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DESCRIPTION CN118255392A

A three-dimensional molybdenum disulfide nanoflower composite material, its preparation

method and application

— M= RUEAREE SRR ER &L ESNA

[0001]

Technical Field
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ARG

[n0001]

This invention belongs to the field of gas-sensitive materials technology, and particularly
relates to a three-dimensional molybdenum disulfide nanoflower composite material, its

preparation method and application.

REARTREMERATE, LESR—M=4 " RAENKEESMEREFIEHESMA,

[0003]

Background Technology

BRERA

[n0002]

NO and NERL1 gases are one of the causes of acid rain and ozone. They can trigger various
environmental effects such as surface water acidification and photochemical smog, and can

also have adverse effects on human health.
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NO<sub>2</sub>SAREMMIANMEZ—, FILGIAMBRKNERNK. HUFRESFZSHIFE
MRz, FAKERESIEHRT R,
Therefore, comprehensive monitoring of NO and NER2 emissions within the region is of great

significance for monitoring air pollution and air quality.

Eit, £ESNXIHEANO<sub>2</sub>SENHIBMIERN EVAESRNETSREAFTEER
Xo

Resistive gas sensors are one of the commonly used methods for detecting NO<sub>2</sub>
gas. The main principle is that NO<sub>2</sub> in the gas to be measured will capture
electrons from the surface of the gas-sensitive material, causing a change in the carrier

concentration on the surface, which in turn causes a change in resistance.

FEFER SBUL R ENO<sub>2</sub>SANNER A EZ2z—, EXBREZFNSEFH
NO<sub>2</sub>ZFEIBMEIRENBEFEEREIVERFRELEDN, HM5EERT

o

When the gas-sensitive element is exposed to a NO<sub>2</sub> gas environment, the

composite material will adsorb and desorb NO<sub>2</sub>, which will cause the resistance

value of the gas-sensitive element to change. Effective monitoring of NO<sub>2</sub>

concentration can be achieved by monitoring this resistance change. Two-dimensional
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nanomaterials have attracted much attention in fields such as flexible electronic devices,
batteries, and sensors due to their abundant active sites, high specific surface area, and
unique physicochemical properties. Using two-dimensional nanomaterials to prepare gas-
sensitive materials for gas sensors is an important approach to developing high-performance

sensors.

HABITHRETNO<sub>2</sub>SAIF RS, EGMEZSNO<sub>2</sub>&ERH. B
B, X—IRZSEABUTHIEREREZK. BIENXHEBEEZTHLRILIINO<sub>2</sub>
RENER N, “HMRMHAEANAEEEENERUR. SILRER. RISHYELFER, &
FEBFEMF. Bl FREFTWHAERXE, MATEPRMEGIESIBERENTBEMEZEFT

AEtRE R RBNERRR,

[n0003]

Molybdenum disulfide nanosheets are a typical transition metal dichalcogenide compound.
They have high adsorption strength for NO<sub>2</sub> gas and a high surface area ratio,

and are considered to be a gas-sensitive material with great potential.

“IRASERR A B —MAMTESE RN EY, HERENNO<sub>2</sub>S{KIRHIEE

=, WESKRERL, KINAZREEXBHRBERMA,
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However, the low conductivity and strong Mo-S bonds limit the development of molybdenum
disulfide as a gas-sensitive material. Two-dimensional molybdenum disulfide nanosheets as
gas-sensitive materials suffer from slow response speed, slow recovery speed, and poor
repeatability. Molybdenum disulfide nanosheets, as gas-sensitive materials, can have their
properties improved through modification and functionalization strategies such as element
doping, defect engineering, surface functionalization, and the formation of heterostructures.
However, these modification and functionalization methods usually complicate the synthesis

process of gas-sensitive materials and increase the cost accordingly.

BRMEFEME. 3BMo-SERHI T —HMUIBFASEMHIAR, 4 _RUIEAKRRFFASEME

FHEMNEES. MERXREE, ESEMHENTT, FASEMENTIRLIERRE, HI%aEREEE

AoRER. RBIE. REAERUUNTEKRRREWEFREMINGEMRIRSEIR, A, XEg
HMINEEL S EBE B ESEMENEHRT B2, BpiAMBENIES,.
[0006]

Summary of the Invention

RARE

[n0004]
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To address the problems of slow response speed, low sensitivity, and poor repeatability of
existing two-dimensional molybdenum disulfide nanosheets as gas-sensitive materials, this
invention provides a three-dimensional molybdenum disulfide nanoflower composite

material, its preparation method, and its application.

FEERIAE " MASERRF ENBMAEEREEE. REERRESEENRR, %A

R T M= _RUBENREE MR RERIES EZE5NA,

[n0005]

The technical solution of the present invention:

REPRR AR

[0009]

A three-dimensional molybdenum disulfide nanoflower composite material, wherein the
material is a nanoscale three-dimensional flower structure, the three-dimensional flower
structure is composed of several layered structures, the diameter of the overall three-
dimensional flower structure is 150 nm to 200 nm, and the specific surface area is 20 mMNER9 /

g to 60 mNER10/ g.
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— M= T IRICIEMRTEE SMEL, FIRMEI ARG =ZHLTEIREN, R4 REWHETHE
LA, BEZHRREMIWER 150 nm~200 nm, tEREFIH20m<sup>2</sup>/g~60

m<sup>2</sup>/go.

