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Preparation of MoS; Hollow Microspheres by Template Free Hydrothermal Method and
Their Piezoelectric Catalytic Properties
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(1. Xi'an Thermal Power Research Institute Co., Ltd., Xi'an 710054, China; 2. School of Science, Xi'an University of Technology,
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Abstract: MoS, hollow microspheres with a high surface activity and superior piezoelectric properties were prepared by a one-step
template-free hydrothermal method with MoOs;, KSCN and NaF as raw materials. The effects of hydrothermal reaction temperature,
reaction time and NaF addition on the preparation of MoS, hollow microspheres were investigated. The results show that the samples
prepared are 1T phase MoS, hollow microspheres with the sizes of 0.5-1.0 um at the hydrothermal temperature of 220 ‘C, the
hydrothermal time of 16 h, and the amount of NaF added of 12 mmol. According to the results of N, adsorption-desorption
experiments, the specific surface area of MoS, microspheres is 57.67 m*/g, the pore sizes are mainly distributed between 2-6 nm, and
the average pore size is 4.25 nm. The catalytic performance of MoS, microspheres was evaluated via piezoelectric catalytic
degradation of methylene blue solution. Under the action of ultrasound, the degradation rate of MB is 89.3%, and Rhodamine B is
98.9% at 60 s. In the degradation of antibiotics in water, the degradation rate of ciprofloxacin within 120 s is 94.7%.

Keywords: molybdenum disulfide; hollow microspheres; template-free hydrothermal method; piezocatalysis; antibiotics degradation
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TR 75 5y A8 AL A5 A 25 R 1 7 3R RT3 DA
P2, R SR M. 5T EER S
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1.1 #H&EEE

# 0.863 7 g MoO;. 1.7492 g KSCN [ —E &
(0.2519. 0.5039. 0.7558 g) NaF Ji A\ %] 30 mL H,O
510 mL N =BERRAERIY, =R N IESEHN

P 10 min JE I3 510 WG e N RN 50 mL (195
VUG I AT IRBEZE,  7E— iR (200 220 C K&
240 C) T MBS (4. 8. 12, 16 h). RM&EHR
J&, R EEE O L B R B TR K S
T o e % 3 UG B WCER PR DR 28 T8 A8
16 60 CHZ T 12 h, EJA15 5] 2 MoS, ¥ K
E
1.2 H@mFIE

K XRD-70008S B! X S A5 00 MoS, H 4%
TUERAT AR 8T, TN 30 mA, B
JEN 40 kV, Cu-K, 4B, 20 5N 5°~80°, F9Hii#
N 5(°)/min. FJF TSM-6700F B4 B 7 2 ok
WS WA IR I3 & RS, i T B
B EDS X MoS, 48 ER i 76 = 4 1k M
L RHEATINR . K H K-Alpha %Y X 52806 o 7B ik
R MoS, H 2= sk ot R4 R e &t R
&, DL C 15=284.8 eV NEHEXS il % MoS, HH 24k
BRIE RIS n RS S Re TR IE. KA
JW-BK122W B E 25 U AN 2 MoS, HH 2 Bk (1)
LR AR AL RS LR A, o, Ny /NI
BfB, L He fE#.
1.3 [EBELMEREITFN

J FEL R P i SI2 6 2 4 TY 92-TIN TR 54 75 3ol 40 i
AL AT . RBIFAERTT R JE R EI9E, fRIE
B SI0 I FR R B B AL T (2042) °C R E R R
b, AR NN 100 mL GeRl eI AR KIS WK
100 mg A, K B 7 PR S AR NV ORI LA
1.0cm &b, #1k 30 min {5 (AR5 457 PR AR VAT T 70 90
Befid, R BRI 4RI S A TR, BRI
B 10°s B 1 YOI, o 984 0 A FR A A0 7 00 5
BRI 5 B AR A S A R R ST K A RO P
R4 Lambert-Beer EHTTFHFMRER (D). WL FFE
SRR INVEAR P A 77 4 e PRI

