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Preparation and properties of silk fibroin based bioadhesive
YUAN Meihua , LIU Han, CAI Yurong , YAO Juming
(College of Materials and Textiles, Zhejiang Sci-Tech University, Hangzhou 310018, China)

Abstract: Traditional wound suturing method is time-consuming and labor-consuming, and may easily
cause scars on the tissue. Bioadhesives provide an effective means of solving these problems. A water-
immiscible silk fibroin based bioadhesive (SFB) was prepared by taking inspirations from the natural
protein-based adhesives of marine organisms with the assistance of polyethyleneglycol (PEG) solution. The
influence of each reaction parameter on morphology, structure, adhesive property and in-vitro degradation
property of the bioadhesive was investigated. The results showed that the prepared SFB exhibited
macroporous structure. The adhesive strength of SFB could be adjusted through changing fibroin content,
pH and action time. The adhesive strength of SFB in the dry enrvionment was about 120 kPa and that in
the wet environment was about 150 kPa. These findings presented herein showed good degradation
property of SFB. Therefore, SFB has a great application prospect in wound closure.

Key words: silk fibroin; wound repair; degradation; viscidity; water resistance
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FHRARL & R LLE LN G TR R R & W M LF 4E 8 LA
F. FIEENERRER R AW IARIIRG G B2 BK B 25
FEAEA AR R KIS R G . SR
B e R I N R e N Sl s Y TS
KGR ¥ 32 38 1 BRI

R T R Y A SR A AR B i 22 1)L B
N B30 53 LA DL SRy SRR SR ¥ v A 1 1)
FREA T R A A B EE B o BRAR Y AR R
RO BT ARG DR, B AR (A A R
FI RSB 5 N T A R R L B
TOL S R4S 9 B2 A KPR . SR, BT R AR R D
R R 0 BRI AT DNA JE [R5 4 3 R A7 A
T BB AR AR AR A [ R B R PR T
T DU R & S R, AR Sk — BB AR LA
AW A3 PERE R 2 AR WK G R ol i 22 3%
. Z2FEAE-MRAES AR BA %
(1 72 A R AF i A W AR 2 © 0 TR
a2 AN R AR R BB AL IR AR DL R i T
WA EZAHR S, Lu F Wi AR
) 22 R AW - R IRAE IEMC R IE i —Fh A7 RS
PR 22 22 8 UK BERE , (R A7 AR 7 AR A RE SRS
ANFRoE S ), BRI T = — b py R,

AR S L AL A AR 7 A 5 i K
)22 2 88 1 5 A ) K & 5 (Silk fibroin based
bioadhesive, SFB) #8157 22 % & & .pH AE B 8]
FFREEXT 7K R L ARG S5 1 RE R 52 M, IE X HOE AL L 25
Fa RIS it 114 T 3RALE

1 AR

SIIRFI 5L

SHIR] - A A B N R 2 A BRAA FR A
AL RACER AR & — R P53 75 210" g/moD)
W B Bl T R A RS A SRR B R BT
P& WAL 70 A R A Al 3R E i XTIV g A
GIBCO 23], i 4 K W F 25 i i

¢ #%: PBI #Y pH it (Sartorious) . 4 7K {X
(Millipore Milli-Q Biocel), J-25 & 3 ¥ % B O HL
(New Brunsuick Scientific Co., INC), U101 #& %
TR VKFE (New brunsuick Aneppendorf) , ALPHA 1-
21D ¥ v T H#L (BMH Instruents Co., LTD), fH
A (EYEL4, LEY-700),S-4800 %37 % HH 434 i
B (HZ Hitachi A 7)) , B A8 2T ARG 1% AN (56
[ Thermo Electron 2 &), 5943 B 41 ) i 56 #1

(Instron, a Division of Illinois Tool Works Inc) .

1.1

1.2 BE4EZEFEARKRNGE

P BIRE A AR BAE 0. 02 mol/ L A filk iR EA 1 W
Ak 30 min J5 AT ARG, EE PR, BT 60 C
MERE P AR S I 2 R AT 4. BRI 15 g 122
EAGEEH T 100 mL ¥ EEH 9.3 mol/L i LiBr
B 7 60 CHEFCE 4 he MR LR
WEIA GBS, B KENT 3 d Bk 12 h 3
e LB TFK, PRl B O RN BB N4 R
WS BB O TS B A 22 R R AR E T B4
HLFE 1026 (w/w) (ISR £ s T rh s dfr i 7 B S
2 8% (w/w) Z2 47 W 22 2 & 1 % W (Silk fibroin
solution, SFS) , & T 4 C vk 1EZ IS,

1.3 ZEXEZEQEMEFINGE

B B A AR 10 %601 3 & — 8 (PEG) IR T »
BAWA 0. 22 pm —IRPEE L i 2R E 1T i D 4%
M. FEC# 0.1 mol/L ByFs HCl s . 7E%E IR
((254=3) “C) F, W H il £ 4 1) 8% SFS 1 10%
PEG W 43 3% Msp * Mpgg H18:2,1634,14: 6,
12:8,10:10(w/w) [ L EL FEA IR A P 1) TR A U W
HiE N 0. 1 mol/L A HCL T pH & 4.0, 7F
TN SRR 2 Y USRI . A Al K YR T =R LA
.15 SFB, #5822 % (SE) & &%t SFB KL 45 M fe iy
SN BERR A I BC LUV E I N — 2B R 1 T 28 55

HEEERT,8%SFS fil 10%PEG ¥k A f A it
FEHEATIR A S i m 0. 1 mol/L i#s HCl IR &
VW pH AR89 % 3.5.4.0.4.5.5.0.5. 5, 7F
T T S HPE T BE R, A 2l K e % IR DA
1,453 SFB, #F5% pH X SEB K 45 1 g i 52 1)
Ve pH VBRI T — 500 T2 5444

EEERT,8%SFS fil 10%PEG ¥k A f A it
FEATIR G FHR A T WOR Y 2t pH AT
GRS FE I BRI, B 2K Pe i =k UL L 153
SFB. ¥ SFB K45 P 748 Bz Jo 7 = N 20 0l il
0,15.30 min £ 60 min, B} B} [E] % SFB A4 45 P A
(5]

HEZEERT,8%SFS fil 10%PEG ¥k A f A Bt
FEHATIR G FHR A T WOR Y 2t pH AR T
GRS EFE I BRI , B 2K PE s =k DL L 153
SFB, 7l 5 il 25 SR FUK IREE ™ G A &
Wi R H6 R 20 2 ho 5T TS XT SEB Ak 45 1 fig
(52
1.4 FMEBSH

FEEWRE T LIANFER Msp 2 Mpee » pH A 4.0 il
#1538 SFB FE &y, ] S-4800 #Y37 & B 414 f 4
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(FE-SEM) #47IE 55047

IR L 2T S AR 46 5 0 4 SO £ LA MRS
{Y(FTIR, 2 Thermo Electron) %f 75 % i T i &
TORIRIES ] (Y) SEB #4745 734 .
1.5 HEZEERETIK

K HIBC A 1000 N 77 1% 5 45 (14 44 kL 56 #L
(Instron, #45- 5943) , i i 52 [ 4 kL 5 i 56 P &
(ASTMD #5ifEJ5 58 F2255 5 SCIYHE B 46 452 55 U1
TR A O RG 45 MR RE . DA Y b T A A 3K fe
WK 25 B IR Wi 25, JF 0 B AR T2 B (4.0 em X
1.0 emX 1.5 mm), £ 4 CF UMK R
BT Al K R I A 7R 7 I 2 A i A
ZERC25E3) C), MG LT, B\ K
il 25 1 SEB 7S 0 2144 B2 R 0 o 3R 10— i » FRE )
— U R o r BV S AR R — A b i S X
# 1.0 emX1.0 emX 1.0 mm, TN 2%
12y 5~10 s LIS sRRG B 7. 2 =0T A7 hr A
CanfEl 1 proR)  Pr A 2 4 1 mm/min, 303K 3
AT
1.6 {KIPBERRE

$5 mmX5 mmX5 mm BIEERIRE T EAH
0.1 p/mL & 1 XTIV 1) PBS VAW T 37 CIRHE
PIRE HE A XTIV 1) PBS WA 25 FRE . AR
(n=3)7F PBSIHFW (&L 1:100) il & 5.10.15,
20,25,30,35,40.,45.50 d F1 55 d, fIlr A7 A R i 4
R AE [ 5 W () e 0 S S . K R P 0 7E 60 °C
A R S Y 5T AR Ak F A BT R B R Ry
AKX (D

B 5 R A R Y o 2
Ru/% :]]\\44’ X 100 (D
Lrp M, ARG IR  mg s My, R ¢ K5 B 0 o

»Mmg,

2 HR5ITi

2.1 £ZFHExX SFBHRHNFIM

T O 22 3R R A A B RO RG S5 R Y SEM IR
ANl 2 fros. KL 2 sl DUR RS 4550 = 2 FL4S
) BRI S BEALIR ) B AR S48 . ok, 151 2
TNBEA 22 3% B D A T B R RG 45 0] 14 LB B
Ko M * M, = 182 205, FLBY /N Ky 100 pm, Y
Megpt Mpp =10 10 B, FLAY K/NA 300 pm, X5
BEIIE B 3 B A O B 22 3R R 1 VR BB 1
s 22 Z 8 51 B W A IOY U TE 25 5 ik 4
FLIA 2378/ FLARR/ N BB T3 PR REAT Y
SR RO FLRY RS /0N, 25 BRI 32 ) I T ) e
5153 W0 T REHEG R S FErh e,

i

P2 A [ 22 235 B ] A OB 45 50 A 41 i P B



416 TN A N NS D = S

W CHSRPBL2ERD 2019 4F 41 %

2.2 Bk dfEdh SFB MK TN

TEZRIR (25 “C)F L% SF 1 PEG # Mg : Mg
=16: 4R 4T pH & 4.0 H1415 5 (9 SFB jic &
AN[EASE] (15,30 min 1 60 min) J5 & % T 1, 15
SFS.SFB-15 min.,SFB-30 min, SFB-60 min [ 41 4}
JEREWE 3 s, FAEZRE AR mERE T M
fik e 11 9% 2hats 23 B B ZE 1658 em ™ "1 1546 cm ™!
b, S B TR A 454 . AE dh SFB-15 min /Y
Mk T ANE e 1 i e Wi 55 SES A i BEAS — 3,

VLA SR < I 5 B R 8 2 BT 4
ZEEABRAWIE, 2R EANBEIF R E
A B AR 4k, SFB-30 min AT 1 F0ERE 11 4%
By W A 0 B S 1] I % £ B8 2y » SFB-60 min 11 ik i
Tt B 11 4 3h 7 23 it A2 1632 em ' I
1521 em™ "4b, Sk BT B M. SR E L M E X
o7 R B4 386 0 5 22 3R 86 P 9 G 45 44 32 3 M TG HR
B EE I BT AL AR . KRR S5 A 1 i AR A
TSR .

Kl 3 22 R S YRS LA T

2.3 HEYBEEN

VER IR 25500 AR B 5B R AP AE W)
R Atk o AR ol FH B ) 3 A o Bl L e 2 fi i s g
SEAE WA JE T AR RSN, EEETRT,
#t SE Fil PEG ## Mgt Mpeg =16 4IR-GJHT pH &
4.0 il #5615 SFB, R T4, IR DIk, #E 37 °C
T, SFB 7E 8 i XTIV %5 1R SN i 25 S n ]
4 frn. M 4 1 SFB 78 PBS 28 i i v b
TR AR 1 2218, 57 55 d B HUBRAR T 8. 400,
SFB fE & i XIV 3B 3 BB 55—
BrBL(0~25 d) , B B 3 1%, 55 25 d B AR
T 58. 69 %0 345 T B (25~35 d) L Rk AR,
55 35 d AT R 17. 12% A B 5 55 = Fr B (35~
55 d) L FEA I IR 2% L 245 55 d B FEAS [ AR 58 4
T IR E) S RS AA R T D S RS
BB s K5 750 AT LK ZH L RS R [ E — S, LAk B
TFEL, RIS PEAR 2212 . 5% B ORG 5 700 B 20 RE 8 76 4
PR I 355 B B 58 G A
2.4 SFBHIHEEHIE

2 Z A e — P E S K B LR L OF
WIS R R KRB T . 2R BN MK E
Tl H AR X EEAR K X RNER, 2414
HAMKH AR, XEAELMRIAFAEREN
—NH,, gl a ™ . REH 4R EARER

&l 4 SFB %4 B i Ok i S b e (] i A2 1k
MIZEEE ML M AN e s 2 R EH U, 2R E N
GieE s w1 =598 e L2 K S SR DO & i G e i
DL BRI KNG 38 B ZEAE . SFB B 4550 v]
B30 1o SRR Ao ()Y AEAR R0 KRG 45
k.5 Eslah 2V (R IEM —2. AN, MHH
SFB 176 244 Fe e}, SFB 2295358 25 | N R K
23 B LS R AV 2 AT R AE R G R S
R 2Z 8] BT PR R R e AR NI 5 TR A
S A R REURE 6 25 1t T K 5 SFB
(422 fl AR, DA TR A [ A b 43
2.5 RMEMEIT SFB #hE ARSI
2.5.1 #ZF Xt SFB R ZE BRI

T8 B PR £ B T DA ARG S 1 o A 4%
BTG AR R M SR AE  RHORG 6 5 BE 2 ORIE
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SEBRR A E AR bR 2 — . K] 5 SRR R SR i
T il 28 A5 2 BRG A 700 A PR B | BT SRR A
fhias, IS Hhn] LUE . AR 22 R & a4
12 (0 R G R B AT SR A P AR SR B AR S Mg
Mpg; =10 10 By HLA 58 B2 AL (54. 7 5. 8) kPa,
Bl 22 25 A3 B BT AR B4 RS B R0 R i
PR FE N Mep # Mpre = 162 41 {1558 75 R
(91. 3414. 3)kPa, FE3E N 22 25 5 1t B, For fifi i B 44
INASASHA 5, 24 Mg # M = 182 2 il £ (O RF i 1

PSR EE Ky (93. 145, 5) kPa, Hifiism B i 748 1k #4
P M 22 ZE A BEIC A N FR AT .t T4 22 K
R AR 2L R I 1R Y S HAE G I BEAE
PR B ) AR 4 ) O L B /N R B PRt
LR PEBERE 2 B 35 U1 70 78 EE 459 4 A i H
PURLSRBEIG R . W AR Bl 22 225 =R S g
SR G M Mpge = 18 28 ] £ IR i 1) W7
ZUPR AN (67. 542. 9 %0, AR, &8
Z SRR X B Mgp s Mppo 26851624,