[n0006]

A method for preparing a three-dimensional molybdenum disulfide nanoflower composite

material includes the following steps:

— M= RUIEAREEGMHNGIES A, SFRNTER:

[0011]

Step 1: Preparation of molybdenum disulfide precursor:

$B—. HIFTHRAERIIRE:

[0012]
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Sodium molybdate dihydrate and L-cysteine were dissolved in deionized water and stirred to
obtain mixed solution I. Mixed solution | was placed in an autoclave and heated. After cooling,
mixed solution Il was obtained. Mixed solution Il was centrifuged to collect the precipitate.

After washing and drying, molybdenum disulfide precursor was obtained.

RAGERMAL-FMEEATEEFK, BHEREESAR |, BARXESAR | ETSEZET

it

AR, REEFEREAERI, BARESER I BOWRETE, B, FIREFEZHAER

IX{A;

[0013]

Step 2: Preparation of three-dimensional molybdenum disulfide nanoflower composite

material:

TR, HE=HEMAENKEESHE:

[0014]

The molybdenum disulfide precursor obtained in step one and selenium powder were placed
in a tube furnace and heated in an atmosphere of mixed hydrogen and argon gas. The product
was collected to obtain the Se-doped three-dimensional molybdenum disulfide nanoflower

composite material.
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RPB—FIS—MRULHENRASTHNETENFT, EERSRTUVEEGSMENSF TMALE, WS

PR EISe s N =4 ML IEMKTEE EMEL

[n0007]

Furthermore, in step one, the mass ratio of sodium molybdate dihydrate to L-cysteine is 1~10:
1; the total mass of sodium molybdate dihydrate and L-cysteine to the mass-volume ratio of

deionized water is 1.0 g~2.5 g: 35 mL~65 mL; and the stirring time is 30 min~60 min.

H— R, PE—FrRKBRMAL-FIRRERRRELL1~10:1; Z/KEERMML-F BRI S
E5EXBFKNREAFTREL71.0g~2.5g: 35 mL~65 mL; FriR# AR T E] 7930 min~60

Mmine.

[n0008]

Furthermore, the heating treatment described in step one involves heating a stainless steel

autoclave in a water bath at 160 °C to 220 °C for 18 hto 24 h.

H—FH, TE—FMRMALIEH160 °C~220 "CHRMETKBMMHRAENEEZ18 h~24 h,

[n0009]
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Furthermore, the centrifugation conditions in step one are 5000 r/min to 8000 r/min for 5 min
to 15 min; the washing involves washing the precipitate with deionized water and anhydrous
ethanol successively and then centrifuging to collect the precipitate; the drying involves

drying at 60 °C to 90 °C for 12 h to 24 h.

H—PH, SE—FHREOHIEH5000 r/min~8000 r/minZ a5 min~15 min; FRRERALER

EBFKMTKZEEFRTEHBOWETE; FrdFIE5760 °C~90°CTFE12h~24h,

[n0010]

Furthermore, in step two, the mass ratio of the molybdenum disulfide precursor to selenium
powder is 1:1 to 10, and the volume percentage of hydrogen in the hydrogen and argon

mixture is 5% to 8%.

H—PH, PRI HREENEESHENRELRN11~10, FIRES5RTVEEEPRES

AT BE D& E/95%~8%.

[n0011]

Furthermore, the heating treatment in step two is carried out at a constant temperature of

300°Cto 600°Cfor0.5hto3.5h.
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H—IH, SRZFMRMPALIEH300 °C~600 °CIEE0.5 h~3.5 ho

[n0012]

Application of a three-dimensional molybdenum disulfide nanoflower composite material in

NO_NERL11 gas detection.

— M =4 "IN KIEE SMETENO<sub>2</sub>S AN RN Ao

[n0013]

Furthermore, the application is to prepare a gas-sensitive element using a three-dimensional
molybdenum disulfide nanoflower composite material. The preparation method of the gas-
sensitive element is to ultrasonically disperse the molybdenum disulfide nanoflower
composite material according to claim 1in 1 to 10 times the volume of ethanol solution to
obtain a uniformly dispersed suspension. Then, the suspension is coated on an Au
interdigitated electrode that has been cleaned with ethanol and dried at 50 °C to 90 °C for 2 h

to 5 h to obtain the gas-sensitive element.

HE—FH, FIANAAU=Z4"RBARTEESMEREIETH, MRS ARIERERE
RFERIFTARB —RACSEAAREE SMBER 2T 1E~10FFRNIEART, [ESEI9H
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RRR, ARRERRRABECEFAINAuIEERE, HETF50°C~90°CTFFE2h~5h, FE!

[EITH

[n0014]

Furthermore, the application involves placing the gas-sensitive element prepared from the
three-dimensional molybdenum disulfide nanoflower composite material as described in
claim 1 at 15 °C~35 °C and 20%~80% humidity to detect the NO<sub>2</sub> gas

concentration in the gas to be tested.

H—FH, PR AERENFIERIFTAN =4 ZMAEARIEE aMESIENSEUTHEF15 °C

~35°C. 20%~80%:ZE 54 T XRERNSUAFNO<sub>2</sub>SFRE HITHN,

[n0015]

The beneficial effects of this invention are:

RPN B R

[0024]

This invention uses Se as an anionic dopant to prepare three-dimensional molybdenum

disulfide nanoflower composite materials, achieving control over the morphology and
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interplanar spacing of the composite material, thereby forming channels that are more
conducive to gas adsorption and desorption, making it easier for NO<sub>2</sub> gas to
enter the interior of the composite material and improving the adsorption reversibility of the

composite material.

