAKRNE,

[0029]

Attached Figure Description

P EI35E B

[0030]

Figure 1 shows the SEM image of molybdenum disulfide nanoflowers;
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El 1A RSN K LRI SEME],

[0031]

Figure 2 shows a TEM image of silica nanoparticles;

B2 — SRR KL FRITEME];

[0032]

Figure 3 shows a TEM image of the three-dimensional hybrid material of silicon dioxide

/molybdenum disulfide;

B3N |k s = R MR TEME;

[0033]

Figure 4 shows the SEM image of the three-dimensional hybrid material of silica/molybdenum

disulfide;

B4R Z A fuhE/ iR sE = 4R RISEME;
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[0034]

Figure 5 shows the XRD pattern of the three-dimensional hybrid material of silica

/molybdenum disulfide;

El5Hh Z | fhE/ iR sE = A R RIXRDE;

[0035]

Figure 6 shows the XPS plot of the three-dimensional hybrid material of silica/molybdenum

disulfide;

El6 ) — |kt iR E = 4 LA R RIXPSIE;

[0036]

Figure 7 shows the SEM image of flame-retardant polyacrylonitrile fiber;

BT A EAR A GIELTLERISEME;

[0037]

Figure 8 shows the TGA diagram of flame-retardant polyacrylonitrile fiber;
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EI8 N AR R IGIRLTERITGAE;

[0038]

Figure 9 shows the heat release rate of flame-retardant polyacrylonitrile fiber.

E9 N PEME RGN RERE,

[0039]

Figure 10 shows the heat release rate of flame-retardant polyacrylonitrile fiber.

E 10/ AR R IFIRLT ER PR UERE,

[0040]

Detailed Implementation

BiALEA

[0041]
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The specific content of the present invention will be described in detail below with reference

to specific embodiments:

TEESEEELENXN A LR EERETREGRBINT:

[0042]

Example 1

SEhEf)1

[0043]

Preparation of silica/molybdenum disulfide three-dimensional hybrid material: Weigh 1.28g
ammonium molybdate tetrahydrate and 2.3g sodium thiocyanate, dissolve them in 40mL
deionized water, and then transfer them to a 100mL hydrothermal reactor. React at 220°C for

10h in a muffle furnace.

SR/ "R AR MEINI&E . FREXL.28gPk SERERSR, 2.3gMEERTA, B T40MLEE

Fokd, AEHBEIOOMLKAER, S3IPH220°C/RM10h,
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The molybdenum disulfide nanoflowers were obtained by centrifugation and washing three

times with deionized water and drying at 60°C.

REBFKBEOLELZR, 60°CHTFFIZHMIBARE,

Weigh 0.2g of molybdenum disulfide nanoflowers and ultrasonically disperse them in 100mL
of deionized water. Then add 4mL of tetraethyl orthosilicate, adjust the pH to 9.7 with
ammonia, and react at 60°C and 550rpm for 24h. Then add 1.5mL of (3-mercaptopropyl)

trimethoxysilane and continue the reaction for 12h.

FREX0.2g —HRILEAANRTE, BRSEIEI0MLEBFKF, AEMNAMLIERERINZE, BRIKIA
TIpH=9.7, 60°C, 550rpm&[Z24h, BIALSMLB-FHMERE)=REEER, HERN12h,
The solution after the reaction was washed three times with alternating ethanol and
deionized water and dried under vacuum at 60°C to obtain a hybrid material of molybdenum

disulfide nanoflowers supported on ultra-small functionalized silica nanoparticles.

R EHBRAZEMEBFAREERZR, 60°CETTIR, S ZMUIBMKERMATE

ThRe b —SLEEGR AL F 2R AR

[0044]
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The morphology of the obtained molybdenum disulfide nanoflowers is shown in Figure 1,
with a diameter of 100-200 nm. The silica nanospheres are shown in Figure 2, with a diameter
of 10-15 nm, exhibiting uniform size and no obvious agglomeration. As shown in Figure 3, a
large amount of silica was successfully loaded in the middle of the molybdenum disulfide
nanoflower layers, increasing the interlayer spacing. Silica particles of approximately 10-15
nm in size were uniformly modified onto the molybdenum disulfide nanoflowers, presenting a
three-dimensional hierarchical structure. The structure exhibits excellent structural stability
(Figure 4). As can be seen from Figure 5, in addition to the characteristic diffraction peaks of
molybdenum disulfide nanoflowers, a new strong characteristic peak of silica appears at 23°
in the hybrid material, indicating the successful loading of silica. Compared with pure
molybdenum disulfide nanoflowers, the hybrid material has lower contents of sulfur (14.27%)
and molybdenum (6.74%), and higher contents of silicon (25.24%) and oxygen (53.75%) (see

Table 1 for elemental contents), indicating a large loading of silica (Figure 6).