2 ZER54%

2.1 EAFIMBESHSR

B 1 AR EZKGREE « 7K A T8 FT NaF 8 in &
R4 MoS, HH A ER ) XRD 1. fHEE 1AL,
FESRAE 9.1°, 18.3°. 33.4°% 57.8°KbHIL T 4 M
AEATSIE, X5 1T # MoS, & AU —E P21, &
RIBEAE IR EITF 5, MoS, F & 1 AT 55T e 8 3t 7
BT 2R K IR T 5 R T MoS, 145 it -
IKAABT ] 4 h B4 PR SR 7E 18.9°, 30.2°, 38.4°
F 44.6° K0 L T HTIE 58 T Ko,NaMoO;Fs;
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XRD i
Fig. 1 XRD patterns of MoS, prepared at different
hydrothermal temperatures, hydrothermal reaction
times and NaF addition

M NI RGN E 8h & 12 h I, K,;NaMoOsFs HIfiT
SR UG 5 SR VHT PR ARG, MooS, AT ST I 55t B D) 3% v 1

(a) 200 'C (b) 220 °C
(e)8h () 12h
(i) 12 mmol (j) 18 mmol

K MK RIZEKE] 16 h B, FEGSH HEILT
MoS, & T AT ST . B g SR mT i, K #k f e
S B A ) Ko;NaMoOsFs, [ 3 s N I 1] (1) 384
hn, KoNaMoOsF; #Z#iiifl, 4541 MoS;.
AN [EAR I 2 1 NaF o i) 45 56 5 114 7 T 97 59 04 B
Ak, ULBH NaF B IIEXT MoS, 45 St TE AR K
AR

Bl 2a~ 2c AR HGREE T B 2 58 5 1
SEM [ o 200 “C I il £ FIAE i R TEARAS KL HoK
INRIIEIIGKER s TR A 220 CH, FERA
R EAFEG R P RER, KNS, KA 1um
P KGR INE 240 CHF, ERKIAA K,
X2 T KGR BRI T SR AR, SEUL
TEARAHUI, T 7K A B b, SR AR s 2R
B, BHRERE. KB 2d~K 2g NASEZK A
TNHTAFE S SEM HR 7, B A 5] B A i Ak mT 3 2 R
SRR b T 3B 7K A ) 354 T R A 138 4k . 247K
AT [, S Ae B— i BRI R TR 7240
B K FA (]384, MoS, TFARTE BT A2 BRI HH (8] 7= 47)
RIMAERKIE etz 80, MK MA 16h 1Y,
AT EBH) Ko;NaMoOsFs “#7# 58 4 e b, W

(c)240C (d)4h
(g) 16h (h) 6 mmol
(k) TEM image of MoS, (1) HRTEM image of MoS,

B2 AFEZM Tl MoS, #4 f#1 SEM R K |8 2¢ # 4 f#1 TEM Al HRTEM [ )
Fig. 2 SEM images of as prepared MoS, samples under different conditions; TEM and HRTEM images of Fig. 2(g) sample
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TAMZ ) MoS, “7%2”, ik MoS, H1 25 i Bk « i & 2h~
B 2j AI L, 24 NaF 024 6 mmol i, 152K
FOW P BRR =9, (HIELRAEARIB L BINEN
12 mmol I, FESCONRIARIEI 2 5ER; NaF @
INEA 18 mmol B, FEHIRIARAR R, H#B kb i2
KT Tum. i@t TEM #—BW 50 T MoS, Bk 45
¥, k] 2k~F 21 Fizn, MoS, BRI S5 M i) B
RGN . W& &7 P TEM (HRTEM)RE
BIR, MoS, 49K JEEEE N 0.94nm, X R.F 1T AH
MoS; H1(002) 54 -

HELE 2g iR ) MoS, & k4T EDS 2
#ro BHE 3a MEE R AT LLEH, EDS i HIL T Mo.
S K& Au 3 FhycEFFIENE, HA Au stz kB THE
RIFATHI G . [, HANFERTH, Mo 5 S
R LA 1:1.96, SHESE 1:2 Bk, HHFIH L
BOE R T MoS, ik, xH& 2g Frx
MoS, H A FMERBEAT N, R Bt it B S5 R 2k, 4528
Wil 3b o . I 3b Af 0L, il % 1 MoS, H 25fi
TR PR A5 0 5 T B il 2 N TVIS SRR £, LI I 4%
FUBLEE B 2B IR & H3 YA R 3R, 3R B 1) 45 1)

(a) EDS spectrum

MoS, H S ER B LS, HRE L RmAUA
577 m'/g, LR LB 2~6 nm Z (8], P
N 4.25 nm.