K5 ARIZZZRE SR SFB RS PE6E

2.5.2 pH {EX} SFB K251 RE 51

ARl pH A 5514 T il 55 1 SEB (1 5L 56k & 1
Wi K R & 6 frR. HE 6 nTLLE F, 24 pH
B8 4. 0 B il £ 7531 SFB ELAT ¢ 55 B Hr {5 2 Ky
(93.3416. 6)kPa, A2 RHEWMN pH H%E T
SR T (3. 8~ ) I R FEAN GG £ TE AR S 1Y)
YR T Bl B R AR ARON i 22 35 7R 1 TR 45 5 WA R
BEIAS , DL TE B BE I S5 44 Y — R, J1 245 A

B4 pH BRIRE 3.5 sk THE & 4.5 B, Il A
() SEDB Ay hir A s B B4 kAR, 4 pH {E4k 2 F
EREE 5.0 ML AT ISR SFB A5 B B 5 IR
RN (50. 746, 7) kPa, AH BN &, W 240K
RGNS A X 4000 o 2 e s . E
pH fH 4 (4. 5~5. 5) i, Wi 24 KR ELA F7E 6220
Zidy 1% pH G [N #5152 1 SFB HA7 #5041
FIsaE . 2R G2 IRR MR B L X R pH ol 4. 0,

K6 A pH i+ SFB HORi 45 RE



2L

L
S

418 oo Tk 2

W CHSRBLARRD 2019 4F 41 %

2.5.3 WX} SFB K545 fe 1) 20

B 7 s SEB RS A i B2 B 2 B ) ) A%
FEAESL . NI 7 Hroa] LUFE 316 % s 8] (4 4 8%, SFB
(RVRE A5 5 B AR S AN . 0~ 30 min 22 8] Kl 45 5 i
(141336 188 I B 55 A L 30~ 60 min 27 7] B I s 48 i 12 ik

K7

2.6 INEXT SFB Fh&EMHERERY I

YR G RIER S S R rh AT — A B
RIZK S PERE2E oo 7E K rh g ik i 2k 2 oA ME . 3d
RN A RS 5500 B 357 FE 0 AR el T
BARHIRG G 3K S J1  MELURTRG & IR K5 2121, At
T ZAC P A 2 A R 45 N Y EE AR A 2 —. SFB H
F T2 S KR i RERS (5,10,20 g i 50 g)
RN 8 s, W] SFB BA 57K AR
PERT HARK T W EA S AR R, SR, T )
Fsm, K AR R Z M E /N FREMYER, T
SE R B 5 g Al iR I e 42 0 3 /K S 1Y SFB
RG4S T RE .

1K SE A PEG #2 Mg : Mpgg = 16 43R
G pH A 4.0 il #5619 SFB IR 2 K A i
FM— i PR O — PO B S BV s e — R b
HEMARA 1.0 em X 1. 0 em, JHFFRHEINER T T)
25 5~10 s, FHlaraFERM 2 h 5, Buh ok
TR AR PRV 70 2R B A TRl oG 45 PEfE
mE 9 Fos, AT SFB R4 58 5 530

%%, XvBes& SFB i g S ARG R, S s g
Er BT &L A AR A — 3. M4 %5d 60 min J5,
SFB (#4488 8 R (108. 1 £ 8. 7) kPa, Ho 47 I ik
BRI T — A, WA OR LA iR AE
60%~65%,

ARV Y SFB B kLA B

(124.143.8)kPa, (152. 2+ 11. 4) kPa, A] LLF 1
SFB 7Ei2 A F HA WIS R 4558 5, oF B A T
(AT A SR b 25 T K 1B SFB 7RIS R B
PR . A B C SOk (R 1), SFB I Ri4h
FREE 5 Guo 2 ] AbATL iCs(168.2417.0 kPa)
(ARSI . 2% 1 b 1 2F 4 28 IS 2 H R I
R EIEFEM BN M aBE B
SER S R TS I B S S T TSR 2 N L= 3 R D 1)
AP HRh 45 B 298 10 kPa s AL, R4
i 7K P BE 2F — 2 SR AR AR R B B ff A SFB
() 1] BB

F 8 TRAT SFB LG &

=1 CHREMNESYHRETNHEERE
iikeRill e S e | K255 % /kPa SCHK
ADbAT iCs .2 h 168.2+17.0 Guo 2026
iICMBA HWE.2 h 123.24+13.2 Mehdizade 227
LAMBA RT,2 h,PBS 72.243.7 Jeon 2028
DCTA (gelatin macromer, Fe®", genipin) 37°C,2h 24.7%3.3 Fan 25[2%]
AR AR 37°C,24 h ~10.0 Burke 2030]
SFB RT,2 h 152.2+11. 4

T K45 50 JE AR 7 340 R I B it
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F9 TIBEAT SFB kLS5 fE

3 & it

TER £ R 0 i A 15 2 22 K H K BEIR
I A 22 3 i pH (BRI T i) ) DLk 5
KhZham . B 22 %K & BN, pH {H (5.5~
A. 0 FY e ER AT FH P ] P 385 000 56 I )Y 0 i 2
PG RAYEaH . SEB 15 T A FR S b R B
YRR BRORG 5 9R JBE  7 T ZS FR I P ARG 5 5 EE
120 kPa, fEMRASFRE P ARG 5 98 80 150 kPa, 5E
oAl I B AR MR S5 AR L - 20K 45 ) B A B Y
MR 7K o I ELIZORG 25500 AT Bl Y e figg V1 BE 764
H 77 T EA UL B2 A5

S0k
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Properties of silicon carbide ceramics

reinforced by SiC nanofibers
KONG Wenlong" » FU Sujia® . LIU Dongau' s CHEN Jianjun'
(1. Silk Institute, College of Materials and Textiles,
Zhejiang Sci-Tech University, Hangzhou 310018, China;
2. Zhejiang Light-Tough Composite Materials Co., Ltd., Huzhou 313000, China)

Abstract: Silicon carbide ceramics body was prepared by gel-casting technology. Then, silicon carbide
ceramic matrix composites reinforced by SiC nanofibers were prepared through reactive sintering. Silicon
carbide biscuit was prepared with polymerization of acrylamide system by using SiC powder with two
different sizes as raw material and adding different mass fraction of SiC nanofibers. The composite ceramics
was obtained by drying, degumming and reactive sintering. mechanical properties and microstructure of
silicon carbide ceramics were analyzed by universal tester and scanning electron microscope. The results
showed that the addition of SiC nanofibers could improve the mechanical properties of composite ceramics.
When the content of SiC nanofibers was 12 wt%, the bending strength of composite ceramics was 267
MPa, 28% higher than that without SiC nanofibers.

Key words: SiC nanofibers; gel-casting; reaction sintering; SiC composite ceramics
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H E: LG LBARAGHAT LI RHHRBREROEADRAKRZAOILRE, AFTRAEAN,
# %% 4 (Silk fibroin, SF) #= #% 3 8% 4% (Sodium alginate, SA) 3 & 4k 414+, 3 Ao A P 5 4 4 7% 3% 35 (Hollow
bioactive glass, HBG) , L& MK Sr A F R BRIF AN L B MHA B ERINAEA BT KT A it B L HER B
(Hydroxyapatite, HAp) 9 AR A A K, Z2iZ— A3 MNASH . LR BT @ %85 245 &k SF/SA/HBG ¢
HHEAN, LY AASH AL 200~300 nm; 2 THRARG, A hEABEAEER ARTH, FPH AR H L
230~380 nm; #ATIRIN A M H LG A 4 Y R B T R HAp, SE/SA/HBG 4 4 H & X RMA LA RIFtH £ 4
EHE,

KR HuG LAY I RMA RSN AEN T A ER
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Construction of SF/SA/HBG fiber scaffold materials and

in-vitro biomineralization
ZI Yuanzing®, LIU Tao”, CHEN Yingrui, REN Xu*, DING Xinbo*
(a.Silk Institute, College of Materials and Textiles;
b. Keyi College, Zhejiang Sci-Tech University, Hangzhou 310018, China)

Abstract: The fiber scaffold material spun by electrospinning technology can provide large specific surface
area and high porosity. In this paper, the biological scaffold material with good in-vitro biological activity was
synthesized by using formic acid as the solvent, using silk fibroin (SF) and sodium alginate (SA) as matrix
materials, and adding hollow bioactive glass (HBG). The deposition and growth of hydroxyapatite (HAp)
could be accelerated through in-vitro biomineralization. After a series of tests and analysis, the results showed
that the average diameter of the SF/SA/HBG fiber composite membrane prepared by electrospinning was
between 200 nm and 300 nm. After ethanol treatment, the surface of the fiber swelled and the diameter
became thick and the average diameter was distributed within is 230 ~ 380 nm. After in vitro
biomineralization, hydroxyapatite was formed on the fiber surface, indicating that the SF/SA/HBG fiber
composite scaffold material has good biological activity.

Key words: electrospinning; biological scaffold material; in-vitro biomineralization; biological activity
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H AT 9IKEF 2 1 48 7 345 52 ) 12 R 8
FUFERLAR A  EER R A AR AR R
HLGT 22 AR Hovh i 95 22 R — P AR S i 2
A PR ERAA R A 72 T2 B A 7 AR O oK
PRI IETHE AR —Fh A= W) SRR RL AT
TR AR KT D BRSNS TR AR
B, EE YT BRI OKR A 4E R SS A b RHY
JZ N 52 35 TR F R 1w A i LR R

w2z i J5 I8 L) 22 % 45 1 (Silk fibroin,
SE) ELAT FL - A5 W AH 25 1 RO 248 47 356 I e D
BT, SE AR G RS 2 B 18
R SN A T RRN RN B A R R A R RIS
. TEERREN (Sodium alginate, SA) & —Fpf7E7E T
W —Fh RIS TR, B TCEE . T0E ]
VUEYIRE R o) —Fh ol R ARG B A b kL, SA 1
S W ORI A AR S BRT R st e L TR R
F BAR R 4572 W . Ming %1% 5% SF/
SA £} 4 /K BE B R IH TR 45 R B 8k K A
(Hydroxyapatite, HAp) fhiA i) 4= K il 45 &4 SF #1
SA Z WY EF 4E K BEWE » 1 27 4k 7K B AR A HLE Y
B LR GE J&—F 5 Az i AR T DA O S &
SRR LE Y R, R W) B3 (Bioactive glass, BG)
TEHHL TR AN )z A BT
FMAR BRI FLZS G514 o 7T LIRS A Py 1% 1 o fi
YEOG S 1 B 18 2 M B . Hench A i F
BG 2R 17 520 5 ) 45 il A LA 0 1T DA
BG 5 Th1 24 it i) e A 0 I A0 s vz - DTG A 2 B 4
MBI 5 ik, 53 H 8k e F i gs 5.
SRR BT IR AR ) i g5 s AR
3538 (Hollow bioactive glass, HBG) , 7ERLALAR T
SiE B RAFAAEYEE, FTH T EE B MR

AL/ THLE A SR RRE T L) v IR TCHLAA Ht
J P RRAS 5 I T A5 Bk it (] Bk ST AR NG BILAE
B FPERE 2 TR S S B4 G I 2 AR,
TR 3 B8 2 AR F 4 2L A T i i K. LA
SF/SA/HBG BT 45 & SCARR B H BIE AR W R 52
(IHE . A SCR A SF/SA Ry B4R #4875 HBG
TCHURL T AL ER 2T AE SRR, I B0 HA s 1k

1 MREFE

KIS RRANL AR &
S 2 B W T VLM Vi R A T R 24k T

Liu

1.1

LA RN T JCK S IERERR 21K (TEP) (B R
ZLER(TEOS) | UK AR 55 (Ca(NO3), «4H, O) |
EHRMIR (PAA) (Z K TEK EALES (CaCly) | i iR
AN (Na, HPO ) (B FR£H (Na, CO3) Flg 4% (43
F1 8000~14000) , B FHT M T K ik T AR
AR B F/RER = Afl4aH .

BT ML R 35 E Labeonco 23 &) . KDS100
T8 & 1 5 % (KDS Scientific, Inc.) . DW-P303-1
ACFO 5 B L 8 AR S IR H IR A R 7D
DE-101S I P 0 i A0 7 45 1 25 (it M1 241
I B AT BR AN B HH-4 B0 1 T K VA 5 (i
e FAL B il 15 A BR A 7D JFE20 9 PH 3 (LA
FE-FE R 28 A | L TGL-15B 85 i 3 i 4 =X
BODAL R =R AR ) A SST-1I Y 5 s g
I p 365 B AR 2 A BRA FD &

1.2 REHE
1.2.1 SF#E5h il

YA ET 0.05 wt% iy Na,CO, ¥,
FE98 CAMT 1 h, LR RES 2 K. BKEH
FETRIGFREBOK . bR R 2B A X4, B
At R OB B JS AR 22 i A CaCl, /H, O/C, H; OH
JBEIR LR 1282 200 =Jeis Rl 76 75 CTR ¥ 3 hs
SRIG NG 22 R ER (IR WA 21 5 T8 25 B 24 5 0 TR
FERS B/ T-H B B R 8000~14000 (B HT4S T, 7F
EETKPEN 3 d e FEELHILT REEO 2K,
MG FER VR T EEHL TR VR T4
1.2.2 HBG k5 5%

B 0. 4 g BNMIR AR (Myw=3000) , 535
FA 18 mL 47K . 180 mL Jo/K Z B, fit+ 1 hJs b
A 3.6 g IERERR 2B . 4R 23 FF 10 h, 15 2 7875 &
BV . FerE TR BEIR L ASUR Y EE JK LA 8032155,
] E R AR 0.4 g PU/KASIRES . 1.2 g
BEMR = 18 H R R B PE RN 48 h, TR BLEL 11 8 3
W o PR IR IR 48 3 IR Te 7K 2B 0 K W
FE 50 Co KA h L TR B (T E R T
() R A TE 650 °C Db ipfgibe 5 h BRI
s BEETHR R A 2 min/h, RIS 22 A P06 M
BEIEER
1.2.3 SF/SA/HBG & &£ 4l 5

UL 0 g 4Ry SEF S 9.0 g H Rl
£ 10 wto SF ¥R . T J5 70 A R S T B
A 0.2 g ) SA F1— % el i) HBG(HBG (5% 5 1)
BT ERA RS TIRAHFE 12 h JF T LIS £y
SYHARKAE H BRI L5 22 0500 D 22 551 TR (20 &=
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P45 . SF/SA/HBG £ 4E SR ARS8 1k 429

5) “CLIBJE 50%~60%, 9 22 i R 15 A 14 KV, &
SR B B 14 cm, VE 55 A9 20 R 8 4 8
5 0.5 mL/h,
1.2.4 SF/SA/HBG &4 2 4 B 38 5 b 3t

R =R AR LG HBG M2 4EE &
i, iR T REAETCK ST 1 h R 5 B AT
FIR T CE 20 h BBk OB 1F H RS T B
T, Lhgs I gl o B i A
1.2.5 SF/SA/HBG 498 4kr=t: HAp &k