PRSEIR BRI ANE L PR, HERA/)N\100-200nm; ZSEGRMIXIIE 2P
T, —EWERRHIKRIERA/NAL0~15nm, K/NYS, TRREREIR; —SihE/ “hME=4
MR MEISETHIAE — S EERTHA ST _MUIBPHRIER ERE, EBATHEEE; K/NhA

10-15nmAAN ZSUERISBIME ZRAESNRTE L, EN=HERREN, BERHNRRVEH
REMS(E4), MESAEED, FRT ZMUHEPKERFFEITSE, RMUMEE23 B —M NS

CEERYSRASIELE, REA”H WIS, BEETATRUIEARE, FUHEFRER(14.27%).
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THITZER(6.74%)EERE, 1E(25.24%). BRI 15%N)EMNREEE(TERENRK]), RKAZSH
RN KR EZE R H(E6).
The specific elemental contents of molybdenum disulfide nanoflowers and hybrid materials

are shown in Table 1:

—IRCSEAR TR R R R TR S BRI

[0045]

Table 1. Elemental content of molybdenum disulfide nanoflowers and hybrid materials

RITHAUHEARERRUMBNTRESE

[0047]

Preparation of flame-retardant polyacrylonitrile fiber: Weigh 0.06g of molybdenum disulfide
nanoflowers in situ loaded with ultra-small functionalized silica nanoparticle hybrid material,
ultrasonically disperse it in 15g of N,N-dimethylformamide (DMF), then add 3g of
polyacrylonitrile powder, dissolve at 80°C for 8h, and place the resulting spinning solutionin a

vacuum oven at 60°C for 2h for degassing treatment.
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FEARRIGRELT4ERVEIES . FREX0.06g B L sHANKIEIR (AL 01 Bt/ ThRR (L — |AEEGRIL F R 114
K, BEZTELSg NN-ZRERERR(DMF)F, BIMA3gRRERKAR, 80°CEfEsh, S2IRIL,
LR ETF60°CETHFEH2h, HITHELIE,

Spinning was performed using a TYDO1 spinning injection pump with the following
parameters: speed 10 pL min, needle inner diameter 0.3 mm, and coagulation bath containing

an aqueous solution of DMF (60% DMF content).

FATYDO14h 22 53 Rt T4 22, 4h445809: HRE10uL min<sup>-1</sup>, £3kA1E0.3mm, %
EADMFRY7KA &R (DMFE&E60%).
The obtained polyacrylonitrile fibers were dried at 60°C for 24 hours to obtain flame-retardant

polyacrylonitrile fibers.

REINRRIGIELTLEC0°CTIE24h, FRIPAMEBERIGIELT 4,

[0048]

As shown in Figure 7, the obtained flame-retardant polyacrylonitrile fiber has fewer pores in
its cross-section, shorter groove-like cracks, and uniform distribution of hybrid materials in
the fiber matrix. According to the TGA diagram of the flame-retardant polyacrylonitrile fiber
(Figure 8), the temperature at which the mass loss of the flame-retardant polyacrylonitrile

fiberis 10% (311.8°C) and the residual carbon content (58.7%) are significantly improved
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compared with pure polyacrylonitrile fiber (300.5°C and 50.5%, respectively). The maximum
heat release rate of the flame-retardant polyacrylonitrile fiber (98.27W/g) is reduced by 46.1%
compared with pure polyacrylonitrile fiber (182.4W/g) (Figure 9). The total heat release of the
flame-retardant polyacrylonitrile fiber (19.9kJ/g) is reduced by 25.2% compared with pure

polyacrylonitrile fiber (26.6kJ/g) (Figure 10).

METRILEL, FSEIREMERERTENTESEFIARLD, WERROBIE, RMEMEHES
HEAXDIFS), RIBEMRRGIBLTERNTGAE(B8)rIH, EMARAGIRAEREHR10%AVE
FE(311.8°C) N 7%bxE (58.7%) HBEL TR R IGBRELT 4 (5771 79300.5°CHI50.5%) Bk KIS ; FEMARR
IRRBLT R R VIR IR R (98.2TW/g) M EL T AR IR ASET 4£(182.4W/g) PR 7 46.1%(E19) ; BEMAZER

RGBT 4 S PIEIRE (19.9kJ/g) HEEL T AR RIGRELT4£(26.6kJ/g) PR T 25.2%(E10),

[0049]

Example 2

SEtEf)2

[0050]
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Weigh 1.28g ammonium molybdate tetrahydrate and 2.3g sodium thiocyanate, dissolve them
in 40mL of deionized water, then transfer them to a 100mL hydrothermal reactor and react

them in a muffle furnace at 220°C for 10h.