NREALISeFNRB FERAFRIE =L _MUIBMKEESHE, SMTHESHET RN REIE
RIS, LA E R FSARAHIAEE, FENO<sub>2</sub>SAEERZHNE SMER
=, ’ETESMERIRM RIS,

During the reaction, Se doping causes structural distortion, generating abundant sulfur
defects that provide more active sites, increasing the contact probability between the
composite material and NO<sub>2</sub> molecules, improving the gas sensitivity of the
composite material and its selectivity to NO<sub>2</sub> molecules, and further shortening

the response time.

ERMNEIEFRSeIE R [iCEMBE, mEFENMBMEIRETEZHNEMAUR, EMTEEMES
NO<sub>2</sub>9 FZ BINIZAL/LZE, B8 T ESMENSESRMENIINO<sub>2</sub>53F

RO, #H—P4R%E 7 MRz EYal,

[n0016]
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A gas-sensitive element was prepared using the three-dimensional molybdenum disulfide
nanoflower composite material provided by the present invention, and it was used to detect
the concentration of NO<sub>2</sub> gas in the test gas at room temperature. The sensitivity
of NO<sub>2</sub> gas with a concentration of 100 ppm reached 40.82, and the response

time was 5.8 seconds.

RARRPREN=E_HUBEAKREESHEFIZTIETH, HAEEERTRERTFNENSEAS
NO<sub>2</sub>S{KE, HKRE 100 ppm BINO<sub>2</sub>S AR EIR40.82, MERZATE]
795.8%,

As the NO<sub>2</sub> concentration decreases, the response value also decreases
accordingly. The lowest detection limit is 0.1 ppm, corresponding to a response value of 1.2

and a response time of 14.7 seconds.

ENO<sub>2</sub>RE TR, MYEIREZIER, RIFENEA0.1ppm, MMM ENL.2,
PRIz B )4 14. 7700

After multiple NO_NER19 adsorption-desorption tests, the three-dimensional molybdenum
disulfide nanoflower composite material still showed excellent repeatability, indicating that
the composite material has high sensitivity and good repeatability, which can reduce the cost

of gas sensors.

27-12-2025 - Page 14



£33 ZRNO<sub>2</sub>IRMIBLMX IS/, =H_MHUBARKEESMENEELNRILE,

WEAZEGMERBES. EEM, EBRESBRRENNE,

[n0017]

The method for preparing three-dimensional molybdenum disulfide nanoflower composite
materials provided by this invention has the characteristics of simple process, low cost and
environmentally friendly and non-toxic production process. The prepared three-dimensional
molybdenum disulfide nanoflower composite materials can significantly improve the
performance of gas sensors and have important application prospects in the field of NO and

NER20 gas detection.

KERPBIRMN =L IRCBMREEGMBHE L EZREIZEE. AARE. FIIEIREMRTEH
e, PSRN =4 T RENRTEE S NS EERA LT RXEEAVMERE, TENO<sub>2<

[sub>S AN A B EEN AR R,

[0027]

Attached Figure Description

LRSS
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[n0018]

Figure 1 is a scanning electron microscope image of the three-dimensional molybdenum

disulfide nanoflower composite material prepared in Example 1;

E1ASEhf—H &N = R EMREE S MBI N RRERE;

[0029]

Figure 2 is an X-ray diffraction pattern of the three-dimensional molybdenum disulfide

nanoflower composite material prepared in Example 1;

B2 A K6 —h & =4 "R IBAREE S EIBIXFEITHE;

[0030]

Figure 3 is a sensitivity curve of the gas-sensitive element prepared in Example 7 for detecting

NO<sub>2</sub>;

B39 sLitf - CHl &R SETTHRENINO<sub>2</sub>R R BUE I £LE ;

[0031]
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Figure 4 shows the gas selectivity test results of the gas-sensitive element prepared in

Example 7 at room temperature;

B4 sLhEf tHERN [SEUTHEER FTRSEERMENIRE;

[0032]

Figure 5 is a sensitivity curve of the gas-sensitive element prepared in Example 8 for detecting

NO<sub>2</sub>;

El5J9seitf) \H &R SETTHRNINO<sub>2</sub>R R BUE L E ;

[0033]

Figure 6 shows the repeatability test results of the gas-sensitive element prepared in Example

8 at room temperature for 100 ppm NO<sub>2</sub>.

El6Jyscitfl) \HIE RIS TTHEER FX100 ppmNO<sub>2</sub>REE 14X A RE,

[0034]

Detailed Implementation
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BiALkER

[n0019]

The technical solution of the present invention will be further described below with reference
to the embodiments, but it is not limited thereto. Any modifications or equivalent
substitutions to the technical solution of the present invention without departing from the
spirit and scope of the technical solution of the present invention should be covered within

the protection scope of the present invention.