N T R S ek & R ik
SEIRAS, BEEUZSIN 12 mmol NaF B, 220 “CAl & M
16 h il (] MoS, " Bk AT XPS M, 45540
Bl 4 ffin. tHE 4a ] W, Frifil £ MoS, H1 flsk
HH C. 0. SLLK Mo 4 FocEk. MK 4b 0TLLE
H, FEATE 228.9 eV A1 232.1 eV AbH I 2 AN, 43
XS R F 1T-MoS, sifAR ) Mo 3ds;, #1 Mo 3d3, i
B Mo fERES LA MoY TR RAEAE. 1A, MoS, 4
ER S 2p HiE(E 4c) 161.7 eV FT1 163.0 eV 4E 1K) 2
ANEHNAJE T S 2psp A1 S 2p1n. A4 RFZ T
RPN 1T-MoS,, THAhZARF, X5 XRD K
EDS 4t 51 —5.

2.2 MoS, P MEKF BRATLIE

454 XRD. SEM &5 BRI SCHR -t e 25 sk A=
KHUERHRIED, IR H % MoS, H 2
BRIV AR AT T o007, AR R 5 frs.
B, MoOs. K's Na™Jz Fou kA N, AR sk

(b) N, isothermal adsorption desorption curve

B3 NaF & 12 mmol. 220 ‘CJx M 16 h i fill % #¢ 5 i) EDS 185 A1 N, 2535 IR B ih 2

Fig. 3 EDS spectrum and N, isothermal adsorption desorption curve of prepared sample under conditions of 12 mmol NaF, 220 ‘C

and 16 h

(a) Survey

(b) Mo 3d

(©)S2p

B4 ToBRZE] % MoS, S BRI XPS
Fig. 4 XPS spectra of MoS, hollow microspheres prepared by template-free method
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Fig. 5 Sketch of growth mechanism of MoS, hollow microspheres prepared by template-free method
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B, 1E K,NaMoOsF; R TH A2 B MoS,, AT EL
1 ME KoaNaMoOsF; 24 MoS, 7ol #7845
o BEERMNBET, ST EANERELN MoS, 5
K,;NaMoOsF; 4k4: e v, EH 2| Ko;NaMoOsF3 M 58
45, 133 MoS, T4 Mk«

23 [ERRfEMLMERE

231 AFEZKFAGRE T HEH MoS, H s ik & f
EERE B 6 NAFEIKIGEEXT MoS, #1251
BRI B A AL B MB (10 mg/L)PERERIEE M. A
Kl 6 nTLLAEH, /KA N 200 C % 240 CHY,
MoS, BT MB B R 73 3 79.2% 1
60.4%; 27K BB EE N 220 CHY, PEAEZRIEH] 89.3%.
X TR BGR FE N 200 CHF, MoS, HH S iR 45
A TR R ZE s AK AL FE T+ i, MoS, A ¥ sk it 45
moPESE R, R AR R A BT AR T, (H/K IR
ks Eny, MRk R BB RIS, S8
FE i 1 FL A A B B A1

232 ANFEZKISE R MoS, H A Bk s
EAERE B 7 RAEKIE A MoS, A2 fi
BRI B AL T RE OS2 . 24K TRL 4 h 1,
MoS, HZEIERN MB IR ALY 46.8%; 7K
B[R] IR T AE e, L PR AR I T Ry, /K AR 8]y
16 h i, a0t MB R 1] IL 89.3%. 1Xs&H

6 AFEIZK AL T i1l % 1) MoS, " s ik i & r i Ak M e
Fig. 6 Piezocatalytic properties of MoS, hollow microspheres
prepared at different hydrothermal temperatures

7 ANTEZK BT TE] R 2% 1R MoS, 2 TR He B i A PR R
Fig. 7 Piezocatalytic properties of MoS, hollow microspheres
prepared under different hydrothermal times
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T KA1 4 h B, )8 FE 5 Ko;NaMoOsFs
(e, HPR R 22, B I SN AT R
P Ko;NaMoOsF; [ & IZ 7 PG, MoS, FI= 1%
Fhir, SEORE S IR AR BRI TR T UK
INFE] Y 16 h I, Hr[E] ™ 4)) Ko;NaMoOsF; 58 & 4k,
N MoS,, KPR EIFE N MB BA &
LR A