VAL T L2 TE SF/SA/HBG 25 4 52 484
B AR HAp @ik, Bl s e erqe 2 4 A 75
Y (V/ V) B K2 30 min, BUH J5 7E 25
BRI R BR 2 R A A AL s PR AR
i % S 1.5 mg/mL 32 AF] 0.1 mol/L Y
CaCl, ¥ FEZIR T 1 h A B FoK RS MR LABR
FEBS S B . BRI 0.1 mol/L
1 (NH,), HPO, Hr, ZEIR A SN o {4545 A1 J5
FIEE /R R T 1. 67, RAZUKEIRA W pH
EIRATE] 10, IR BRI NS 1 h, s
1E 37 ‘C a4k 48 h, HAp MUt F#E SF/SA/HBG
SR p ST  ER G T PN o S A
RIVE T LB FER T 2R R E 0L T 2 2 HE
FUR) HAp A
1.3 RIERMEREDMX
1.3.1 SEM #i1 EDS 43#7

JH JEC-1600 B§FI U HER 4 40 s, R AR EHE
an L PERE . AR E R 3 kV &ML FIH
H 4 H 372y /] HITACHI S-4800 Rl i7 & 5F 49 4
P, 308 B R A T AR i 1) 3 T TR S0 REAE 144 I
PEERE TEM B AR R 10 KV 400 RE S oA
0 500 4%, K HL - RE 1A (EDS) X4 i 47 I
N TV A S SR
1.3.2 TEM 47

TE 200 KV I M e 2540 o it H AR 20
A JEOL-2100 AYi% 5 HL - 2 S 58 X 28 3 20 AT T
P 5 T L 25 22 R WSO OIS b A 2 A ] LR 1)
PO TS i Rl N Na T
1.3.3  XRD 82047

i 1 7 [ A T AXS AR 2 |l AR PRy DS
discover B X 5 Z& A7 S A KT AF i 1 A7 R, BT SR
FH B 5 08 o8 Cu #8 Ka B 28, 3 #5256 K I
0. 02°, FEHF X M2 20=10"~80 A7)~ MW
FH 5T

2 HR5iTiE

2.1 SF/SA/HBG §REBLH L T HEER IR D

K 1 & SF/SA/HBG & 4 4 4k () SEM JE
o FE 1 AT SR YESR T RIRAEIE 5B A kR
T R WOk A A8 OB, X ] g e i T4
T AR AR R SR AN 5] B I 8% B AR AT
T, REET LT . A TR AR
BAA LA B, 82T 3 IS fE Y SA FURTR & &1
HBG, bfi#i HBG &I 2L, 2 4 fr 25 22 1) i rp
SE/SA/HBG & & £F 4 B s H A R 4 L 5™
&L E 2 TEM BRI R . Sn— 2 &
(I TCHLRF HBG, nl 38 INEF 4 &2 A B AR W s 1k
kM imageProplus RS M A4 5 2F 4 () H A%
SARTE 200~300 nm,

K1 SEF/SA/HBG i 25 22 21 4 52 45 A 41 Tl i B 1]

Kl 2 Rerd g 4 BN TEM ISR, &l 2 7]
L IR ARSI AR TE 40~60 nm fY HBG, 24 &+
5 wt/0 i) HBG 725 223 7w, 27 4 32 1 L 40T 4
e IS N R AE IR B HBG & &
3N, HBG TELF 4E N 45 5 & AR TR L4 0F B
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TELTYEZ i BN RLEE . i T HBG 240K 200 Y
UK B SR AR ZT 4 P 2 R 0 2 L 4K
KLor A AN 500 8 By ke A TR g B 3 e 1A 2 A
ESJ T s

Kl 2 SE/SA/HBG ¥ 25 22 27 4 52 43 IR 25 5 HL B 1

2.2 ZBEFE SF/SA/HBG 8% FE 45 2 4T 4% PE 2
RTL

KT FREREGEEAN T REPEA R
B () s 6 X 25 Al S M RE AT A AL R
K OBELHE . LR 2 L E A4 F L4505
TP AR 2 R AR KB R A E A A
e T 255 BEm W) g ML . LKA
G FEMRE. T oESSEA TS T i
TS DY SR M2 R o TR
BTG T BiTE XML, {2 i 22
REATFABZHREW LD LR EIEEN
MEpesd . & 3 S SF/SA/HBG #i i 9 22 41 4k
BA WA 1) SEM i 41, 45 R % B SF/
SA/HBG & & ¢F 4 i = i b % HBG & &t 1 3
2, 21 Y A TR BE SR SO B N T 4 4E 3k
AT PO KL RS B, A R T S 2k AN A Jh B S

L WEAL RS B 25 2 52 5 R RE 22 X B3 & AR AR
AR BT A AR VK L A5 £ 4 AR R HE Y
FLARI A 230~ 380 nm, i 153 2T 4 8] 19 L B 42
WS /. 2 T ST K BE A 2T 4 I R K R o T
55 A0 RS AN 2 AR PR B i s £ B AL PR 1 £F
2 5 45 K 0 7 £ 4 2 18] A FL AR 7 R s T HL 3 R
21 Y ) B L BB AR B2 B A it s [ I A S 2
= NS SO N W 7 Ve (U RE 7 I
ALK

[ 3 SEF/SA/HBG ¥ 25 22 27 4k 55 A IEAs
IS ) SEM JE SR

2.3 (KSNEHT LIER

B GUE IR BEA T AL B 2 11T — RS XA
BHEARSMERA R A B AT 5 B M 2B fig
5 F RSB A DUBURFIMTE A5 HA AR
etz —2 S T #FST SE/SA/HBG 45 &
BEXF HAp @b BeRRRE 71 . (fF SEM USR8 1k, 48
h J5 HAp fRRIESARIE . 8] 4 S SF/SA/HBG £F
Y g SRR LI SEM ESRIE, B 4 o5 . 47 4
BAAPER R R EDIRIE S50, S & &k 10
wt % HBG i HAp TR ERZ .
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Kl 4 SEF/SA/HBG 485 4 A Y57 AL i) SEM B SR

Kl 5 AL G A Y1k iy EDS &, R H
EDS FET LT R T R 12 C. O, Si fb i
Ca JGZ & 5 R 0 4k I £F 4k 3 1t DURL (0 Uk )
F3 % Ca.P L £, H 10 wt¥% HBG 4] 4 i i &
B,

Kl 5 SF/SA/HBG #1454 ALy EDS [

& 6 S SF/SA/HBG AS[a] L ] () £F 4 52 4 Bt
i) XRD 3%, th 1 6 ml 1, HAp fl Rk XRD $#fiE 16
1E 20=27. 2°(002) 1A . 20=31. 9°4b (211) 1A . 20
=45. 7°4b (113) FH I A = Ab 25 0 LB AF A 72
SR IR AT 1945 i (JCPDS # 090432) 27, H A7 5 i
WA B 45 bERE . 75— RIE FIN . B
% HBG SR £, HAp TR £, 2R PG
PEAT, o 10 wt % HBG B XRD o HAp (977754
W E A 8 282 DAL IR o BT 45 S R W SF/SA/
HBG 2F 452 G A0 R & 5 10 w26 1 4= 3 P

6

66 SF/SA/HBG £F4e5 A 0 0 fL 5 ) XRD
3 & it

ARSCR R R 7). LA SE/SA SR KL HE
NI AT b A= 1 M B b s A B L SR o
2423545 SF/SA/HBG £ 482 & 38k kL, Fh 4 ad
IRSMIT A Al i & 0 EL AT B A W T M G S AR
Bl FEEERNT .

a) il 1) L 2 22 i A5 I AR S LR B R 22 R
10 we o MmN S 2 RE MR Y 5:1
MY SR, U b A A ) B RS B iR 10
wt% . #H44 H SE/SA/HBG & & 4 4k SF- 3 A2 4 A
1E 200~300 nm,

b) R TEIK L EEAL P )5 . SF/SA/HBG -4
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B 73T ARG KN RS s 2 SR A B
ErYERTm R R I AR AT YRR EAR ML, P AR
A AE 230~380 nm;

©) SF/SA/HBG £ 4k 2 & IE 4 R 7E i &
37 C.pH{H g 10 WA T . 2 i1k 48 h Jq . 1E
SR MVIBUR IR AT T BB IR AA R
LERIa St 7/R o
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B B AdMAAAETBEN P EAYRBARRER LN 0. t—FRAPEEDEB RSB L LS
RO ER URBFEA TR AR pIr B T oy T4 X%, vLE &M R (Polyacrylic acid,
PAA) AR AR R BRI A5 R BAR R A AU AT IR, 45 & R R Im IR - B IR R B &840 P = R M 3k 3 oh Rk
(Copper substituted hollow bioactive glass, Cu-HBGNs) , #& & CaO.CuO 28589 AR T R AZ T FHAT = 4
W I KRB L% %A SEM.TEM,EDS,FTIR.XRD. TGA Z N, v& Wi W 50 3% AL 3547 P = & 4 3 55 4
KT OF A RAAA TN, ERRN DI R P INTREE R CaO,CuO 2415 #k 52 45
AP R AR MR IR T 5 TR & ARSI AL M AR R L KR FLEY TR, BRI
BB TIEAR T E A I B G i o TR B SR AA S AR R,
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Preparation and controlled doping of copper substituted

hollow bioactive glass nanospheres
ZHANG Lizxiang*, LIU Tao", REN Xu*, CHEN Yingrui*, DING Xinbo“
(a. College of Materials and Textiles ; b. Keyi College, Zhejiang Sci-Tech University, Hangzhou 310018, China)

Abstract: The influence of copper doping on morphology and structure of hollow bioactive glass nanospheres
(HBGNs) was studied. On this basis, the relationship between copper doping of hollow bioactive glass
nanospheres and drug sustained release was explored to gain bone tissue engineering scaffold with certain
antibacterial action and controlled release property of drugs. Copper substituted hollow bioactive glass nanospheres
(Cu-HBGNSs) were prepared with sol-gel method by using polyacrylic acid (PAA) as the template and silicon
source, phosphorus source, calcium sources and copper source as inorganic resources. The doping content of Cu-
HBGNs was regulated by changing additive amount of CaO and CuO component. Morphology, structure, element
composition and thermal stability of Cu-HBGNs were characterized by scanning electron microscope (SEM),
transmission electron microscopy ( TEM), energy dispersive spectroscopy (EDS), Fourier-transform infrared
(FTIR), X-ray diffraction (XRD), thermogravimetric analysis (TGA), and N, adsorption-desorption. The results
showed that the controlled copper doping of Cu-HBGNSs could be realized through introducing different mole ratios
of Ca0O and CuO component in bioactive glass system. The morphology and structure of these samples basically
remained unchanged, and the particle size and pore size could be adjusted. Cu-HBGNSs prepared with sol-gel
method has the wide application prospect in drug delivery and bone tissue repair.

Key words: hollow bioactive glass nanospheres; copper; sol-gel method; synthesis; controlled doping
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A YEPEBE IS (BG) J& — i ML 4 A 9 15 PR T
HUR L, 2 Si0, .CaO P, O5 il Na, O 25 3l i 4320
B RERRER B R AL RL S AR TEPEDE RS [/ 1971 4F
¥ Hench S5 & BLLE 50 T A ORL S AR W2 K =
LA RIS s A ) B B 40 K BR
(HBGNs) PR H Ry 0 SO 25 F R IE 45 2 7R, 5
e rp s A Yy B 3 0 K BRAH . HBGNs HA &t 3
TR R ALZS T s AR, PR v s i HL A i R o
4501 WS T 2k e 1Y . HBGNs HAf
KA AE YA S A e i A TR AU T
FER R, BFge s & B HBGNs L4 A i &% 0 B
PEREANTAR  (H AR PERE DU R, A Bl i BB 2T 4
JE S A R R R

AR A B m A S AR AR BRI R R
FLR 3 B B B AR R Wi A G B B L Bk
(Mg) BF(Zn) H8(S) AR (Ag) 55, X4 TCHLIE i i i
Je o AE BT 4 R DATTT IR B AR E IR 9T AL
JEET R (Cw) R AR B TR BT 8 R 4
L A 5 43k, 78 IS A B B ol A i v ke S
FERTCu®" 76 1 M MR EE TR o A 000 ) 8 440 e 3 1
b E EA R, BeAh, Cutt A P EROR
i 48 Co HAMKMPURETEE" . K HBGNs
B R 25k vERe S Cu Fef 19 I 4=
BT T e 4 A T il 45 2 Dy g Pk Cu-HBGNS,
EAIHA RUF 0 25 )25 48 S 25 ) e SL R i M BE
eI LGS AR BCRE T B A T RE S —
B NI B 2 TR L,

ASCLA TR TR (PAAD SRR 1 i 145 - g

T

J 3 I 4 il A ) B B AL 3 B R EL SR i) £ 4B 4 v s
AW B A K 3k (Cu-HBGNSs) o F1 F — 2 51 ik T
BERAEB R v 2 A W B B 4K BR BT S0 2548 B 2k
BT s WFR 48 2% X #5840 vh 25 A W 3 38 4 R BT 33
S5 FLARRIAR B AREE P RE IG5

1 #MEETE

1.1 SLIRZHAH

RWIHIR (PAA, 43 F 2 3000, AR) ; oK &
FE(EtOH, AR); 4 /K (NH; « H, O, ¥ i 25% ~
28% ,AR) ; IF ik ik 2, Iig (TEOS, AR) ; B iR = 7. 1%
(TEP, AR) ; TU/K AR ES (Ca(NO, ), «4H, O, AR) 5
LKA (CuCl, » 2H, O, AR) ; 4 B F 7Kk (DI Water,
LEEAHD .
1.2 BfEPEEYHEBAHRIKE G & %

LI PAA AR, L TEOS, TEP,Ca(NO;), *
4H, O, CuCly *2H, O 7351 A ik U5 W5 5 Y5 A A Y
il % Cu-HBGNs, HHb i Y5 B 5 5 CBG 5+ 4 U0
(B /R HLA 8025215, 56, Wil FH 0. 40 g PAA
VT 180 mL EtOH, i A B3 5 . A 9 mL
NH, «H,O @ A%, 1 h, $RJ5. A 1.87 g TEOS
gk 10 h, MBI AL H O EMRBE . BE, A
0.20 g TEP $it#£ 1 h, Filim A—E R Ca(NO, ),
AH, O F1 CuCl, « 2H, O, i3 48 h 5, B ik 1A 0 L %
R AR CER. 25, BO0EHEAR 3K,
FETE 70 CEMF R4 12 h, B3 [ Rl k.,
B > W B FIHREA 2 °C/min B 700 TR
FrHBRE 5 h, BP Al 53] Cu-HBGNs, 28R
[ B8 /R 454 #2119 Cu-HBGN's B 5 iy 44 K A v Ak
A RANFR 1 PR,