THESEMFINALBIRARGRZME—TRINRA, EFTBETIL, NENALBERALEHT
BEEFEEMR, MARBERLBERATSZEENEE, YN REERLZBIFRFEREF.
Unless otherwise specified, the process equipment or apparatus used in the following
embodiments are all conventional equipment or apparatus in the art. Unless otherwise
specified, the raw materials used in the embodiments of the present invention are all
commercially available. Unless otherwise specified, the technical means used in the
embodiments of the present invention are all conventional means well known to those skilled

in the art.
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FHIKESFREKEAN T ZIRFIEEYRASTHAANERLENEE, ERISHHEH, K%
BASShEfRFrRRRA TR ERTS; BEREKIEEE, A&KPASEHER AR AR FERIY A A

RARANGRFARNBNERFE,

[n0020]

Example 1

SEhtEf—

[0037]

This embodiment provides a method for preparing a three-dimensional molybdenum

disulfide nanoflower composite material, including the following steps:

ASEHEFURME T —FM = T IRUIBPREESMHNRIESE, SFRNTEE:

[0038]

Step 1: Preparation of molybdenum disulfide precursor:

TR—. HIE AR
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[0039]

1 g of sodium molybdate dihydrate and 0.2 g of L-cysteine were dissolved in 50 mL of
deionized water and stirred for 40 min to obtain mixed solution I. Mixed solution | was placed
in a stainless steel autoclave and heated in a water bath at 200 °C for 20 h. Then the stainless
steel autoclave was cooled to room temperature to obtain mixed solution Il. Mixed solution Il
was centrifuged at 6000 r/min for 10 min to collect the precipitate. The precipitate was
washed with deionized water and anhydrous ethanol, and centrifuged at 6000 r/min for 10
min to collect the precipitate. The washed precipitate was placed in a vacuum drying oven

and dried at 65 °C for 15 h to obtain the molybdenum disulfide precursor.

1 g—/k3HERTAAO.2 g L-HMEERA TS50 mLEAREFIK, HiH40 minE5EEERR |, BFAASE
BAR | EFAENEEZF, £200 CHRHTKAMARFWEEZE20h, ARBAFNEEZL
MA=R, BIRSARI; FIFREEK I L6000 r/minE:010 minli&iiiE, fEREBFK

MIKZEEE R OFFIE, L6000 r/minE O 10minli&ETiE, BEREnEETESTIEME

B65 °C T FI1E15 hiFEI ZHi L IERT IR A ;

[0040]

Step 2: Preparation of three-dimensional molybdenum disulfide nanoflower composite

material:
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TR, HE=HE_MRAERRKEESHH:

[0041]

The 0.5 g molybdenum disulfide precursor obtained in step one and 1.5 g selenium powder
were placed in a tube furnace and kept at 500 °C for 3 h in an atmosphere of hydrogen and
argon mixed gas with a hydrogen volume percentage of 6%. The product was then collected
to obtain Se-doped three-dimensional molybdenum disulfide nanoflower composite

material.

BPR—F130.5 g —HMNHEMEAES LS gt E TETURT, EENERBEISERNCNHNES
5RTEESRMEN[FAT, 500 °CI1EES hGWEY), [FRISeERHN=4H"MUBNREESH

Fo

[n0021]

Figure 1 is a scanning electron microscope image of the three-dimensional molybdenum
disulfide nanoflower composite material prepared in Example 1. It can be clearly seen from

the figure that the three-dimensional flower-like structure is composed of several lamellar
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structures, with abundant lamellar structures. The diameter of the overall three-dimensional
flower-like structure is 150 nm to 200 nm, the interlayer spacing is 0.5 nm to 0.8 nm, and the

specific surface area is 20 mNER24 g to 60 mNER25 g.

El 1A —HERN =4 _MIIRNKEE SRR EEE; MEFITLUSHHER =Z4EK
SMmETHRENAR, REFENAREN, BAZHTRENNERN150 nm~200 nm, &
1B]2E90.5 nm~0.8 nm, tbREFZ /920 m<sup>2</sup>/g~60 m<sup>2</sup>/g.

Using Se as an anionic dopant to prepare three-dimensional molybdenum disulfide
nanoflower composites enabled control over the morphology and interplanar spacing of the
composite material, thereby forming channels that are more conducive to gas adsorption and
desorption, making it easier for NO<sub>2</sub> gas to enter the interior of the composite

material and improving the adsorption reversibility of the composite material.

SefFARRBE FIERFIGIE =L RN REESMEIRI T HE SMAA IR & BRI,
A RZ AL BB F SRR ALMIAYEIE, ENO<sub>2</sub>SEERZHNESMERE, IEETE

BRI RTE

[n0022]

Figure 2 shows the X-ray diffraction pattern of the three-dimensional molybdenum disulfide

nanoflower composite material prepared in Example 1. As can be seen from the figure, the
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diffraction peaks of the compound, i.e., the 20 angle values of 14.4°,39.5°, 49.8°, 60.1°, and
70.1°, are consistent with the (002), (103), (105), (008), and (108) crystal planes of the standard
card of molybdenum disulfide, respectively, confirming the successful synthesis of Se-doped

molybdenum disulfide composite material.

B2 L —HEHN = H R ENREE SMEBXFEITSE,;, MEFAUEL, KaYriT
SHIZEP20MAE914.4°0 39.5° 49.8° 60.1° 70.1°7355 =i HMARERFREY(002), (103),

(105), (008), (108) @ERME, IEKAINE RSB _RLEE Gk

The 20 angle value of 33.1° is offset from the (100) crystal plane of the standard card of

molybdenum disulfide, which is due to Se doping.