FREX1.28gPU/K 55HERER, 2. 3gMEERM, B TFAOMLEBFKP, AREHZHEIOOMLKAZSR, 5
FBIPH220°C/R F210h,
The molybdenum disulfide nanoflowers were obtained by centrifugation and washing three

times with deionized water and drying at 60°C.

HAEBFKELER=ZR, 60°CHTFERZHMMHIEHNAKE,

Weigh 0.8g of molybdenum disulfide nanoflowers and ultrasonically disperse them in 100mL
of deionized water. Then add 2mL of tetraethyl orthosilicate, adjust the pH to 9.7 with
ammonia, and react at 60°C and 550rpm for 24h. Then add 0.5mL of (3-mercaptopropyl)

trimethoxysilane and continue the reaction for 12h.

FREX0.8g — Wi fLSHANARTE, BEDEIEI00MLERE FKHR, ARMA2MLIEERINZE, AEKE

TipH=9.7, 60°C, 550rpm/xz24h, BAIIANO.SMLE-FERE)=FaEMEL, SikM12h,
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The solution after the reaction was washed three times alternately with ethanol and
deionized water and dried under vacuum at 60°C to obtain a hybrid material of molybdenum

disulfide nanoflowers supported on ultra-small functionalized silica nanoparticles.

R EHBRAZEMEBFAREERZR, 60°CETTIR, S ZMMUBMKERMATE

etk — SRR AL F At L

[0051]

The obtained silica/molybdenum disulfide three-dimensional hybrid material contains sulfur
(35.3%), molybdenum (16.7.7%), silicon (16.1%), and oxygen (31.9%), with a good loading, but
slightly worse than that in Example 1, indicating that the amount of silicon source and

coupling agent has a certain influence on the silica loading.

FRR RN — | hE/ i = E MR R 2 R(35.3%). $H7TE&(16.7.7%), MiE(16.1%). &IT
F(31.9%), AHEWY, BMELLEEFIPHNTEE, RPERLEBRFINBEN _aENHESR

—EE"J%ZUWO

[0052]

The flame-retardant polyacrylonitrile fiber prepared using the method in Example 1 has a

residual carbon content of 58.8%, a maximum heat release rate of 102.3 W/g, and a total heat
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release of 20.2 kJ/g. The flame-retardant effect meets the requirements, but is slightly worse
than that in Example 1, indicating that the silica loading has a certain impact on the flame-

retardant performance of the fiber.

FIASEEG 1R G AR SIS RINVEMEBRIGRELT 4. FXhkE58.8%, RAMERIEER102.3W/g, &

PREIRE20.2kJ/g, FRIAMRBRENR, BILSLHEf1PHE, WS NN HEN A 4EpIEMRE

[0053]

Example 3

K3

[0054]

Weigh 1.28g ammonium molybdate tetrahydrate and 2.3g sodium thiocyanate, dissolve them
in 40mL of deionized water, then transfer them to a 100mL hydrothermal reactor and react

them in a muffle furnace at 220°C for 10h.
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FREX1.28gM7k 5$EERYE, 2.3gMBERIN, ATAOMLEBFKP, AREBEIOOMLKRER, 5
FBIP220°C/R 210h,
The molybdenum disulfide nanoflowers were obtained by centrifugation and washing three

times with deionized water and drying at 60°C.

BEBFKBELERZR, 60°CHTERZHCIEMAARIE,

Weigh 0.8g of molybdenum disulfide nanoflowers and ultrasonically disperse them in 100mL
of deionized water. Then add 4mL of tetraethyl orthosilicate, adjust the pH to 9.7 with
ammonia, and react at 40°C and 550rpm for 24h. Then add 1.5mL of (3-mercaptopropyl)

trimethoxysilane and continue the reaction for 12h.

FREXO.8g —HitLsHLANKTE, BAEDEEI00MLEBFKF, ASMANAMLIERERINZE, ASIKIE
TipH=9.7, 40°C, 550rpm&[Z24h, BAALSMLE-HERE)=REERIR, SRkMN12h,

The solution after the reaction was washed three times alternately with ethanol and
deionized water and dried under vacuum at 60°C to obtain a hybrid material of molybdenum

disulfide nanoflowers supported on ultra-small functionalized silica nanoparticles.