% 1 Cu-HBGNs ¥ i fip & K 18 Rz B4k SF H AL
B Si0; 2 P, O : CaO PAA EtOH NH;+H,O TEOS TEP Ca(NO3)» CuCl,
i :CuOCEE/R 1) /g /mL /mL /g /g <4H,0/g <2H,0/g
HBGNs 80:5:15:0 0. 40 180 9 1. 87 0. 20 0. 40 0
5Cu-HBGNs 80:5:10:5 0. 40 180 9 1.87 0. 20 0. 26 0. 10
10Cu-HBGNs 80:5:5:10 0. 40 180 9 1. 87 0. 20 0.13 0.19
15Cu-HBGNs 80:5:0:15 0. 40 180 9 1. 87 0. 20 0 0. 29

1.3 BEP =SB KB FIE
Cu-HBGN s % il 2 i B2 M8 sl i 2 an & 1 pr
o Jof PAA T EtOH, PAA 43 b & K=&
TR RIS 1A Y SR T A B SR A 4 %P
WERIE . mAREYE 5, TEOS 78 NH; « H, O fii b
YER R 7K ff A 1 SIO. , T fE U5 R B A RE R O
(SFOH) 5 PAA R FL 5y Ia i S BEVE L ff 45
SIO; ¥1514 Fr W i T PAA BRIK SR TH , T8 MR 23

W% PAA@ SIO, & & Wik, 4K 22 fin A B R L 85
TR Y= R e R NN B P e (NP NGRS
H 52204k AR CHLTR F & 458 B0V B P
() StP-Ca-Cu PUZ 73 A5 W) 35 38, 5 8% )2 — I i
PAA@ Cu-BGNs, #x J& - il o 5.0 7K 2 Ht 8%
Bt 4 2 BR AR 7] PAA, 5 3] Cu-HBGNs, H$
J i ] 3 e ACAE AR W B B 4H 4 CaO, CuO Ay BE /R
R S E N
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Kl 1 Cu-HBGNs Byl & i R IE iy R R

1.4 X5 RAE

K kST H T B R (FE-SEM, Ultra55
L f8 ] Carl Zeiss 22 B TE 3 KV s B & R WA
sl (1) 3% THI TR 300 B 43 8018 00 R HH 3% 33 e I Tl i
(TEM,JEM-2100 %, H A Jeol A FD £ 200 kV Ji ik
F T LSRR it P A RO 45 44 5 >R HH 7R SO
JEAL (Zetasizer, NanoZS90 Y, % [E Malvern {{ #5746
BELZN WD 100 5 A K BRAE: il R A K HL 3T 5 >R FH AR
SHHLCTGA, Pyris-1 %1, 35 [ Perkin Elmer /3 7))
L)L 10 °C/min TR RAE 25~800 “C il FEl N
I3 ARIBRERE S AEAS [ BE T i A 68 SR Y
P Y (ASAP2020 HD8S %4, 2 [ Micromeritics
IERARRAFDAE 77 K 508 N XHRE & 64T N, T
BT B0 3, O AR 4l BET J7 %2 F1 BIH J5 145 3]
FE b L2 T AR AL AR 20 A 5 ok T F g A (EDS,
JSM-5610LV B, H AR Jeol 24 ®DAE 10 kV il gk e,
JE T W 43 B R i 1 9T 2R A1 R SR AR ST i 21 Ak
St 3% ¢ (FTIR, Nicolet 5700 %I, 3£ [§ Thermo
Electron 7% ) i i ¥R 16 8 & A 3% 7E 4000 ~ 400
e ™ 1TV P P XA i B Ak A R R AT A A
5 2R X G2k R4 5 (XRD, D8 discover A,
i Bruker AXS A BR 2 F]D i i By R I 7E 20 =
20 °~ 80 ° 4 i [l N 4> BT KE Y A R 25 A
FZH A

2 HR5iTiE

2.1 BIEPEEYIFEBRRKOAZ DT
K 2 S~k B Cu-HBGNs ) TGA il £k,
CaO-SiOz-PZ Os QE%I&I%E@%F%EE?@E 800 C
LA R R 25~800 “CAE Sy #h 43 Hr il 3 Uik 2
F(EN SR = T (U =3 AN PSR (1 NP e
IR T 100 “C I BE i Bl 9 o B il W B 79 K 0 B 5k B
BRI AL FEERAKE, 5. 16 100~500 C
il JEE YU Bl I R i BT 2 BLBEARGR] PAA 9 70 it 5

HOLH B RE, A, A 500~560 C i A [H
N —OH R AE K% — OR 25 5k 35 A (1 2 fi S 2 7
PR, a6 T 560 CIREJEEIN, TGA
LMk T AR UL AR A 4548 AN B A2 4k, HBGNs
e, HMAEA K F ot F2, HBGNs SR B kL5
~15Cu-HBGNSs f9 &3 2% 55 U fifi %5 #8 Cu &2 19 35 n
/N, U E B a1 Cu T B4R S T A w s

Kl 2 KBk Ca-HBGNs iy TGA 2k

2.2 BEP T EMIEBARBRA SRR RS
& 3 Fi& 4 451k Cu-HBGNSs ) FE-SEM [
B TEM EUZR., WK 3 firs A 33 HERIE TE S
FMAIROCH RAREC Y A] ok R A, A
4 FroR KRR I B as S5, R BRAEARGR S B L
PRSI A% 5 AP AR W3R A B 520 FE I A B X
Fo. 25 3 MR 4 Al R CuO B4R CaO 1y
7720l % Cu-HBGNs A M HBGNs i Bk P 45
My 5 rhzs gty , B 5~15Cu-HBGNs BRIE 558000 | Bk
PRI GBI B R B AP, 454 Cu-HBGNSs 11y
B EE I 45 A, 48 Cu & 3 W 3 i B, RE
HBGNs. 5Cu-HBGNs, 10Cu-HBGNs #1 15Cu-
HBGNss [ Y RiA5 435 4 118. 12413 34, 88. 14
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+8.38.74.50+8. 88 nm % 72.21+8.33 nm, fB
B ., 5 ~ 15Cu-HBGNs $i 42 AH % T HBGNs 4%

AT RS BLREE B2 & BRI kR 2
W/ o

W

Kl 3 Cu-HBGNs [ FE-SEM K]

4  Cu-HBGNSs ) TEM

Pl 5 Cu-HBGNSs 1y N, W B3t B 45 i 2k K
LR AT . RE BB i £ 38 Oy TV B2k, &
HEER FEOAE 0. 6~1.0 P/ P, Ju [l HH B 4 i
JEER LT AORER A fLh 2 b0RE. fLAR A
HE—2L R AR AL AR B S BB AS 43 A, LA 25. 51~
45. 21 nm G LR 2R f T AOKER N R
B has e J2 2 5] WA LI AR - A 7 3. 86~

9.27 nm ZE A5, A L A 5 HBGNs Al 5~
15Cu-HBGNs 4 L R A 43514 50. 16 m” /g il
53.12~60.54 m*/g, L& K 0.13 cm®/g il 0. 25 ~
0.32 em®/g, FL & & 10.31 nm F1 17.74 ~
20. 68 nm, P Cu ¥4 T HBGNs A9 b 2 1m
AL KL AR, i PR e KA AR 25 W)
EAR,

K5 Cu-HBGNs B Ny W -5 B A5t 2 SAH I LA 5047 P
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2.3 BT EVBEEAKBKIIRS 5H

[ 6 & Cu-HBGNS (1) EDS Elii%, 0. 28.0. 54,
1.76.1. 98 keV } 3. 72 keV 4k B 55 i 4 AIE 437 55 0 mf
1, HBGNs HEfh ) EZ 0% C. O, Si, P, Ca, Ifif 5~
15Cu-HBGNs i£4E 0. 93 keV A I T Cu HUSFE I,
IEAb, REIEEE /R 7E Cu-HBGN s # 4 H, Cu J5i 1

AR 0~ 1. 73 S [l N & 4G i, Ca J5F o 2 L AE
2. 61~0 Y5 [Bl P2 Wi /I 3 550 i ol 48 B CuO J
CaO A5 HJFRHE ARGIE oo S5 IERARE i B 48 A%
5l A Si.Ca f1 Pt H Cu st R E LI Ca
TR . Cu B2 B BB SO ke i ol SIO,-P, Os-
CaO-CuO AE=YiE D,

Kl 6 Cu-HBGNs f) EDS &

& 7 AR 8 433k Cu-HBGNSs [ FTIR &3 1
XRD &3, il 7 fros  BE S TE 470.805,1100 cm ™!
A HE IR R AR R A U 43 301 A Si-O-Si X BRSS9 2
U | Si-O XA 4415 3l 16 | Si-O-Si A5 X 1) 4 3z o)
W , = 2 Y N RESE AR AT BHRAE I 3X UEBHFE S A &
B EEZE R RRAE . QIR 8 B . T A RE SR AE 20 =

Kl 7 Cu-HBGNs 1y FTIR [&{i

DL PAA AREHR L 45 A - e 1k i 45
YIS T CaO, CuO 531 BE IR H R Il &5 AN Rl 45

22°~25"Qb B T — AN E AL SIO, 18 Sk I, B S
HBGNs i AT 5 58 B 20811, o A AR e 1 R
FEHRE 5 2 1 © P A 8 JC LA 43 T 5 ~ 15Cu-
HBGNs #£ 5 75 20=35. 66°,38. 82°,48. 86°Ab HH BL T
WA CuO RFAR I, FCBR IS R4S Cu B2 9 14 T 15
58, AT HBGNs ) Cu JT& & 8 A%,

8  Cu-HBGNS fty XRD [l
2t () Cu-HBGNSs, i3 EEHFTERUTT
a) F I Bt B U TR B R i A i Cu
HBGNs i ARG PAA 735 B 5 R H o BE R
JERIE | Bl A B BS T AKAR S5 o Ak AT 5 R S
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TR Iy [ A B ek 5 AU U A Y )
RA ZZAERIE L T PAA@Cu-BGNs, P2 0 I
e kbR PAA B3 Cu-HBGN s #3fA;

b) SR FHAS [A] BE SR e B CuO 5 46 4H 7 JEE /R L
CaO 1y 77 B 52 P %F Cu-HBGNs [y o] #5248 2%, 1
Si0, \P; O, H1 CaO [EE/R ek 80515 B, 4351 FH
0.5%.10% . 15%0 B R L i) CuO 5 4 41 1 B8 /R L
CaO B HI45H Cu-HBGN s, 45 54iF i Cu-HBGNss
172 )2 K SI0,-P, 05-CaO-CuO PUZH 434 By 85 585
HigZ&pdai 5 CuO Ut as i miE L

o) B JEPE R #5 1) Cu-HBGNs PR & Hhas Bk
TERL L TOEH R At R, 2B 4%
J& »5~15Cu-HBGNs [ BRIE 4545 S 23 4540 A 52
S, L R BRIE RN et A, H R 42 Cu
BN, Cu-HBGNs R A2 & Wi/, FLA2 | b e im
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MoS; K F @M AREREESH RN &
REEEFRbERE

a{ﬁiﬁz ) ﬁﬂ(%% y EBEBSL L) ﬁlElE‘ﬁi
Wit T K FHME B Fhish F %, 400 310018)

B OE: AT REZANE MoS)MHE A4S T bt R AR A ey AL F ek, 5T 24T B A sk, i id — &
AL B Fr B8 B BRARAE B 20 R L0 3E SEUUAR , 25 A AR AL ) Ak Fe K A R A R S BRALAR @B 4 R F F F (MoS, @CTTs)
AAME, AR X SHEATHAXRD) 1248 & F 24455 (SEM) fo i 41 X 2 F 2 #4045 (TEM) 54 MoS, @CTTs &4
64 4 A8 LB R B AR LY 4 5 38 i 18 0 A A ) 9K A Rk AR K e JE IR AR ) R B I A A e AL S, 4R
A A 150 mA/g 69 W% B, EA A H R R A FiA 8] 1057 mAh/g; 218 175 RIBAAR G, ARG EFH
856 mAh/g, mEHFF A 810, KHLARNEPIIF L oMM LARZULE T BRI,

KHER: s B R E T E AR B T b ROk

FESES: 0614.8 XERFRERRS: A XERS: 1673-3851 (2019) 07-0440-07

Preparation of MoS, nanosheets-wrapped carbon nanotube-in-nanotube

and performance of lithium ion batteries
ZHANG Tianyu, YUAN Yongfeng, GUO Shaoyi, YIN Simin
(Faculty of Mechanical Engineering &. Automation, Zhejiang
Sci-Tech University, Hangzhou 310018, China)

Abstract: In order to improve the electrochemical properties of MoS; as the cathode material of li-ion
battery, it was improved. The MoS, @CTTs composite was synthesized by continuous deposition of silicon
dioxide and carbon precursor on carbon nanotubes and combination of carbonization, etching and
hydrothermal methods. The phase composition and morphology of the composite were analyzed by X-ray
diffraction (XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
The electrochemical properties of the material were studied through constant current charge-discharge
test, multiplier performance test and cyclic voltammetry test. The results show that at the current density
of 150 mA/g, the discharge capacity of the material reaches 1057 mAh/g for the first time, while after 175
cycles, the discharge capacity is 856 mAh/g with the capacity retention rate of 81%. This indicates that the
prepared composite has high specific capacity and excellent cyclic performance.

Key words: MoS;; carbon nanotube-in-nanotube; Li-ion batteries; hydrothermal method
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KR T MoS, K i @Rk K

EREAAPEHR T A SO T i g 441

WA T 24 F I AT . 3 AR R IE &  3
P4 T B A W 2L B i PR A i RN BE i
JEEE N AR R S H b Y SRR AT Y
KR E. HoA, MoS, 1 Hig & & ik 670
mAh/g, [ i HLAG 0 Ry 1 J2 R 454, J2 11 #E A K
(0. 615 nm) , |2 B EAE 1555 . i A R FH1ih Lit
WA/ B . B, BT MoS, ML R %, 7
LiT i A/ Witiir () 3 F b o AR ik 45 h B S DT
T3 MoS, TEFFRE TS 22 . 3k 2L PR Z#F R PR
T MoS, 7rAH S H b 45Uk iy g FH

EEXF MoS, ML G325  (RFRIE K Bt i) [a] 21, 30
B BT RO X T 6 22— il 45 MoS, 9k #4 kL,
SRIG SIRIEAR N Z ALK R AKAT A 880 5 k1T
AT, flan, ¥ RE MoS, /#1884 & A b
FHOURI AR MoS, /i J5 A AL A B — g4 iyt
Ep R E T vk 4 B v, iRk a KA
(CNTs) HA K4 59 5 v A 5 09 ML P BE ANl
R L AR TR B R TR S T R R S R SR R T
F LR T FLER G 2 08 0 25 40 S 4. SR, 2 Sk
MoS, 52 J2 & 1 CNTs =[] (1 42 fisk B BH., [7] i)
CNTs Xf T MoS, #4742 £k () 38 45 7 H A BR
e AS SCHR T DABR 94 K45 1 4% (Carbon nanotube-
in-tube, CTT) Ny 544, G i CTTs 1148 MoS, 44
KA E A KM EES LIBs ffl 1) #4 B
CTTs thryuts CNT S5 &9k a5t 4 4t 178y
FHLEEAR BRI 2R A MR Z Rl A H2 il L BHL. [
i CTTs 5500 45 44 7T AAR I Mo 35 137 496 2 3 i o
MoS, HIRFARE.