0AMEN33.1° 45 TR HEINMME R A BY(100) REAELL GRS, XEHRTFSeiz s /iEr,
During the reaction, Se doping causes structural distortion, generating abundant sulfur
defects that provide more active sites, increasing the contact probability between the
composite material and NO<sub>2</sub> molecules, improving the gas sensitivity of the
composite material and its selectivity to NO<sub>2</sub> molecules, and further shortening

the response time.
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TERNIERSeERG ELEHIRE, FEFENMMRMERMETESREIEAUR, ENTESMES
NO<sub>2</sub>3FZ BRI LER, 8 TEGMHENSESRIEMINO<sub>2</sub>53F

BUMEERNE, #H—P4a%E 7 ARz ATal,

[n0023]

Example 2

SEHEf —

[0045]

This embodiment provides a method for preparing a three-dimensional molybdenum

disulfide nanoflower composite material, including the following steps:

AEMEHIHRM T T = —MEPREEEMENGIE A, BROTIE:

[0046]

Step 1: Preparation of molybdenum disulfide precursor:
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SE—. FIFE I EFIRE:

[0047]

1 g of sodium molybdate dihydrate and 0.2 g of L-cysteine were dissolved in 50 mL of
deionized water and stirred for 40 min to obtain mixed solution I. Mixed solution | was placed
in a stainless steel autoclave and heated in a water bath at 210 °C for 20 h. Then the stainless
steel autoclave was cooled to room temperature to obtain mixed solution Il. Mixed solution I
was centrifuged at 6000 r/min for 10 min to collect the precipitate. The precipitate was
washed with deionized water and anhydrous ethanol, and centrifuged at 6000 r/min for 10
min to collect the precipitate. The washed precipitate was placed in a vacuum drying oven

and dried at 65 °C for 15 h to obtain the molybdenum disulfide precursor.

F1 g—/kIRERTAMIO.2 g L-FMRERA TS50 mLEEFK, HiH40 min[FREIESAR |, BAAEE
BAR | ETAENSEZR, E210 CHRATKAMARHENBEE20 h, AERFFFENSEZER

MEER, FEREARKI; FIFRESAR L6000 r/minE /10 minlE&EE, TEREBEFK

~

MFEKZEEERBOFFIE, 6000 r/minBE.O10minli&IE, FEAENTEETETTIZE

FR65 *CTFFIR15 hFEI —Hi(CHRIIR A ;

[0048]
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Step 2: Preparation of three-dimensional molybdenum disulfide nanoflower composite

material;

TR, HE=HE_RUBERREESHH:

[0049]

The 0.5 g molybdenum disulfide precursor obtained in step one and 3 g selenium powder
were placed in a tube furnace and kept at 550 °C for 2 h in an atmosphere of hydrogen and
argon mixed gas with a hydrogen volume percentage of 7%. The product was then collected
to obtain Se-doped three-dimensional molybdenum disulfide nanoflower composite

material.

RPB—Fr1S0.5 g —HMEMERAS3 g BT ENFFR, AESNERBIEENTUHNESRS

MURESEBIIRT, 550 °C1ER2 hiSWEF 1), [FEISeBRII=E " RILBAREE G

[n0024]

Example 3
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[0051]

This embodiment provides a method for preparing a three-dimensional molybdenum

disulfide nanoflower composite material, including the following steps:

ALHEHIRM T —T = —MUEPREEEMENGIE L, BROTIE:

[0052]

Step 1: Preparation of molybdenum disulfide precursor:

TB—. HlE R ERRE:

[0053]

1 g of sodium molybdate dihydrate and 1.0 g of L-cysteine were dissolved in 65 mL of
deionized water and stirred for 60 min to obtain mixed solution I. Mixed solution | was placed
in a stainless steel autoclave and heated in a water bath at 180 °C for 24 h. The autoclave was
then cooled to room temperature to obtain mixed solution Il. Mixed solution Il was

centrifuged at 5000 r/min for 15 min to collect the precipitate. The precipitate was washed
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with deionized water and anhydrous ethanol, and centrifuged at 5000 r/min for 15 min to
collect the precipitate. The washed precipitate was placed in a vacuum drying oven and dried

at 70 °C for 12 h to obtain the molybdenum disulfide precursor.

1 g—/kIRERTARMIL.0 g L-FMRERAT65 mLEBEFK, HiH60 min[FREIESAR |, ¥R
BAR | EFAEWNSEZR, E180 CHRMA TKAMARENEEE24h, AEREAFENSEESR

HEER, FERGARKI; FIFREAR L5000 r/minE /15 minl&EE, TEREBEFK

~

MFEKZEEERBOPRETE, 5000 r/minB L 15minli&ETE, BERENEE TETTIRME

FR70 °CTFFIR12 hFE “Hi L HRIIR IR ;

[0054]

Step 2: Preparation of three-dimensional molybdenum disulfide nanoflower composite

material:

TR, HE=HERAERREESHH:

[0055]

The 0.5 g molybdenum disulfide precursor obtained in step one and 0.5 g selenium powder
were placed in a tube furnace and kept at 600 °C for 3.5 h in an atmosphere of hydrogen and

argon mixed gas with a hydrogen volume percentage of 5%. The product was then collected
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to obtain Se-doped three-dimensional molybdenum disulfide nanoflower composite

material.