REEHEERAZEMEBFAREERZR, 60°CETTIR, S ZHMMUIBIMKERMATE

ThRet —SILEESR AL F 2 MR
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[0055]

The obtained silica/molybdenum disulfide three-dimensional hybrid material contains sulfur
(28.2%), molybdenum (14.3%), silicon (18.7%), and oxygen (38.8%), indicating that

temperature has a certain influence on the formation and loading of silica.

FRREIRN — | hE/ M = BRI R 211(28.2%). $H7TER(14.3%), ME(18.7%). |tE

(38.8%), HALEEN S ENTRNRAHER —ENFH,

[0056]

The flame-retardant polyacrylonitrile fiber prepared using the method in Example 1 has the
following characteristics: residual carbon content 59.1%, maximum heat release rate 100.1 W

/g, and total heat release 20.7 kJ/g.

FIASEEGI LR AR EERIPAMEB RGBT 4 FRE59.1%, RAMERIESR100.1W/g, &

PRERE20.7kJ/go

[0057]

Table 2. Material element content of the hybrid materials obtained in Examples 1-3
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R2LGEHI1-3FFSRUMEIFRIME TESE

[0059]

Table 3 Flame retardant properties of the flame retardant materials obtained in Examples 1-3

R3SEHE 1-3FR1S FRMAM A PRI R IATE BE

[0061]

As shown in Table 2-3, the amount of silicon source, coupling agent, and temperature during

the loading process have a significant impact on the material's performance.

FZR2-3F]1, fEdiERaEER. BETIAENRRE RN ME R BT,

[0062]

Comparative Example 1

xFEEfHI1

[0063]

Preparation of flame-retardant polyacrylonitrile fibers using silica nanoflowers:
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—RERR T SRR RGBT 4

[0064]

Weigh 0.06g of molybdenum disulfide nanoflowers from Example 1, ultrasonically disperse
them in 15g of N,N-dimethylformamide (DMF), then add 3g of polyacrylonitrile powder,
dissolve at 80°C for 8h, and place the resulting spinning solution in a vacuum oven at 60°C for

2h for degassing treatment.

FREXO0.06gSKhE LRI Z L sBANKRTE, BAE D EIE15g N,N-ZFREREIZ(DMF)HR, BIMA3gRRAE
BE¥IR, 80°Ciafi#sh, FEIRVLRE T60° CETMAET2h, #HITHUBLIE,

Spinning was performed using a TYDO1 spinning injection pump with the following
parameters: speed 10 pL min<sup>-1</sup>, needle inner diameter 0.3 mm, and coagulation

bath containing an aqueous solution of DMF (60% DMF content).

FATYDO14h 2233 5 R 1TEh L%, 45442808 FRE10UL min<sup>-1</sup>, F3kMF0.3mm, %t
EADMFRY7KA &R (DMFE&E60%).
The obtained polyacrylonitrile fibers were dried at 60°C for 24 hours to obtain flame-retardant

polyacrylonitrile fibers.

19-01-2026 - Page 33



RENRAGERBLTECCTIE24h, FRIEMBRIGELT L,

[0065]

The relevant performance parameters of the obtained flame-retardant polyacrylonitrile fiber
are shown in Tables 4 and 5: residual carbon content 54.4%, maximum heat release rate 126.4

W/g, total heat release 21.8 kJ/g, which is inferior to that of hybrid flame-retardant fiber.

FRSEIRVPEM BB RIGRRLT AR LR SEINRA. S5FR: FikE54.4%, RAMFEIIEZER126.4W

/g, SIARENE21.8k]/g, HT WML,

[0066]

Comparative Example 2

xFEE 12

[0067]

Preparation of flame-retardant polyacrylonitrile fibers using silica nanospheres:
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—REEAR IR E AR R IGRRLT 4 -

[0068]

Weigh 0.06g of silica nanospheres and ultrasonically disperse them in 15g of N,N-
dimethylformamide (DMF). Then add 3g of polyacrylonitrile powder and dissolve at 80°C for

8h. Place the resulting spinning solution in a vacuum oven at 60°C for 2h to degas.