1 KIEERS

1.1 IR

RN AAE oA, (5 25 4R A ALl R) 2 \)D L I
RERR T A4, i e Ab iR A BR A FDD L 1]
AR Gyt al s A e AE AR A BR A FED L
P O3 Al e 8 37 Y0 ~40 %6 AN v ioks 4l AL T4
RN FD S AL E (O al, W 98. 5%, L igBTHE
TAACRH A BRAFD S SRR EN (bl , [ 254
AT BRA FD AR S W Oy B gt 11
MR AR AFD .
1.2 CNTs REINAEIL AL IB

ASCHI & B A EHZ BT CNTs i 8 L
KN A 5 S A AT B A BT LA AT CNTs
A R I REAL AL B LABR 25 CNTs Fim Y 2%
BT, Of ff % m ok B 4 % ACE B F Cln

—COOH) , Hy ARk 728 H KM O Je 8 i AL S e
AR AR . HAR A A B B An R . i
6 mol/ LAYHR A FR VA W, HL 50. 00 mL FHEIE IR,
H A 0.5 g CNTs, [A] B 471 148+ » b 4
TR A 70 “CIKI T JREERI 2. 5 h SR 54
UUTEY) SRS 0 o3 125 4 M Te oK S 2 85
KVEEZ WK WP TR RS T 60 °C T4
12. 0 h /32 RE I REIL AL B 9 CNTs,
1.3 MoS,@CTTs E &M BlHH &

¥ 110 mg REHIREILALFE S 1) CNTs 43 HfE
130. 00 mL Jo7K Z FELFN 16. 00 mL 228 F-7K i, #
FEATHL 0.5 he BRI AW A 2. 00 mL 27K [A]
IFFEATRE R . R k¥ 1. 50 mL iF ik R £ 1543k
£ 30. 00 mL Jo/K L EEH, — A B B A i
TR IR TR 24. 0 hy BP W Es 040 55, 15 5
() CNTs@SIO, JL¥EH] 25 8 77K PE% =k, B T4t
70 C P4 12.0 h, B4 300 mg CNTs@
SiO; 73 HAE 110. 00 mL 25 877K F1 48. 00 mL
W MM 0. 32 g B 2K 1%, 0. 45 mL FIJEE
A1 1. 00 mL &K .76 30 CARIBZA R R 16. 0 h,
B = o HGK CREPE 3 WG, KT
PR 5 B P T S T B R Ak 7R SRR LR
PFLLL 2 °C/min () FHEHE R TR E 800 C AR
2.0 h, /8574 CNT@SiO, @C, H 50 mg LA
B PHEE 200. 00 mL gk, & T 80 C/KIB
SR A e A, N A 200 mg CNTs
@Si0, @C 7E 80 “C/AKM M HiHk 3.0 h, LFr 41k
BE KBS0 43 B I R B 1 /K Bk 5 kL 70 °C
T4 12.0 h, # 40 mg Na,MoO, Hl1 80 mg Hift 2,
R F 20. 00 mL g7k i, B 20 mg B
AALRESS B P as nBE W b e 2.0 b, SRJE ¥
IR G W 2K A 2, 200 CTRARIR 24. 0 h,
B Py Es O o B IR VR U RE L BR3P ) MoS, @
CTTs,
1.4 (UBB5EF

FIH D8 discover I X-SH£ i 4% (XRD, {8 5]
Bruker 23 &) %f MoS, @CTTs & & # k1Y iR 45
FgiEAT F24F ., F A Ultra 55 %135 % 5145 3 45
(SEM., 5 E Carl Zeiss 22 a1 JEM-2100 57 5
KA F BB (TEM, HAHE PR SHO X E A6
BB OB S K B as W Bk Ay R R,
PARSTAT2273 #35 M 37 it b Ak 2% T AF 3l fn CT-
2001 A L7k H b 00 3 ASORT B8 5 - v AT L 4K
PR RENR
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1.5 $EEFHihAALR

W15 5, L 2R R 25 55 PVDE 4%
8+ 1+ 1Tt Lb , ¥ A T3 ) 1-HH BE-2- i gt o 1] oo
B R, SIS R G5 R SRORHY S)
(IR PRTE AL BT (9 e b 6 2 )5 1 R i
MR 4 B R R R B, B L B AR B
i, 1 mol/L LiPFs ¥ N I, fE RSB T8
F(MB-10-G) 425 i CR2025 I e i, 5 &t
BEGF (R LM B 24. 0 h S FEAT HL AL 2R R BRI IR
FEJE 70 R IR A 1 - LT B 0. 2 C, TAEH R
Fil 0. 01~3. 00 VA ¥Rk 2 MR 25 14 - Sl o A7 7
10.0~3.0 V,3#i# % 0. 2 mV/s,

2 #EREHSWH
2.1 WtERIM

Kl 1 /& MoS,@CTTs &AM K XRD fil EDS

gEH B 1(a) Sk MoS, @CTTs &4 Mk XRD
I 75 26°4b B AT 5 U8 XoF 1 T otk CNTs, AH LY 1)
PDF A& JCPDS No.41-1487, ¢ 14.4°, 32.7°,
33.5°.39.5° 1 58. 3° (W7 S /5% v F MoS, 4k
K F 9 (002) . (100) . (101),(103) , (110) {4 T « AH
1 PDF -k /& JCPDS No.37-1492, #F 10°ZE 4711
fr B IR B T — A5 T8 i 18 Sk e, IR R T A4 Rt
AR SRAEAE R T CTTs 4M2 RS, @it b
i XRD 038 45 55 0] L) 25 00 5 » %64 B 0 A
H %k CNTs, JE iR FI MoS, 4K H, B 1(b) K
MoS, @CTTs &2 /41 kH EDS E i, Hodr S Fil Mo
JCETE 2. 3 keV Abpyif FE A i EDS py45 4 a7
it 2 AR & C.S.Mo =Fft &, ik
T MBI AR A BT R b C oo R &
A7 LA 65.83%,S LR A Mo TR /54 13.32%
H120.86%,

1 MoS,@CTTs Z& 418k XRD &A1 EDS fEig K

2.2 IR

&l 2 2 MoS, @CTTs # it 75 il £ 25 W Be iy 44
i HL e (SEMD g i iU 85 (TEMD BR B, Hodr, [/ 2
(a) A F M IBEALALBS 1 CNTs AL B I A
TR CNTs AR 20~40 nm, K] kL%
k. B 2(b) R4 CTTs (4 e 55 B8 -, AT LA
AHHAMIESS CNTs AL (B B A2 K F] 100
~150 nm, I H ] LTS g 5] N )2 CNTs gk
AR UL CNTs 78 CTTs P#RZ 2IAR 4
OES SC-REy R S et (O E - = N i A RE N RS
BTSN . 1 2(o) K CTTs 3% 5 L 8% I8 A, 7]
DALER 31—~ ol I BR A0 KA Bl B e — A TR
WA T ANZ R R AR AR T, SRR 2 10 nm,

WAMNZRRAE Z [ 250 )2 B 10~20 nm A 47, [A]
I AEER R CTTs 2 [B] ()34 32 . X Fl o 346 AT
AR CTTs Z [l i 42 il LB, 235 52 & M RL Y HL
%, & 2(d) K MoS, @CTTs &AM b 8
MR, 5 CTTs (B 8 F X ok F » MoS, @
CTTs &4 MR R 02 50 0 S FURE , 2830 7K A
MAE CTTs il K T MoS, ZJ5.CTTs #iF£
FOARM R 21 2 B L T MoS, 44k H )2, [ i
MoS, 4K i A B F5 2 X ik 8] T 468 Li™ sk
BIHEE. B 2(e) k) MoS, @CTTs &AMk E
SPH S IR, Bt 1 MoS, 44 ok F ¥ 4] 0 8 1
CTTs i, CTTs fl MoS, 4k K Z a4 %1
AR KGR T MR IR Y F S R A AR R
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BB T1. RZE MoS, 94K J [n] SR &% X A H] T
MoS, 55 Hufff ot g H2 fil LA Ko L™ AE4 . 76X 0 9 1
Sy PEds Bt L R R T 2 (D R, T LAY I A U 5 #

MoS, Y JZ AR G5 A4 . il (8] B 0 0. 65 nm X J T
MoS, (1 (002) g1 » UEBH MoS, 14k 5 AR = , 4544
R5EE

B 2 MoS, @CTTs ¥ i il 2 45 B BE 69 31 4 B 55 (SEMD F138 B i 85 (TEMD i

2.3 BizEEsemlik

Kl 3 MoS, @CTTs & & # kL s Ak 24 1 fig
M . B 3 Az BHE R % B 150 mA/g
AR = 1 24 19 ek F il . F PR BT R 0. 01~
3.00 V, B iiZdE 1.56 V H10.65 V A4
TP B I A0 B R T LT i A MoS,
F1 MoS, 4k k4 J& Mo ki A F Li, S J ik

WA, BRFEHRMEAE L. 79V R 2.22 VLR
AP R #5iE 2 H Mo £ Mo"
FE] Mo 2 A I NV BRI . Je 2 WX g F
Li,Sh S &AL 5T S At R, [RIFE A H Al S 1
& A AL MoS, A 3ERE A AR R . 2R
2 MR R AR AE 2,12 VAT 1. 46 'V Ab B
THASBI RS- . B I8 TR S FR% AL
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H Li, S, 5 Mot B A R b 45 8. A
3515 2.22 VAL 79 V - AR BT
WX ] i S AL R S/Li, S . Mo/Mo®* 4 F ok
PIANIE B0 0 70 5 i 26 55 B G, R MoS, @
CTTs HLMR A R EATARGF g mT i 1

&l 3(b)J& MoS, @CTTs & A # B I &
(CVOMZR . ZadFE7E 0. 01~3. 00 V [ HL X 1]
HEATIR . A 5 — AR 2 A 34 T 0 43 ) A7
F1.35 VI 2.00 V, Hrp 1.35 V &b iy % 13 F
Mo"" /Mo®" i A 4 J& Mo 3 2, 1if 2. 00 V [
WA DU X 1N F S BRI Bk Li, S, 7RSS —AME A
PR A SE AL W 4> BIAE 1.90 V fl 2.33 V., fii T
1.89 VAb ) & 1L & X+ b F 4 J8 Mo & fk A
Mo'" /Mo® ", [, H BLAE 2. 33 'V Ak g i ) Xof 7
T LS S &b SHETR IR, WX AR
JRIEFB T MoS, 1438kt &, 55 7o ik i i 4%
IS5 R AV L. J5 Z2 906 34 1Y S8 Ak 38 i 06 4 AR 1
B XU T %A B A B i B Ak 2wl ik, R
AL T DA A7 IR ) O B LW R AR,
[ BELAF /] o 33 136 B e 4 K A5 TP A8 1 T 308/ T %
SRR HL A A Ak 5 3SR PR O B A K A P A el
LTMEHR SR ST E T e =T
HL TSR

K 3(c) & MoS, @ CTTs & & ¥ 48 150
mA/ g HL R FE T L 175 YOIE I 78 0 6 B 1 fiE
FPEAS SR B R AE PR i 2 & O 1057
mAh/g, LA & K 1042 mAh/g, EC R Rk
98.6% . T Li" Bk AP KT MoS, )2 A i ,
AR T 20 Li i A 2I7E MoS, , fit A
FERTUR T 10 ASPEI T i 25 1 4 i 1 i 1) 1102
mAh/g. FfiJ5 2 5 F 4R T L 725 67 MG IR

Qb TR 7% o A B B AR B 1Y 486 mAh/g. B 5 K
ARG EH A E. X EH THRREGYEZE
T8 5 R 1Y 5 3 AT BE 5 2 B 19 A TR A7 fiff A F
G A A G 2Ly I 4 © FF A SOk A i
HRIE N AR 175 AE IR, 700 2 R 4 i)
s #1895 mAh/g fil 856 mAh/g, JiE 8 3R N
101 5% . KRR KRN 81 %, ECA B M2
MR, A 85I @ CNT @ MoS, i I 4 BHE 200 ¥R
PEIR IS T 25 5 OA 600 mAh/g™™, MoS, /f1 85 Jfi
Yok B HE AR 200 R B B FEORLHL 4 & O 706
mAh/g" . MoS, /I 4 K J 78 220 A ¥R )5 %5 &
7 831 mAh/g"™, ifif MoS, @CTTs & & # R T
T E M IE i U R R, R T MoS, @
CTTs 1E2h LIBs At d R 7

Bl 3(d) & MoS, @ CTTs & & 4 kY iy %5 %
M BE I JE A 8 R B, AE 0.075,0.150, 0. 375,
0.750 A/g 1 1. 500 A/g WYL EE T . -2
LS 43 5 1209.1117.876.583 mAh/g fil 343
mAh/g, YGHL L B H BT FE R 0.075 A/g B, ik
AR F] 1091 mAh/g. KB B 9] 45 0. 075 A/g
BB TR 90.3%, X FH T MoS, @
CTTs &M BHEA K454 a] 3k Fn e 5 0 R Y
fi R RE

MoS, @CTTs K& ry g4 v fe I T4 2
SERBETT. MoS, ) 4Kk FotRas /e F T LA
W3 . MoS, 747 i fil, MoS, 402K A1 B .38
SUEEE R X478 T L P s e em T+ 5
MIERAE AL 5. MoS, 942K R 5 il J ik 22 ] 5 9% 45
G858 T MoS, 1. CTTs 1550451 fifi
R IEAARXT MoS, B4R AR fb A3 B 588 1) 35 . BE 77 »
W T MoS, WIFEMMRE MERIE R RE
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K3 MoS, @CTTs Atk it fb-arERe i Kl

3 & it

ASCRHT CTTs AE LR, 8 i — A Ak ik A
TR T A (1) 3% SR TR, e A 20 il i K Rl 25 s T
YIS I MoS, @CT Ts Ak, IK HAE il
BT . 7R A ERR I L iR A
B 175 PG AMKIHLRA 856 mAh/g B L
ZA PEARRICRIA 101, 5%, & AR R % 8100, £
T R B A0 PR R M A R Y HE A E MoS,
@CTTs A MBI BRSSO L A 3%
ASCER PR AL S e LR L [R) Iht hy 22 T B3R 19 MoS,
PRAET R 5 1 5 3 S P, i P i s 0 S5 A R
MoS, AYPRFUE R B T 1 0% 438 I 25 0], k3 T
MoS, @CTTs #HEH AL 2= P RE
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Z%E8 ZIF-67 Jk4E4EHR C E4 2 EmE@MNnO;
MAEREINESH NG EREES FHEBER

ST, Rk, BEN, AR
Wit T K FHME B Fhish F %, 400 310018)

1 B RAKRBHE ZIF-67 kAdEdH C RS S @A LA K MnO, 2% 54 A4, AR 4 & &5 XML& 038
(EDS) \ % Z A4+ 42 4% & F . #4% (FESEM) fe ik 44 ¥, F 2 i 55 (TEM) A7 A 5% 69 4 48 20 i A= LT 3, FFAE A i A
BB PRAZ e, BB R AL A MR ERR B R AT A IZ AL R MR . AR SR AW ZIF-67 Jk A3k C S @ik LR
A KT MnO, 4k B 7, AK B &2 150 nm, B4 5~15 nm; £ AEE 0.1 Cad, 3k & C 2 @4E@Mn0O, %k
B M5 B A R AR R AR A 944. 60 mAh/g, 200 KAEIRJE 48 % e B B4R B2 625. 00 mAh/g, &
A AMA AR ZH LR T AT B IR,

L4 ZIF-67; 88 % @R ; MnO, SR B 5] 42 8 F &0k

FESES: 0614.8 XERFRRS: A NEHS: 1673-3851 (2019) 07-0447-06

Preparation of core-shell amorphous C polyhedron derived from
ZIF-67@MnO, nanosheet array composite and performance

of lithium-ion batteries
PENG Xingyuan .YUAN Yongfeng -GUO Shaoyi -YIN Simin
(Faculty of Mechanical Engineering &. Automation, Zhejiang
Sci-Tech University, Hangzhou 310018, China)

Abstract: The MnO, nanosheet material was grown on the amorphous C polyhedron derived from ZIF-
67 (ZIF-67-C@MnQO,) by water bath method. The phase composition and microtopography of the sample
were analyzed by energy dispersive X-ray spectroscopy (EDS), field emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM). MnQO, nanosheet material was used as negative
electrode material to produce lithium battery. The performance of lithium battery was investigated through
constant current charging-discharging and cyclic voltammetry method. The results showed that MnQO,
nanosheet arrays successfully grow on amorphous C polyhedron derived from ZIF-67. The height of
nanosheet is about 150 nm and the thickness is about 150 nm. When the current density was 0.1 C, the
first discharge specific capacity of ZIF-67-C(@MnQ, nanosheet array could reach 944.60 mAh/g, and the
discharge specific capacity of the material after 200 cycles is still maintained at 625.00 mAh/g. This
indicates that the composite has high specific capacity and good cycling performance.