2.3.3  AN[Al NaF W0 T4 1) MoS, i 2 iEk &
HfEfLPERE B 8 O NaF RINEXT MoS, 451
BRIE HAE AL M RE AR . I 8 \T UL, 24 NaF #sn
FN 6. 12 mmol & 18 mmol B, ATl MoS, &
TUERTE 60 s AT MB AR 2R 70 514 76.7%+89.3%
J 85.4%. X EH T NaF ¥ &N 6 mmol i,
FEM A PR RE R 2 SO R B E A & . 4
NaF BV BN E] 12 mmol I, FE5 45 FPEAEAR
UF, WO A RE L BE 2 s {224 NaF NN
Akt hnE] 18 mmol i, & F AL IS IR 15
DT, XKW TR T MoS, H sk
R K FE

K8 AN NaF 7N F il % ) MoS, 23 foek Ik r AL P e
Fig. 8 Piezocatalytic properties of MoS, hollow microspheres
prepared at different NaF additions

234 [EARI B T1ER T XF & i s FL AL
R A MB 1) Bt s % A4 F Langmuir—Hinshelwood 15
RUBEAT T 3h 115, HorfEon:

In(Co/cy)=kt (1)
Horf: o U MB IETRIIATIRIK S (mg/L); ¢ NH: t
i %] MB AT (mg/L); Kk A— SR BB J12%
HEEH B9 NARIKEREE . AR KR 18] &
ANIF] NaF dI0E R P MoS, 123 (k£ % MB
MIsh Jr22 M2k, K 9 T, /KINREEDN 240 °C.
IKFAITTEA 4 h IR 285 10 2 ANFE S AL IR AR MB
H [ N AT A Langmuir—Hinshelwood — 24 2] /] 2445

(a) Hydrothermal temperatures

(b) Hydrothermal reaction time

(c) NaF additions

K19 MoS, H 2 Bk MB I3 /)27 i 2k
Fig. 9 Kinetic curves for the degradation of MB over MoS,
hollow microspheres

B, MG 3 WA, HBh 5T R 5 5N
In(Co/c)=9.588 89x10°t—0.001 06t*+

0.044 64t+0.003 19 )
In(co/c)=1.783 33x10°t—0.000 29+
0.02142t+0.016 24 (3)

Hrr, [IHREB R 2514 0.996 1 F10.951 6. HiA:
FE A E LB AR MB 1R B A s S35 8 A — 2 80 71530
B, R HBIR RV R BT, BRI R R
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MEHERE S5: MoS, A TR K JERERRUK #idi il 26 K s FLHEAL 1 e © 997 -

EI97E 0.95 L b, HBh 1208 R A RS HUAN
F£ 1w,

23.5 TFHXESLE TR P IO A A
A AE BB R R A TR0 W B i, DL MB
NBERRRL, BT AXTIRELE . B 10a AT L,
2 RO 5 AN I AL TR, AR 60 s, MB
TR B 500 TR FE AR LU FRAIG 7.8%; 4 R imA
AL R A D e, FEAR 60 s, Al{S MB
TR FE PR 14.8%, 18 I 15 HE AR A0 A FH B A
60 s J5, MB RIS 89.3%. H Eik 45 R AT
S R P R PRI PR AR AR A7 T % i 7 P VR A

FH6F B A S 36 285 SR S A 3 TR, U B
P o o R L 8 A 7R R R S 8 0 5T [
M, A RAERBMELRERE R T iE—PH%
THE AR B R B 1 R, B T A T AR S TR B )
e, JF HAEE BB A 30 min J5IE 7 MB KK
&, SR 10b fron. v LG A A FLE T
B 30 min J5, MB B T % T 18.6%, W HI& %
ST, B 45 R 4k L 30 min 5 5E,
R MB AR 2 FEAR B AR, XS5
PRI 30 min 5256 ok B 3h AT 15 2 0 24518
—3.

®1 AEPKREE . KAEHEK NaF RINE TFdl & mMERE MB R hEHRERESH

Table 1 Kinetic equations and parameters of MB degradation of prepared samples under different hydrothermal
temperatures, hydrothermal times and NaF additions

Condition type Conditions Kinetic equations kis™! tin/s R
Hydrothermal temperatures 200 C In(co/c)=0.025 38t+0.128 10 0.025 38 223 0.969 8
220 C In(Cy/c)=0.033 98t+0.208 42 0.033 98 143 0.963 1
Hydrothermal times 8h In(cy/c)=0.023 40t+0.139 09 0.023 40 23.7 0.967 5
12h In(Cy/c)=0.030 62t+0.160 22 0.030 62 15.7 0.974 8
16 h In(Cy/c)=0.033 98t+0.208 42 0.033 98 14.3 0.963 1
NaF additions 6 mmol In(cy/c)=0.021 44t+0.056 12 0.021 44 29.7 0.959 1
12 mmol In(cy/c)=0.033 98t+0.208 42 0.033 98 14.3 0.963 1
18 mmol In(Cy/ct)=0.030 90t+0.224 08 0.030 90 15.2 0.943 2

k: First order reaction kinetic rate constant; t;,: Half-life period; R?: Linear regression coefficient.