FREN0.06g — E W EEGKGER, BESETELSg N,N-ZRERRERE(DMF)H, BIIN3gRAFEEM
xR, 80°Cafi#8h, 1FEIMLALLKRE T60°CETHEFEH2h, HIThHUELIE,

Spinning was performed using a TYDO1 spinning injection pump with the following
parameters: speed 10 pL min<sup>-1</sup>, needle inner diameter 0.3 mm, and coagulation

bath consisting of an aqueous solution of DMF (DMF content 60%).

FATYDO14F 22 53 Rt 1T4h 22, 4h4458009: HRE10uL min<sup>-1</sup>, £3kMA1E0.3mm, %
EADMFRY7KA &R (DMFE&E60%).
The obtained polyacrylonitrile fibers were dried at 60°C for 24 hours to obtain flame-retardant

polyacrylonitrile fibers.

RENRAGRBLTECOCTIE24h, FRIEMBRIGHETL,
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[0069]

The relevant performance parameters of the flame-retardant polyacrylonitrile fiber obtained
by the method in Example 1 are shown in Tables 4 and 5: residual carbon content 51.3%,
maximum heat release rate 171.1 W/g, total heat release 22.5 kJ/g, which are slightly better

than pure polyacrylonitrile fiber, but worse than hybrid flame-retardant fiber.

A SEHEGI 1R AFS EIR AR RIGIR A EA X e S HUIR4. SFR: 7AES1.3%, &K

PREMURERLITLIW/g, SHAEME22.5k]/g, THMTARRIGRELTH, HTRICBMT 4,
[0070]

Comparative Example 3

xFEEHI3

[0071]

Preparation of flame-retardant polyacrylonitrile fibers from silica nanosheets:

—RERK A IS IEIAR RGBT
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[0072]

Weigh 0.1g of molybdenum disulfide nanosheets and ultrasonically disperse them in 100mL of
deionized water. Then add 3.8mL of tetraethyl orthosilicate, adjust the pH to 9.7 with
ammonia, and react at 60°C and 550rpm for 24h. Then add 1.5mL of (3-mercaptopropyl)

trimethoxysilane and continue the reaction for 12h.

MREXO.1g —Hitb SN, BAESHTEI00mLEBFKF, AGEMA3.SmMLIEEERNZE, ARk
TipH=9.7, 60°C, 550rpm&iz24h, BAIALSMLB-AERE)=F&EERERE, %4k 12h,

The solution after the reaction was washed three times alternately with ethanol and

deionized water, and then dried under vacuum at 60°C to obtain a molybdenum disulfide

nanosheet-supported silica nanoparticle hybrid material.

RNEHERAZEMEBFARIEERZR, 60°CEZTTIR, S HMUBMKA AH _ ALt

NARRLF I TR
[0073]

The obtained silica/molybdenum disulfide hybrid material contains sulfur (54.3%) and
molybdenum (25.7%), while the contents of silicon (6.1%) and oxygen (13.9%) are low,

indicating that there is very little silica loaded on the molybdenum disulfide nanosheets.
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FRSEIRY Z S| fhd/ i usB Rkl Shi(54.3%). $HTE&(25.7%), MhE(6.1%). |tH

(13.9%)&ERME, RATHKIBHRE EOEN MR,

[0074]

The relevant performance parameters of the flame-retardant polyacrylonitrile fiber prepared
by the method in Example 1 are shown in Tables 4 and 5: residual carbon content 53.1%,
maximum heat release rate 134.8 W/g, total heat release 23.5 kJ/g, which is inferior to the

three-dimensional nanoflower/silica hybrid flame-retardant fiber.

AL 1R AR E R EI AR RIS LT 48 X E RES TINRA. SFR: TARES3.1%, &

RAREMORZ134.8W/g, SAENE23.5k)/g, HT=HMKe/—RWEERMET L4,

[0075]

Table 4 shows the elemental contents of the materials obtained in Comparative Examples 1-3.

RAMSLEHIL-3FFSMBNTRSE

[0077]
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Table 5 shows the flame retardant properties of the flame retardant materials obtained in

Comparative Examples 1-3.

AROSF LB 1-3FR1S FRMAM R PRI R AL BE

[0079]

Although the present invention has been disclosed above with reference to preferred
embodiments, it is not intended to limit the present invention. Anyone skilled in the art can
make various modifications and alterations without departing from the spirit and scope of the
present invention. Therefore, the scope of protection of the present invention should be

determined by the claims.

BATKABURERAIAFINL, EEHFERURERLE, FAPEERABA, ERRER
REAREHNEEN, ERRMSSMBIREISEIN, FIbALZBRRIRIFSEERN Z AT ZER B ER

ya):
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