Key words: ZIF-67; C polyhedron; MnQO, nanosheet arrays; lithium-ion battery
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0 51 5

PSR HLAA R BRI R
TACICB S 5 AR S r TR 4 = i
Fe gl T HL AR As 212 W Rl A 4l sh iR 4
IR A 3 1S i AAT 4 uE AgE s
FUL R A8 530 40 3k ) N A% 32 TN S T 2
Tl B 2 JR o NATTAT AT 45 482 0 RT A H, 7 A 9% R
) SRR RS K L A B T LT AE R L ) AR AR 2
B T HORMZ B OGS H R AR L R R Y
WZEARZE , Horh B2 i i o 2, %
&8 E ALY 515 Go A 5 R A B EL A AR 28 35
Ho — & AL 5 (MnO,) H A H g % & & (1230
mAh/@)" AL R, & et m E RS AR K
W51 775 2 MnO, R FEFE MW 46 i C RG24
AT 2 A AECH Tl S R
MR A YK MnO, o DI B2 55 £ H b 14 978 257
e, ARMRAL ST SR B AUE H & T «MnO,/
CNTs gh K # Kl 5 48 MnO, 24 K 25 4§ 4 b,
a-MnQO, /CNTs GK A BB A B R B9 46 L7 =
TEHL I % 24 30 mA/g N CHL 25 i I8 F) 275. 3
mAh/g, X7t F 45 MnO, 49K £F 4k (1) b 25 &, 5
ZA MR RE A 22 . AR R BIFSE N B ok T 45 3
Fb 25 8 B PR AR R UL 519 MinO; o 8 MinO, 1l
W= AE Z2ALE5 K IR SR A e R AR, i Li
SN o B s R TR R D L CNTs/RGO @
MnO, =4t ZfL-FHE Gk i H Ak 2=
WA ZEMBERIL T 00 R 066 R TE 58 F1 R 4
MG AT T

WA DRI IR B SR A B L (ZIF ) 2 — R B A T
FLIX 28 285 46 1) 2K 0k 43 A4 ™. ZIFs PR AL R
R H R DB R R M v A2 B RMOF TR
MTE . AR ZIF-67 fE T RAAR ik ik 5
e Z fLI = 4t ik 2 ik, R A KB ES
KMnO, J i 78 ik 2 T 42 K MnO, 98K J [
5 A3 e BAE f C 48 2 iR @MnO, 449k i
e 55 A8k, F ] EDS, SEM, TEM 5% H 4 48
ZH R IOWIE AL I ) s 0 P b 2R A 7 0 PR AR 22 L FEL IR
Fe i L AR R I A o LA L b PR

1 £ I

1.1 SBAE
Aok R (M40 BT T A AR
IRATBRZA T » 2 SE DRI 0BT 40 I BT T2 Ak,

BHERAD A BRAED B COrHr el AT Sk 4k T
ABRAFD R R OrHral, bife = A7 aln A
FRAFD .
1.2 (E5&H

AERE A H X B LO6IE L (EDS, H A JEOL 24
"D X 41 £k A7 3 {0 ARLXTRA #4 (XRD, % +:
Thermo ARL 723 #1) . 37 & 5 39 4 i 4% (SEM,
Ultra55, Carl Zeiss SMT Pte Ltd) , % &7 H F 0. 13
BL(TEM, HA JEOL 22 5]) , & ARt iy 4k 2 TAE
Ui (PARSTAT2273, B4 ve A BR A R 7 gl
MRAYL (CT-4008-5V10Ma-164 , SR IIHT & A B
AP
1.3 % ZIF-67 IRERIER CERSHEE

# 40 mmol Co(NO;), «6H,O F1 160 mmol
2-H BRI 7333135 T+ 100 sl HY P, o 2-F K wis
Y A BN Co (NO; ), « 6HL O 114 H 9 i O
fi 4k 10 min, i 24. 0 h 5O B R AR A,
BRI 3 76 70 C 14 6.0 h, 743 ZIF-67, H
HAA BB X R R LA 2 °C/min 1Y
BORTHE Z 600 CL AR 2. 0 h, B HI B =, 15 5 2.

kAR KL
1.4 H&FIERCETHEEQMO, XKFFEIES
e

B 50 mg BRI ECT 90 mL L F
7K, 10. 0 min, 15 2] 40 345 B W FK 50 mg
PR RAT R T 90 mL 8 FK, FRELATE W
UL 60 CHEIRAKEBH RN 7.5 hy SR IG5
B0 B s 25 B Kk =k, 8 LA 60 C
Ht 12,0 h, PR EEHE S C ZHK@MnO, 44K F [
NG R
1.5 MRIEHRE

I g O X GRS (EDS) Al X2k
AT FHY (XRD) 238 7= 9 0 2R Je He s B, 7= 0 iy
TIOULIE S5 {6k FH 37 & G 4 4 L BE (SEMD R AE , I 4%
PR EZS E/NT 5. 0X10 ° Pa, il LR 3 kV, &
STE T (TEMD , A5 FE/NT 4 X10°° Pa, #
YEHLJE 200 kV,

1.6 $2EFHARBLFERER

WEIE AT RL K 45 %) PVDF, 5 5 2, b S8 43¢
Jrfe 8¢ 1: 10y Ll W5 A% T 57 1-FR J-2-nit g e
fi b R KIS R SRR Cu
LT RRE S AR A S, A R A R R X H AR B
HESR 2052 4 B, LA W 1 mol/LLIPF, W, 7¢
= AT 2R (MB-10-G) 4 3¢ il CR2025 41
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e . B AR EhE E 24, 0 h JE R THLE
SRR . R pk 2 P B kA S AT i e Ak
2 T VB 3 (PARSTAT2273) F1 357 8 v 3t 0 3t 1%
(CT-4008-5V10Ma-164) JEA7 ., 18 i 78 il B 45 18
HL % 0.1 Co i 0. 01~3. 00 Vi fEIR R
LR AR AL M 0.00~3.00 V, 7 # 5
0.1 mV/s,

2 HRESH
2.1 BREERECEZEEQMO, HAFEIE
BRI MRS

N T B ZIF-67 JRAE ARG C [R%8 Z ik @
MnO, KR BB 5 4R FEAS 41 R S L5 s
#EAT T EDS 734 A5 RN 1 FrR . EL T Rl
AiliL eI 2R Mn,O,C Al Co URNTCR I,
L = AARINCER) EDS 7341, Mn,Co, O fy-F-44
JEF A 1.00:2. 37:4. 57, Horp Mn 5 O f)SFH) R
T T 1:2, ZFRHT C TRk Co
KT AL S ECT ARSI

Bl 1 s ZIF-67 JRAEMEFES C K45 £
R@MnO, 94k A B8 2 &4 B e i

AT A E AR W AR 2R X AR S R AT
T XRD #3075 UK 2 s, 455 &P k¢
FhAE 12. 7°.28. 8°F11 66. 7° MR HTIE S MnO, HFR

R F (JCPDS No.44-0141) —3, 43 5%} % MnO,
fIC110), (310) AT (112) fhifi. BEAbh, BE A 7E 36. 8°
A ST 5 Cos Oy B AR #ER i (JCPDS No. 43~
1003)—3%, %1 Cos O, [ (311) ST .

F 2 #seld ZIF-67 JRAE AR C R4 £ HifA@MnO,
9K Fr 3 B ARG XRD i

2.2 ZERERCETHEHE@MO, IXKFEIE
BRI R RAE

Kl 3 Ak C Z1HR@MnO, 49K 515 &
MORME il 28 25 A B Be iy i e B B . &L 3
(a)}y ZIF-67 1) SEM BB -, A LIVE M 9 ) ZIF-67
AHAGHE RN ZEIE + iR, F ¥k 22y 800
nm, [ 3(b)>A ZIF-67 ik fb)5 19 SEM HE J, K
AL S BURFRU AR , By LA 22 THI A4 1 it A7 32 11 410 A2 M)
Bl h g R 4e It R . ikfb) ZIF-67 H kA%
— AT RS, KB 3 i NIER C 2k
AR MnO,; 99Kk B350 SEM B -, AT L& B
C ZHiRmM AR A K 1 —J2 MnO, 48Kk .78 C
ZHEHGAERKIAA R, A K% TICLE S5
S ABATS SR AT KR 43 38 1 22 AR T AR B AR 554
RRIEERI R, L8 TANZMEH AR . SN2
KA ZAERIE R T BEAACH M EE . S BUEZ G4
B AR B B T AR .

K3 dRdh C ZHA@MnO, 99K 7 FEF SRS A B BER 1 LB T

K 4 Jgzs TARR C ZTHER@MnO, 99K 3]
Eat eSS sEEA. WK 4 )k,

MnO, G0k R FE5I7E C Z TR L5 K I8 il
Y K52 45 46, MnO, 94 K Fr [ 3 19 5 B8 24 2K
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150 nm, 7E &0 #8750 BT (HRTEM) EE Cn &l
4(b)) H, AT LA B MnO, 442k R (1 J5 B KA 5~
15 nm; 0] 3§ M 2> BF MnO, Y & 20, & T ) BE
0. 69 nm, Xf i/ T MnQ, (PDF £ F 72-1982) 114
(110) fh I

K4 dEdh C ZHEIK@MO, 99K FEFIE 4
BRI 2 5 AL Bl R

Tl 2% A R S R ATLEE G s R R X an =X
(DR, FERB RS KMnO, 8 C FEAbaL CO, ,
[ KMnO, H & 3% 8 J5i 5 MnO, , &0 A= B 1)
MnO, ZK R 5 A KT ZIF-67 JRA 1) C Z1H
(NI

C+2KMnO,— K;MnO, +MnO,+CO, A (1)
2.3 EEEIERCESEE@MO, HXFBEIE

BRI B AL BT

Kl 5(a) IR AE i C Z2HR@MnO, K
FFESIRIAG = A6 2 & PR R 2 (CV) i e, HoAE
0.01~3.00 V i K IX [A]H 2L 0.2 mV/s [ H
HORPATIG . 7R — K, 2 SR CV
£k R — R AR SR T 0. 47 VKR T
MnO, if 5 5 MnO (MnO, +2Li" + 2e—>MnO +
Li, O) F1 MnO #— 1 5k Mn 4K 50k (MnO-+
2LiT +2e>Mn+Li,O), %k G 7R = g R
ARE 0.27 VEH T Li,O 484 598 B =
AR ) 25 A ™ e R AL R L T AR
FI7E 1.23 VI 2. 06 V AbA A 555 ) AR AL I, 3
FH Rk 2= AR S 43 P A6 #6475 Min 44 2K Joth 4%
AL Mn® * 1 Mn® TSR Mn' T, B, S EIR
B —EIAE L 0. 47 V H1 1. 23 'V b U4 o J 0
591, X P B 5 A A RE R T SET JRE CE A H i
A D B A . 5 RS =PRI CV il
LI O E AR AU AS L UGB B2 G b kL R G )
TR,

K 5(b) s B C Z K @MnO, 44K
R FESIIER A 0.1 C FAYIE R Fe i <k, i
JEFEH 0. 01~3.00 V., B IR FCHH H 25 553 510
795.20 mAh/g Fl 944.60 mAh/g, FE &% % K

84. 206 55 IR FURC L LA B4 51 841, 40 mAh/g
1 871. 80 mAh/ g, JEARRCRN 96. 5% 3 55 = IR FT L
M2 &= 2 9 8 815.40 mAh/g il 877.80
mAh/g. BRI 92. 8% . FEMCH £k vT LL 3 i
SRR IX I 55— AN X & 3.00 V E 1.50 V
{14y B R 22 ) A IX sl i X 7 T L 39509 AR RN
. & Li £ MnO, iy BEAE MR . 55 = X U2
1.50 V& 0.50 Vi R XK, 5 Lit ik A
RN Ko FEIZ DX R A W AR RO S A6 SR AR A
PRAH Z B3R BPA7 o B T 5 B R AR LAY L I
AMEEE P, XEWREX TS C ZHA@
MnO, Gk R FES 5 G R AN T5 B A 3 B AL
KBR 2 E HEAH R b R . XSS IR AT RE SR T
MnO, 58kiE G518 T RN sh I 416, B2
BT MnO, (5%, 5 = KUK F iR
BHRHE R R X, S — kiR, A
WASEATE 1,23 VA1 2,06 V ki, x5 T CV il
LA AR, TR A R R AR AR B T
0.50-1. 00 V {15, 0] MnO, B4 1 7] 390 18 Ji
S VARFRE

B 5o Bn T 5t AR & C 2 H K @ MnO,
gk B S A MR A R AR, AR TR
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Numerical study of energy separation in free air jet
ZHAI Zhuofan, DONG Ruoling
(Faculty of Mechanical Engineering &. Automation, Zhejiang Sci-Tech University, Hangzhou 310018)

Abstract: To explore the rational energy utilization form, free air jet was chosen as the object of

study. In view of viscosity and heat transfer conditions and on the basis of dimensionless turbulence control

equations, numerical simulation was used to investigate the energy separation of free air jet under subsonic

flow conditions (i.e., velocities of 100, 200 and 300 m/s, respectively), and the influence of Reynolds

number on the energy separation. The analysis result showed the co-existence of high temperature region

and low temperature region outside the boundary layer of free air jet. The bigger the Reynolds number is,

the stronger the energy separation effect is within the subsonic range. This paper confirms the existence of

energy separation outside the boundary layer of free air jet and reveals the mechanism of energy separation

in the fluid field.