RBPR—Fr130.5 g —HHERMIEAES0.5 gt E TETURT, EENERBEDSENSNHES
S5REEREI[AT, 600 °CIEE3.5 hFESY), [EISeBrHN=4_fMILBMREESH

#o

[n0025]

Example 4

SEREf5) 7Y

[0057]

This embodiment provides a method for preparing a three-dimensional molybdenum

disulfide nanoflower composite material, including the following steps:

ASEHEFIR M T — = "R IEAREEGMHNGIES A, SFRNTTE:

[0058]
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Step 1: Preparation of molybdenum disulfide precursor:

SB—. HIEZHRIERRE:

[0059]

1 g of sodium molybdate dihydrate and 0.3 g of L-cysteine were dissolved in 60 mL of
deionized water and stirred for 50 min to obtain mixed solution I. Mixed solution | was placed
in a stainless steel autoclave and heated in a water bath at 190 °C for 22 h. The autoclave was
then cooled to room temperature to obtain mixed solution Il. Mixed solution Il was
centrifuged at 5000 r/min for 15 min to collect the precipitate. The precipitate was washed
with deionized water and anhydrous ethanol, and then centrifuged at 7000 r/min for 15 min to
collect the precipitate. The washed precipitate was placed in a vacuum drying oven and dried

at 80 °C for 18 h to obtain the molybdenum disulfide precursor.

$1 g —/k3HERTAMO.3 g L-FMRERAT60 mLEAREFIK, HiH50 minEREIRERAR |, BFAASE

AR | ETAENSEZDR, F190 CRETKAMARCHENBEE22 h, ARFAFENSEEL

i

ME=E, [FED

BARK I FREREEAR I L5000 r/minEi015 minl&EiE, STRAEETFK

sl
>

MEKZEEF AR

—

FRIFIURE, LAT000 r/minBE O 15minli&EE, BB RENEETESTIEME

$h80 °CTFFI£18 hiFEI ZHi L sHATIKA;
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[0060]

Step 2: Preparation of three-dimensional molybdenum disulfide nanoflower composite

material:

B, HIE=H_MHIBEMKEESHR

[0061]

The 0.5 g molybdenum disulfide precursor obtained in step one and 2.5 g selenium powder
were placed in a tube furnace and kept at 550 °C for 3 h in an atmosphere of hydrogen and
argon mixed gas with a hydrogen volume percentage of 6%. The product was then collected
to obtain Se-doped three-dimensional molybdenum disulfide nanoflower composite

material.

BPR—Fr1F0.5 g —HIERMIEAES2.5 gt E TETURT, EENERBEDSERNCNHNES
5RTEESRMEN[FAT, 550 °CI1EES hGWEFY), [RISeERN=4"MIBNREESH

Flo

[n0026]

Example 5
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SEHtEf

[0063]

This embodiment provides a method for preparing a three-dimensional molybdenum

disulfide nanoflower composite material, including the following steps:

ASEHEFURME T — M= T IRUIBPREESMEINRIES A, SFRNTTE:

[0064]

Step 1: Preparation of molybdenum disulfide precursor:

TB—. HIEZHMARIIKA:

[0065]

1 g of sodium molybdate dihydrate and 0.15 g of L-cysteine were dissolved in 40 mL of
deionized water and stirred for 40 min to obtain mixed solution I. Mixed solution | was placed
in a stainless steel autoclave and heated in a water bath at 220 °C for 18 h. The autoclave was
then cooled to room temperature to obtain mixed solution Il. Mixed solution Il was

centrifuged at 8000 r/min for 5 min to collect the precipitate. The precipitate was washed with
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deionized water and anhydrous ethanol, and then dried in a vacuum drying oven at 70 °C for

20 h to obtain the molybdenum disulfide precursor.

1 g —/KIAERIAF0.15 g L-F A RERF T40 mLEBEFIK, HiH40 min[FREVEGAER |, KAE
BEAR | ETAFNSEZF, £220 CRETKAMARCENEEZI8h, ARKAFNSEE
REEFER, JEVRSARI; FAFESAR 118000 r/minEi05 minli&ERE, SLRAEEFK
MIEKZERFABORERE, FEAENTUEETETTIEMEPFT0 CTFTI§20 hiFEI ZHitkEq

IX{A;

[0066]

Step 2: Preparation of three-dimensional molybdenum disulfide nanoflower composite

material:

TR, HE=HEMAENKEESHE:

[0067]

The 0.5 g molybdenum disulfide precursor obtained in step one and 4 g selenium powder

were placed in a tube furnace and kept at 500 °C for 2 h in an atmosphere of hydrogen and
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argon mixed gas with a hydrogen volume percentage of 7%. The product was then collected
to obtain Se-doped three-dimensional molybdenum disulfide nanoflower composite

material.

BPR—F130.5 g —HHEmMIKES4 g ETEIURHR, EENFREIZENTWHNESRS

TUREREEIIRT, 500 °C1ER2 hiFWEF 1), [FEISeBRI=E " RILBAREEGMEL

[n0027]

Example 6

[0069]

This embodiment provides a method for preparing a three-dimensional molybdenum

disulfide nanoflower composite material, including the following steps:

ASEHEFIR M T — = "R IEAREEGMHNGIES A, SFRNTTE:

[0070]
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Step 1: Preparation of molybdenum disulfide precursor:

SB—. HIEZHRIERRE:

[0071]

1 g of sodium molybdate dihydrate and 0.1 g of L-cysteine were dissolved in 35 mL of
deionized water and stirred for 30 min to obtain mixed solution I. Mixed solution | was placed
in a stainless steel autoclave and heated in a water bath at 170 °C for 22 h. The autoclave was
then cooled to room temperature to obtain mixed solution Il. Mixed solution Il was
centrifuged at 8000 r/min for 5 min to collect the precipitate. The precipitate was washed with
deionized water and anhydrous ethanol, and centrifuged at 8000 r/min for 5 min to collect the
precipitate. The washed precipitate was placed in a vacuum drying oven and dried at 60 °C for

24 h to obtain the molybdenum disulfide precursor.