(a) Blank control experiments

(b) UV—Vis absorption spectra of degradation of MB

K10 2 (X RESLI0 AT MB P4 AR 10 48 1 ] LRI 1%
Fig. 10 Blank control experiments and UV—Vis absorption spectra of degradation of MB

23.6 fEHFEEME T VR I E AR E
P, I 12 mmol NaF. 220 “C R 16 h frifil 4
1) MoS, HH BRI FIFEA [ Zh2 T 60 s,
HEFE AT MB [ BRI il A 6 75 % ) 6 A
100 W £ (1] B S0 W 350 E] 300 W i, MB P& fif %R
3N 89.2%. 92.8%+ 94.7%- 96.9%A1 98.3%. T
DLt A R P D) Z R, PR AR R K.

FETREMMA S R LR 100 W #E47 5 IRIEIR 256,
iR mE 1a From. M 11a ATRLEH, 7E3UT
5 MERE, FEMBIREEREAHE N, 71
S R v TR L AT P o 1 R R R B,
MoS, 7 Ui Bk B A 5 v 1 e W e A v M AR R 4 (1)
fam e, [FIRE, 3RS M AR AL B AR A I AR S35
(K 11b). SHIHFEMALL, FESRRESHBA I B AR
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b, IR R B S LR AR A N A A e
sERIRIMERE L AR e .

237 MoS, HEMIRMN T N T HERIE
LTI 4% MoS, H A (k78 Sz m W FH v o) A s
BE A R A5 W AR T, IR UK VR
8 220 °C KFATE] 16 hy NaF #3112 mmol
i B ifil] & MoS, H1 25 7Ek, LA RhB (20 mg/L). CIP
(20 mg/L) N ARIEALIEAT T AL R S50 . AN

(a) Number of cycles

Bl 12 nJLAE H, (ERE S SORE N, Bl B A 1) (1)
e, H bR B R B R AT A A 1) % s 0 it
JEIZHTEAR, ROHIREZE N BT [N
60 s B, Friil & MoS, 25 Ek X RhB (1) [ fif 2N
98.9%, 120 s PIXF CIP HIFEMEZA 94.7%. RKIK
FTCRE T4 MoS, Hh s iR Yepl K il &=
Hi5 G BA AL 10 e R A e TE T, B
e PR S B S A A

(b) SEM image after 5 cycles

B PE AR E MRS
Fig. 11 Cyclic stability test

(a) RhB

(b) CIP

12 MoS, 2 4EkMf# RhB 134 £ CIP (1128 4h—a] IR I 1
Fig. 12 UV-Vis spectra of degradation of RhB dye and CIP antibiotics over MoS, hollow microspheres

3

K TEBBOER] % T MoS, 2 ik e HafiE 4k
7l BEIC T ASFIRAGREE, /KINI E] & NaF 780
XPHEE GRS . O A ST R A s R (52,
WU T MoS, A MERIIA L. Z9RKW], il
HIFER NP RER, BT 1T A MoS, dnff, Hife

7E 0.5~1.0 pm 2 [A], FKHEAREY . @iL3) )18
PRI, ZKAGRIE N 240 C. KHAEEY 4 h i
H14% 1) MoS, S ER ST MB [ B BT A 3 I
Z IR, FLAR BRI IEE — W Bh S .
R 7 R PRI DR AT FH R A 71 6T o e 4 P R B A R G
Béf it S 36 25 TR ) 2 e AT S AN TE o 4K IR E N
220 ‘C. 7K#ARSEIA 16 hy NaF #ITEA 12 mmol
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999 -

in

JIv ] 2 A i EL A B i P 45 P RE S IOULIE 30

A e ERE B IT, 60 s %f MB A1 RhB [# /4%
A RE 89.3%F1 98.9%, 120 s %} CIP [H[4ME%E N
94.7%.
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