Key words: energy separation; free jet; numerical simulation; velocity; mechanism
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Numerical study of influence of inlet ribs on steady flow of centrifugal pump

LIN Peifeng , XU Wenbin
(Faculty of Mechanical Engineering &. Automation, Zhejiang Sci-Tech University,
Hangzhou 310018, China)

Abstract: In order to study the influence of inlet ribs on the steady flow characteristics of centrifugal
pump, the three-dimensional Reynolds time-averaged Navier-Stokes equation and k-epsilon turbulence
model were used to simulate the steady flow of influence of inlet ribs on internal flow of centrifugal pump
by Fluent software. The flow distribution of centrifugal pump impeller entrance and impeller middle
section at different flow points with or without inlet ribs were compared and analyzed. The influence of
inlet ribs on the internal flow and hydraulic characteristics of centrifugal pump were revealed. The
numerical simulation results showed that the inlet ribs obviously improved the flow state of internal flow
field of the centrifugal pump at the small flow rate point, promoted the lift of the centrifugal pump under
the small flow condition, and broadened the efficient operation area of the centrifugal pump.

Key words: inlet ribs; centrifugal pump; steady; numerical simulation; internal flow
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Influence of chord length and circumferential distribution of splitter

blade on internal flow of volute-free centrifugal fan
MA Yinhui, DOU Huashu
(Faculty of Mechanical Engineering &. Automation, Zhejiang Sci-Tech
University, Hangzhou 310018, China)

Abstract: Splitter blades were added into the impeller flow channel of the volute-free centrifugal fan,
and the chord length of the splitter blade and the circumferential position of the splitter blade in the flow
channel were modified. The numerical simulation was carried out for the properties of centrifugal fans
without splitter blade and with different chord length and circumferential position splitter blade by the
steady three-dimensional N-S equation and RNG k-¢ turbulence model. The results show that when the
circumferential position of the splitter blade was at the middle of the flow channel and the chord length of
the splitter blade was 50% of that of main blades, the separation vortex on the suction surface of the blade
could be weakened under various working conditions and secondary flow in the flow channel could be
suppressed. As a result, the static pressure of the fan increased by 10 Pa and the static pressure efficiency
increased by 7%. It has been confirmed that placing the splitter blade in the center of the flow passage
effectively promote the static pressure and static pressure efficiency of volute-free centrifugal fan and
improve the internal flow.

Key words: volute-free centrifugal fan; numerical calculation; splitter blades; separation vortex;

secondary flow
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Region-growing phase unwrapping algorithm based

on branch-cuts and reliability
ZHANG Rui, YAN Liping, ZHANG Haiyan, FENG Haoliang , LOU Yingtian, ZHOU Yanjiang
(Nanometer Measurement Laboratory, Zhejiang Sci-Tech University, Hangzhou 310018, China)

Abstract: In order to improve the accuracy of phase unwrapping, an unwrapping algorithm based on
branch-cuts and reliability was proposed, which stops error propagation by branch-cut and guides the
unurapping path by reliability. Firstly, whether the pixel is the residue was calculated, and branch-cuts
were generated according to the residue. Then, the reliability of pixels was calculated. The sum of
reliabilities of two adjacent pixels was deemed as the reliability of the edges, and the edges were sorted
according to the reliability. Next, the judgement started from the edge with the largest reliability. If any
point corresponding to the edge is not wrapped, and the unwrapping point is not on the branch-cuts,
unwrapping operation is conducted for the edge. If two points corresponding to the edge have been
unwrapped and do not belong to the same unwrapping region, merger operation is conducted for the
unwrapping region. Finally, the branch-cuts were unwrapped. Simulation and experiment show that the
algorithm can effectively reduce error propagation and improve the accuracy of phase unwrapping.

Key words: phase unwrapping; residue; branch-cuts; reliability; region-growing
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|ldentify important nodes in complex network based on

aggregation of multi-attribute preference information
HU Gang ,GAO Hao , XU Xiang
(School of Management Science &. Engineering, Anhui University of Technology , Ma'anshan 243032, China)

Abstract: A method of identifying important nodes in complex network based on aggregation of multi-
attribute preference information was proposed for purpose offacilitating identification of important nodes in
complex network accurately and avoiding deviation of node importance evaluation based on single attribute
index. Firstly, a multi-attribute model for identifying important nodes in complex network consisting of
degree centrality, betweeness centrality, closeness centrality, structural hole and K-core indicators was
built based on the local characteristics, global characteristics and spatial location of nodes, for analyzing,
aggregating and fusing node attribute preference information. Secondly, a multi-attribute decision matrix
for complex network was established with all nodes in the network as evaluation subjects, and the node
attributes were weighted in accordance with the entropy theory, to calculate its closeness to the desired
important node, and sort the importance of network nodes in a refined way. Finally, the model was applied
to the "kite network" and "ARPA network", and destructive experiment of the network was conducted
according to the result of node importance identification. The results suggest that the method is superior to
the existing methods in respect of accuracy.

Key words: complex network; important node identification; multi-attribute decision making;

preference information aggregation; structural hole; closeness
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Single document automatic summarization model

based on hybrid neural network
CHEN Qiaohong , DONG Wen ,SUN Qi, JIA Yubo
(School of Information Science and Technology , Zhejiang Sci-Tech University, Hangzhou 310018, China)

Abstract: Since the existing single document automatic summarization method has poor coherence and
accuracy, an automatic summarization model based on hybrid neural network was proposed. The proposed
model combined convolutional neural network with long short-term memory network, and added a
memory cell state to the input terminal of long short-term memory network. In this model, the
convolutional neural network was used to represent the sentence with vector firstly. Then, the word vector
in each sentence and the sentence vector in the document were inputted into two long short-term memory
networks respectively to get the matching degree between the sentence and the document. And finally, the
sentences with high matching degree were combined to gain the summarization. It was found that,
compared with LSI, LDA, TextRank, PCA and long short-term memory network models, the values of
ROUGE-2 and ROUGE-3 of single-document automatic summarization model increased by about 0.01,
which indicates that the proposed model can obtain the summarization with good readability and clear
context relationship, and effectively improves the quality of automatic summarization.

Key words: hybrid neural network; automatic summarization; convolutional neural network; long

short-term memory network; deep learning
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LSIRRAEE /A 50 2~1000
LDA F: 8%/~ 8 2~10
TextRank [E4i%/ % 20 10~30
PCA F2E 5 B R iR/ A~ 50 20~80
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B = AT kARt M % (Generative adversarial network, GAN) 91| %k R 44 & 9] 8 , BARAL R H 22 &, Jm
Pe M &5 5] ik B R GRS IR ARG M TR A E i BT — AR T ot £ moat i M %09 BB 5 5 5
o A E AR R R T IU A AR B MR R E AR N B e ks 30 S 4 A0 O XA BB AR AR AE , F)
LKA X EAM S P FEE MG, KA Wasserstein I8 B RALE BT ME , FIEREY R 7 F 4% 4 R
R BAFOHAR P F B, £ SetS, Setld X & b, 3 £ ALK N A= B A L8 AR (PSNR, SSIMD) #i 4k F
SRGAN 7 ik, #Z 7 kil AR WA A FRFERIRE A LT, AL INEE Ay A TR, HERA
e REABRAE.

KR AR R AR RML; REF T RESFT ;B ER

hESES: TP1S1 XHERRER: A XEHS: 1673-3851 (2019) 07-0499-10

Image super-resolution method based ongenerative adversarial network
BAO Xiaoan' ,GAO Chunbo' ,ZHANG Na', XU Lu', WU Biao®
(1.School of Information Science and Technology » Zhejiang Sci-Tech University, Hangzhou 310018, China;
2.Department of East Asian Studies, Yamaguchi University, Yamaguchi 753-8514, Japan)

Abstract: To solve the problem of training instability of generative adversarial network, reduce model
complexity, and speed up network learning rate, and improve the visual effect and reconstruction rate of
super-resolution image, an image super-resolution method based on improved generative adversarial
networks is proposed. In the method, improved generative adversarial network is taken as the model,
image features are extracted by combining main content of coarse granularity with detail edge of fine
granularity, super-resolution images are reconstructed by means of linear combination, and generative
adversarial network is optimized via Wasserstein distance. Experimental results show that super-resolution
images with advanced visual effect can be generated with this method, and the method is superior to
SRGAN in respect of subjective evaluation and objective quantification (PSNR/SSIM) in Set5, Setl4 and
such test sets. With this method, by redesigning the network model, feature extraction is conducted more
comprehensively, and network training is conducted more completely, which helps to improve the speed of
super-resolution image reconstruction and image quality.

Key words: image super-resolution; GAN; residual learning; deep learning; image reconstruction
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Wi 15 B B AR B &, K5 B % (Low
resolution, LR) MG B 28X DL /2 AT F 5 5%
RINTEK . 5 ¥R (High resolution, HR) K& 1)
BER B = A IE M A5 S R TR A8 3l 2 14
18I0 RGBS 0 SE BRI oK o FESEBR B
TR AR A8 A IR i B 52 3 7 A 2 B 55 PR R g BRE
il s AR ) RS BER AR, IR, Aoy 45 5
UG 3 P 30 1Ay R 5 il e 1 T . PR 0 B
(Super resolution, SR) 8 #A4F A — i &5 E%R 43 H¢
RIEAR AEEF AR TR B I R G AR %
SUBEREAG T RE RS E R B A A

H AT BUR s P ik E 8 =28, 4%
SRR TRE. EREMEI NIk, R THE
(Interpolation based) i J5 35 R 5 1% HAT % 4
(R R FEARL » RRARR R 0 K B (B 1T DAAR G S8 Bl 15 3% Al
THSEN . 7ESEBR I R B R AR AT 61X R
i PRI ) AR 2 B 8 B 1A | AR 4
% T 7 4 (Reconstruction based) [#) J5 11 3@
e 2K Rl — 5t 1) 2 i ERGHEATE B R G
AR M E R IR, % ™ O
AT HER MR Je g I PERE R LI SR K, 27K
KAGH A = i PG i o s TG T i R EUARR
g5 LK, KT 2% 2 (Learning based) 1Y )7
PRV SR A 2D IS PR AR RN i 43 R R I
Gt F R R AR PR R s o B R
AT AP 5 1k s 5 T 2% 2 B J7 15 vl LA 4 b
FEIRANF H G A e i B S5 ik fg , Pk
520 B MG A A 75 B e OR L & B TR SR
PR Z—.

TREE A S e AL SE SO R B B R ), i
KR FE IR IR R IRE > SRG PR Z
R R . Dong S5 4 T —Fh I T B2 M 45
B & 1% 88 4> B K (Super-resolution convolutional
neural network, SRCNN) J5 ¥ , B U IR B 2 > v
TG 53 PR AR R e AN ORI P
TGRSOl R E k. SRONN 753k
PR T —Fh A R 2 AT 2 A5 S BT R AR
PRI AR LMWL AN G i =N8R40 AR i o
TR EUR I AR PR AL BOR . 7RI
Z 5 MUY T T T IR A ) 1 RGORE 43 R
Tk Kim S0 T 3T VR BE 6 U5 M 2% (Deeply-
recursive convolutional network, DRCN) [ & 14 #

SRCNN J5ikdm 7RG E @R, Kim 559 X
P TR B A AR 2% 1) [RS8 73 BE 38 (Veery deep
super-resolution, VDSR) J5 &, ¥4 5% 22 i) AR 5] A
PG R o3 FR 3, IR T I 2 > (R T2 [l B AR T
52 AR TR BT S o e £ R R Ok B v AR )
PERMA RN, Tai 4R T T30 5 5% 2 M 4%
(Deep recursive residual network, DRRN) f & 14
R A3 BR AT 1%  8 a 3 VA ) B 2 5 A A 1 o T 4% T
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THET R BT A 0 A U 48 ) 4% (Laplacian
super-resolution network, LapSRN) #2  , 1# 15 % 45 |
SRR )7 R HHE PR AR . Ledig 50 42 T3
F Az BT T B 4% (Generative adversarial network,
GAN) 11 & 1% #8 43 H% . (Super-resolution generative
adversarial network, SRGAN) J5 2%, K H 4= B X 7t )
LRI i — AR T T R PR R AL AR

R HETREE 5 ) )r ke — e B BT 1Tl
G 73 B 00 52 R B AT SR AEAE LU T i)
RO B TR P R IR AE AN 8 78 43, A
IR TIAE 55 L B A 4 TR 23 Hh I
RG34 (ARG e 5 58 = 20 1 o
RJE TARZ AT 55 BYAS BT TUAR 1 9 28 J2 A0S
UG A Bl iR 52w 1 R s

AR T HE T A O 9 285 1) RIS R 23
Tio I A G BB S AR AR AR RRAE . 2
HE T AR OGP 4% 1) S5 48, 3254 D AR A 43 PR R
AR HER R 2 ] i i O 2%, JERT T I 45 482
Y, TR S L PR8I0 5 B v ) 2 R R . 5
b AR A R I 2 i R L AR SR T A R
(TR BE 2 S A B O T 8 3 B MG i s 2y =K
TR TCAR B RO 46 T2 il ISR F A i bR ) 225 1 2
FEGE B R

1 AR &R

B IR

Az R BT R 2% A 65 A2 B AL ( Generative
model, G) F1H] HIAE A (Discriminative model, D) P4
AR It BEoR FH N iR p AR, A
Jhf GAN v, Az s ALK M P PR S i A i i 2R
BAE . FNA A S AT B B R Sk F A iU
M ELSCRIIR A= pUREA ) F5 ES AT e A e A R
PEOPIE E . GAN (#4525 pR$k (Loss function) &
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AR B 28 28548, B Y 1 55T B0 9 A Ot ) 4%
1Y & 1% 88 4 #E R 7 5 SRWGAN  ( Wasserstein
GAN for image super-resolution), SRWGAN Hj
2 ZE R UNIEL 2 TR o

E 2 SRWGAN [ %% %l

P 2 Ca) Sy Bk A9 A B 28 A5 A, L s Net-S 3%
IMEATEE R 24, Net-D 7R i di 40 5 W 2% . Az it
BURAR T B ERAE i A il 3d Net-S I Net-D $i
I PBARFAIE SRS Zead AR WS R A (5 F 2 A