1 g —/KsHERIAFI0.1 g L-FIAREA T35 mLEBEFIK, B30 minFREIREER |, BFAEE

AR | ETAENSEZDR, E170 CRETKAMARCHENBEE22 h, ARFAFENSEEL

i

m

A ey aa

&I FREBEAR L8000 r/minEi05 minli&ETE, FaAEBEF KA

&
¥

) ?EU/

B

Tk Z B2 SR B IO FR1FEE, L8000 r/minELbminli&ETE, BakErneE TET T/gmaT

60 °CTFFIE24 iR L HAIIRIE;
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[0072]

Step 2: Preparation of three-dimensional molybdenum disulfide nanoflower composite

material:

B, HIE=H_MHIBEMKEESHR

[0073]

The 0.5 g molybdenum disulfide precursor obtained in step one and 5 g selenium powder
were placed in a tube furnace and kept at 600 °C for 0.5 h in an atmosphere of hydrogen and
argon mixed gas with a hydrogen volume percentage of 8%. The product was then collected
to obtain Se-doped three-dimensional molybdenum disulfide nanoflower composite

material.

RBPR—F1F0.5 g —HHEREAESS g ETENFFR, ERANFREIEENWHNERS
MUBRETER[RT, 600 °CIER0.5 hiGWEFY), FEISeERMI=4E " REMREESH

Flo

[n0028]

Example 7
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SEhEf £

[0075]

This embodiment provides a gas-sensitive element made from a three-dimensional
molybdenum disulfide nanoflower composite material prepared in Example 1 as a gas-

sensitive material.

ASEHEHIHR M T —F B S —HIE R = E TR SANREE SMEHER SEERIERYSEUT

o

[n0029]

The specific preparation method of the gas-sensitive element in this embodiment is as

follows:

A SEHEG BT RIARIE TS AR

[0077]

The three-dimensional molybdenum disulfide nanoflower composite material prepared in

Example 1 was ultrasonically dispersed in 5 times its volume of anhydrous ethanol solution to
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obtain a uniformly dispersed suspension. The suspension was then spin-coated onto an Au
interdigitated electrode that had been cleaned with ethanol and dried at 60 °C for 4 h to

obtain a gas-sensitive element.

R serefl—HIE R = MM REE SMHIER 8T 5 BERNT K ERRT, FEIDEY
SRR, AERRERIEATCEFAEINAURIERR L, HET60°CTTIER4h, BEISHUT

o

[n0030]

The prepared gas-sensitive element was subjected to gas-sensitive detection using a static
gas mixing method. The specific steps were as follows: First, the gas-sensitive element to be
tested was installed in the gas chamber and connected to the information acquisition and
analysis equipment. At a detection temperature of 25 °C and a detection humidity of 25%, 100
ppm of NO<sub>2</sub> was injected. When the gas-sensitive response stabilized according
to the feedback from the data acquisition system, a gas pump was used to evacuate the gas,
causing NO<sub>2</sub>to desorb and the device to return to its initial state, thus
completing one gas injection cycle. Then, NO<sub>2</sub> gas injection cycles were
performed sequentially at concentrations of 100 ppm, 50 ppm, 30 ppm, 10 ppm, 5 ppm, 3
ppm, 1 ppm, 0.5 ppm, 0.3 ppm, and 0.1 ppm. After completing the gas injection cycles, the

sensitivity curve for detecting nitrogen dioxide by the gas-sensitive element prepared in this
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embodiment was obtained, as shown in Figure 3. The sensitivity for NO<sub>2</sub> at a
concentration of 100 ppm reached 40.82, and the sensitivity for NO<sub>2</sub>
concentration was as low as 0.1. The material has a sensitivity of 1.2 for gases at ppm, and

exhibits fast response and good adsorption reversibility.

RAFBSESENHESHETTHEHITIERCN, BARSERN: BABFISBRERERSZ=SRH
S5EERERSIILEERE, ERNEE2S °C. WIMEERN25%T, FIEEN100 ppme]
NO<sub>2</sub>, HRFEHIERERFRIRNE DRI IEMMNIZER, WAHASKKMHS,
NO<sub>2</sub>Rifft, FENERHEIIVISRE, BIE— N ESER,; ARKR#HITI00 ppm.
50 ppm. 30 ppm. 10 ppm. 5ppm. 3 ppm. 1ppm. 0.5 ppm#10.3 ppm. 0.1ppmH#y
NO<sub>2</sub>x=S1EI; FTRCESEMG1TEIGNEBFRASEHAIHI &N STl — |k
THIRBUERLZL, FINO<sub>2</sub>RE 100 ppmSIARIREEIX40.82, FFNO<sub>2</sub>

ARERZEO.L ppmByARIRBENL.2, HEMEERERER. WIS,

[n0031]

Table 1 shows the sensitivity and response time of the gas-sensitive element prepared in this
embodiment under different nitrogen dioxide concentrations, where the sensitivity S =
R<sub>a</sub>/R<sub>g</sub>, R<sub>a</sub> is the resistance of the sensor in air, and

R<sub>g</sub> is the resistance of the sensor in NO<sub>2</sub> atmosphere.
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R1IAMAAE LG EN BT ERR — SN RKRE THREEMmMMNER 8], HPREE
S=R<sub>a</sub>/R<sub>g</sub>, R<sub>a</sub>Af&EFETSHHIELE, R<sub>g</sub>
FEREBZTENO<sub>2</sub>S [ FRIEERE,

The time required for the resistance to change by 90% during gas adsorption and desorption

is the response time.

SRR NI IZS, BETO0%FT R E YT (8] 2 mAE E,

[n0032]

Table 1

x1

[n0033]

Figure 4 is a gas selectivity test diagram of the gas-sensitive element prepared in this
embodiment at room temperature. The test gases include NO<sub>2</sub>, H<sub>2<
/sub>S, NH<sub>3</sub>, SO<sub>2</sub>and N<sub>2</sub>0. Except for NO<sub>2<
/sub>, which is injected at a concentration of 100 ppm, the injection concentration of the

other gases is 10000 ppm.
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El4Z A5l 6 &R EUTHERE TRSMEEFMENIRNE, ERiSEaiE: NO<sub>2<
/sub>. H<sub>2</sub>S. NH<sub>3</sub>. SO<sub>2</sub>#1N<sub>2</sub>0, [&
NO<sub>2</sub>F NKE 100 ppm¥%h, EFRSEASENKE /10000 ppm,

As shown in Figure 4, the gas-sensitive element made from the three-dimensional
molybdenum disulfide nanoflower composite material prepared in Example 1 exhibits

excellent selectivity for NO<sub>2</sub> at room temperature.

B4R AN, HSLhEf]—HIE =& _RAEAREE S MEEA SEMAFIERNSBHEER

TXNO<sub>2</sub>BEH L ZAERFEM,

[n0034]

Example 8

SERE)\

[0084]

This embodiment provides a gas-sensitive element made from a three-dimensional
molybdenum disulfide nanoflower composite material prepared in Example 2 as a gas-

sensitive material.
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ASLHEHIHR M T —FhER LS —HE R =4 T IRCSRAREE SMEHER B SIERYSEUT

o

[n0035]

The specific preparation method of the gas-sensitive element in this embodiment is as

follows:

A SEHEG BT RIAFIE TS AR

[0086]

The three-dimensional molybdenum disulfide nanoflower composite material prepared in
Example 2 was ultrasonically dispersed in 5 times its volume of anhydrous ethanol solution to
obtain a uniformly dispersed suspension. The suspension was then spin-coated onto an Au
interdigitated electrode that had been cleaned with ethanol and dried at 60 °C for 4 h to

obtain a gas-sensitive element.
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Resenf — R = RSEMREESMEIBE TS BARNTKZERRR, [EDEY
SANERR, AERERRIERECEENIMNAUXIEER L, HET60°CTF/E4h, BEISKETT

o

[n0036]

The prepared gas-sensitive element was tested using a static gas mixing method. The specific
steps were as follows: First, the gas-sensitive element was installed in the gas chamber and
connected to the information acquisition and analysis equipment. At a detection temperature
of 30 °C and a detection humidity of 35%, 100 ppm of NO_NER46 was injected. When the gas-
sensitive response stabilized according to the feedback from the data acquisition system, a
gas pump was used to desorb NO_NERA47, returning the device to its initial state, thus
completing one gas injection cycle. Then, NO_NER48 gas injection cycles were performed
sequentially at concentrations of 100 ppm, 50 ppm, 30 ppm, 10 ppm, 5 ppm, 3 ppm, 1 ppm,
0.5 ppm, 0.3 ppm, and 0.1 ppm. After completing the gas injection cycles, the sensitivity curve
of the gas-sensitive element for detecting nitrogen dioxide, as shown in Figure 5, was
obtained. The results showed that the sensitivity was high for NO_NER49 at a concentration of
100 ppm. The sensitivity for ppm gases is 24.1, and the sensitivity for NO<sub>2</sub>

concentrations as low as 0.1 ppmis 1.2.
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RABSERENEENISTHHITIEN, BARSERA. 8BSt EESEFRH
S5EERERSIIREERE, ERNEE30 °C. WMEEAN35% T, FIEEN100 ppme
NO<sub>2</sub>, HRIEHERERFRIGIESURETHWMERERN, WFBAIRMS, &
NO<sub>2</sub>ffff, FFMUSEHFEINIMBRE, BISER—IESEFR; ARMKR#HIT100 ppm.
50 ppm. 30 ppm. 10 ppm. 5ppm. 3 ppm. 1ppm. 0.5 ppm#0.3 ppm. 0.1ppmHy
NO<sub>2</sub>FS1EIF; SeRCEREIAEFEINESFIRRIASSLEAIHIER BTN —& kL
RANTHEMLE, ERER, XNO<sub>2</sub>KE7100 ppmSAMRBEAX24.1, ¥

NO<sub>2</sub>RE{EZE0.1 ppmBIKIERNREHE F1.2,

[n0037]

Figure 6 shows the repeatability test results of the gas-sensitive element prepared in this

embodiment at room temperature for 100 ppm NO<sub>2</sub>.

El6 AL HEGIHI F R TTHEER FX100 ppm NO<sub>2</sub>IEE M MIIXLERE

As shown in the figure, the resistance of the sensitive membrane formed by the three-
dimensional molybdenum disulfide nanoflower composite material prepared by Se doping
decreases rapidly after adsorbing NO<sub>2</sub>, and the repeatability is good after seven

consecutive cycles of adsorption-desorption of 100 ppm NO<sub>2</sub>.
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MEIRTHD, SelBZhl&r =4 LSRR EE MBI P AV BURIRIRMINO<sub>2</sub>f5F,

FEFE PR E BRI MR, ST MBI R M-ALFMT 100 ppm NO<sub>2</sub>f5, EE1HRLF.
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