HE AR IER . 18 2 () g bt iy 053 I 45 A 220 3%
B It SRGAN f ) | LR 25 R AR ) . 7 fix
Ja—ZEBR T sigmoid K%L,
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2 BEGBIWEFIE

2.1 HFEREX

M2 AT 5538 5 15 B A8 4 - AR A9 48 S8
EARARED i SRGAN J7 ik 2.0 T A Z AT
55 R =k, FEERBG Y MR AF R 3 R o — , Tk

PG ERSIE LR ER . ARSCR W 500 SR
PEIAQRRAE » [) By Ak 38 v A 24075 {5 B AR G5 4015 L
TR ZE A N 4 (Net-S) FEBURAINEE F4 FEAE o = 40 75
P28 (Net-D) 44 B iy 43 40 75 FRAE , S8 Ji5 R FH 5% 22 45
Fa X 1 7 T A B AT Rl o DI A5 2] 58 B G R
fE. SRWGAN FHEFEHGTFRANE 3 FR

B 3 SRWGAN A 45 st i

e 3 iR ARIAEE A 45 R 4 25 RN %%
PR RRE , B2 — D BB 64, K
INF9X9 B AR FR R 28—~ RelLU #0375 R, (%
ISR N 48 FRIE B G AR A0 =X (2) TR

F, (Y, ) =max(0,W, Y, | +b,) (2)
Horr. L Y a4 250 BUESE B L1, 415 F,
TG Z PAFESRIBARAE W, YT RZ NS
b, HMEITY, R E—)Z A B Y A2 A
B 1=1 1Y, MR AR PR RS . B
BESRFKANA 9X9 BYTEIEAR » DL RARAE$RHL
BTG, 5 s AR B ARAIRRAE . = 304 1 I
L1 I 2 S5 ST 25 #4850l {H2 R A 8 2
BRI IS RUZ RN Bl 3X 3, il it IR
()26 B2 N/ ING 46 B REAS O I 45 4R L T R 11
JERAZ T 7] B R B AT B A0 S50 43, LAUE 3R 5
XTS5 BRI EERE F7 . 4RSS Fa) 0 25 Al g
SRR 2545 H 56 B AE 3 B AR I X 4% A B R
FNWE B TRLG A5 B R R (3) Fs
Y=X+ph (X)+vh,(X) (3)
Horpr: p RIS #4028 (R SAN R, v Sl S A T
W28 i AR A , X R A BIR B ER L e A
AEATSE #4045 (0 R B2 ECRR B0 g Ay o A AT ) 245
MRHESE IR Y 4070 15 B ES 15 Bl 5 5
FRIARAE A%
£ SRGAN 1, B/~ 5% 22 e rp 5 A HiL )3 — 1k

(Batch normalization, BN) M g9 4b #8572 . #EIH—
A T S AN 7 22 10 0 O BRUE B 251 7T
AR ARG AR () L R BE ARSI i DX 26 X6 AR 1Y) 2
SReJT FE— R R L AT DLRE G B 2% L bR k) %
Wk, HtIE—fb Ak 3 IE F T G 5 2 1) L (H JF A
18 T BB o Hrin) i, #H— 1k A Ak R AR
(17 IR 1 506 2 18] () A, 76 d i e rh i 2
BB 53 2 B T S BRI I X R RAE . [RIAE
ZWSE AT BN JZ M 45 23585 S8R B X
FB AR T B0 265 Ar S B2 R AR s loss il 2 728
Ko HAN BN ZEIM T NAFHE AU, B2
BB T AFE R i I 26 h S BR T BN 2,
2.2 EHERFMEGER

SRR e R o AR R B 28 i th
b FEGAR [R] 3 BE R AR RUR . B el i R
iy A R 28 I 28 A TAR LA LT B i o X G oy
UL B AR BORASEO ME R 388 s RS R iE
i A G A r X R R X X
DX IR R T 18 43 B R AR AR R - He, T - X
rXHXWXCH RFEUGHE. W R ER 5. C
RGBT EO FRHEEURE G R r X H Xr XW
XC WEaPerEg . S B & e S 7E R
BAFESRIR S R b, R i e — 2l i etk dl &
FEEEUR . FRAEFE ORI E Lm0 4 B B AR
Oy HEREG AT BSR4 PR R — R
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PER IR » P28 5o P8R i I ] &2 2% 25 R
TR . FRZetml 5 MG dtid 72 an =X (O FIs
Ik = fsr Cf mmapping (YD) (4)
For s L 988 3 B 2R s f i 22 7N AR 23 B[]
BEVFHIE R I FFAE BRI, f s 22705 B2 8 73 R 1A
B AR AN (5) B
S mapping (Y) =max(0,W « Y +b) (5)
Hor . 28w AR 2 SRR RN A 3
X3 AHCH r Xr b A B, S ERIZE, G
2 X A BRI 7 B R R . &
AN (6) PR »
Sk (T ewn,e = T\/,/mw,/r.cxy-x;nodu/.,->+cx;md<w.,r>ﬂ»
(6)
Hph HEUR & w HEURITE, r 9 AR5
BERTBORAE T B PR RIE R ES . K2
ARG N r Xr A HXW X C BRI
B Gt A o R R
2.3 MR
GAN K H JS # & (Jessen-Shannon divegence,
TP A AR A SRR B S (R B TS
B A RSN BN MR I AT e . I,
AN IE 1+ Wasserstein BE 2 046 SRWGAN B,
PAUEAR = B A R . Wasserstein i g1
E LA PR
W, (P.,P,)= inf

ve [ Pr.Pe)

Eapollx—yl]

D)
Hr P, WIESHEARS A, P, HAEREAR S, y
S TICP, P o) T BG40 v (x s y) 1)
Bh . MTEEATRIMIKE 21 v, N (x,y) ~y i
KA B ELSIREAR x ERAEA y FEAEEE || x—y
| AR B Ecy — LIl x—y || ] T
JS LR, Toie A B B S i e A R A5 R R
5, Wasserstein # 25 &8 ] DL S & AT A% AH L
WA T RS BV A I, A T SR i Wasserstein B
B, 3@t Lipschitz 221 ¥ Wasserstein P 5528
FR (SO IER
W, (P,,P,) =~ N H%ﬁ%glE"Npr [fo(x)]—
Ecp [fo(x)] (8
Hrr.0 HHNERSEL o FoRFVNZRMES L A5
PRGN A BB 3 A 2Z 6] 1) Wasserstein JH 23,
R, Ak SRWGAN #E7Y ( AT 55 0] UL 300 - 4y 7
— M SEL 0 PLA BB [ Kf K AL Wasserstein
FEEWL(P,.P,), Jilif SRGAN J7ikJE T /0 KAT:

55 H 5 % % Fl sigmoid 1 1 2k oK AR AR ST
SRWGAN 77 3 J& F [l 94T 55, 2468 T e — 2
sigmoid PR, R HIHN 8% fo LA Wasserstein
PR, o/ MU R pR . 1R R (RN, A B A
1G5 AR EMGRATIT . 5028 DAY loss pREAI
H AR G Y loss BRECIN(9) — O iR .

1 m
Exor, [0 ] = Eep [0 ]=Vo[- 277
Fo(Uwd ) *%E;’LL]"G(G((ILR),-))] (9

~E (0] =5, [ 0G0 |

(10)

Hor o AR B EMR S T 1 53 BER R m
FHERST .

ARG HER T E MR

D46

DV S EL, 2% 2] H a =0. 00005, 5T
B c=0. 01, FAYGEARIREL 7 e =51 =64

DEXENB S 0;

DI IR 5

5 FFUR 7 e IRIE

6) M 3 BERIER TP RAE m SRR (T ) 5

7)Mﬁﬁg¥$@@<¢;ﬁ# m gKFé—M%{ Usp)its

SIRHE DT HIBIIK g4

9)il it RMSProp " BILH B S 4 0<0+a -
RMSProp(0.,g4);

10OFRBT S 0<0+clip(@,—c,0);

1D EERERGS

12) MR HEAR IR R A e KB (L), ) 5

IR QO RHUR gos

IDFHEH o<w+a*RMSProp(e,g,);

15 ZE TN 5

16) fRAFRE TSR

IDEH,

3 HEXBSERSH

3.1 SCIRINES

g 2% Il 25 >k 1T 1Y £ 46 4 S BSD200 (3 200
7). General100 (3 100 3§) 1 T91 (I 91 7K), 3k
391 FRAN[A] B R 0 G X DA b R A B R A A
PR AG BN AR R R K BURE T b K
H 3. KANK TXT Y EGR I, 155 381073 5Kk IFI&R L
Pl . T 5t i B0a A2 0 0 i Bl 46
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3512 BSD100(3H: 100 76) , Set14 (3H: 14 5K) F1 Set5
(55K,

SEH ) A BR 8 : Tensorflowl. 2 IR JiE 2% > fE
28, T INZRAnI L A A 4 BC & : Ubuntu 16. 04
YE£& 55 . NVIDIA GeForce GTX 1080 Ti i, Intel
(R) Core(TM) i7-4790 K CPU @4. 00 GHz 4t 3
#%,Kingstom DDR332 GB N7#,

A PR G B s PR FE Al i 32 A4
FWPEN A . EXIPA T8 8 1 AR
PR MG PR EERR M R, FU
8w AT BRI BCE AR bR . ASCRHIEISRE
3 P 1) (80 s (7% 7 i Al O =X, B0 45 R L
(Peak signal to noise ratio, PSNR )M HI%E5 ¥ 4710

P (Structural similarity index method, SSIM)™¥
HAER Y PSNR {E8GE R R R R A
L PG o B 5 0 R R LGORI 1Ry 2 R R
() SSIM {8 T 1. R 7> BER ER 5 & 55
R R BARL
3.2 EfERXBESTSNIL
3.2.1 BN ZEXHLIRIIE

T B UE BN 22X B PR BE 4 5 1) o S5 45 43 5l
Xt BR BN 2 MR B BN JZ 19 SRGAN 45 74 Al
SRWGAN BT 300 kX, 15 K 215
JEIC SRR loss {8, I HiHABIRI A i 4 £5 EIE
(1715 PSNR {EFI-F-3) SSIM {f. SE9ess R ank
1 A1 4 Fs,

% 1 Batch Normalization /2 3 [ 2% 4 8€ 22 i

o WE O LR — AL —
PSNR/dB SSIM Ef7HfE /s PSNR/dAB SSIM WBATIHE] /s

Set5 4 31.63 0. 884 0. 20 31.68 0. 885 0.19

SRGAN Setl4 4 28.03 0.768 0. 41 28.10 0.770 0. 40

BSD100 4 27.10 0.725 0. 20 27.21 0.728 0.18

Set5 4 31.70 0. 889 0.11 31.79 0. 890 0.08

SRWGAN Setl4 4 28.21 0.772 0.16 28. 36 0.778 0.12

BSD100 4 27.32 0.731 0.11 27.49 0.739 0.07

P4 0 R (B R A QRO A 26

1R T R A s 2 BN 2R 1S
O, Horb B BN 10 ) 25 45 A o At IR 7 1

PSNR M- SSIM {8 #5545 Br 7t i H 25k BN
JZH) SRWGAN Y f P 4R A 1 i o] 34 T
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4 R TR loss [HREE R B RO .
H loss HAEMAIML BB T T, XTI BN
JZ SRGAN #5711 loss fH7E 128 EAE# T
FaE A 7E 221 YGRS B /IMEL 0. 4130, X
T2Bk BN )29 SRGAN A, H: loss {HAE 97 K%k
RE # T ARUE R, 78 145 WEAUE th M /ME
0.4042, X} T3 BN )21y SRWGAN #i#1, H
loss fH7E 38 WEAUG B TAE A 78 128 AR
Je B Fe /ME 0. 3983, X ARSI SRWGAN #i
AL, H loss fH7E 21 REE B TRUE IR 78 76 Ik
ARG P /ME 0. 2708, AHXT T8 BN 21
LB, AR SR SRWGAN iR 8 T iR A

(128 TR)ZRAE IR T I 265 DI g WAC SIG B T L 9 4%
IR AR E A B ADIRAS . SERRE R AR
F:Bk BN JZA B TR R 2R s L 42 1 R R
T
3.2.2 MEAMBON S IE

I SRGAN BRI J X H X 4% SCHE 1Y
RCHEASE Y S S A SEER LR 4 AR a) JEUER
SRGAN B, b) Bk HEAF 452 B 4 () SRGAN 45
R, o) etk MR F 7 Y SRGAN AL, d) e kAR
AL ERBH SRGAN BERY, 43505 4 FhBi R 47 300
UIEAR T SRA0 2% R BRI TR B AL 2 . 9292 21
e 5 fiR.

KSR B R A RS T il 2%

K5 R T st A Y A9 loss {RLRE 25 AU B AY
Ak, X TR IR SRGAN AL, FHA 2 s Il 25
PR T 2 2 UGE A REA BICSUIR S . X T
SRR AR I 2 AR L R SR pnd e R A A —
SE BBl AHIE % s B -h AR AR E . X T8k
2E PG iy A AR A L i S 5 b i ik 3 Wi SOk
& M Zhad REAI X P22 . X T leb 40 % R A Y
B, loss {ELAE VI Zrad 72 A A 3 ShAR /DN 252K o
RO 2 0P T B B DI SR BT 45 2 B AL«
PA_ESCIR g R W L AR SCHR T A el D7 SR BE RS AT 3K
i I 28 P RE - v A2 YRR 0 45 A Rl B A 2
BO7CRERE ST B B R S Bk . eV E 1 7

UHEME I ER % A0 A Rl R , Wasserstein 5 B4k
A 5 R 4 o I 48 DI 2R i e e 7k
3.2.3 EMEEEXT LKE

XPASC i SRWGAN B R 47 5296 43 4 o 58
55 VR AT R (1 28 B8 o3 B ki T X L, 2 5
X H B 75 224945 Bicubic, SRCNN, VDSR, DRCN,
SRGAN LI EASCH SRWGAN J5ik, 4 5llic st 4
AN AU [ S 2 P G A i st Al E AR S 3
PSNR {HHIF-¥ SSIM Af 3 7 A i G 0 Jm 5
WK EAR, F& 2—5 4 B/~ T Bicubic, SRCNN,
VDSR.DRCN, SRGAN 7& 3L ) SRWGAN #1 7l 7¢
ANFHORAS £ T H A E R 8 PSNR \SSIM FlE B
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BFIE] o AR TR) R A AR S R A5 A B L B A (Setld) S HORAFEU N 2 F5 3 f5 0 4 5, g
SCHTHERY SRWGAN Tk B % H 5 4 B 1) 5 4t o EIULRT LAE . AR ST $2 9 SRWGAN 7 vk 5 2t
PSNR FI SSIM {E# & i  BE RS . B 6 Bon ARG S RIS W, SO . DL L Segnsh
T UL EJUMOIr B TE A R CRAEECT i s s SRERH], SRWGAN RES AR AL I (] 42 % Ji2 , Hi
1%, 4T B8 B F R butterfly (Set5) Fl baboon MR SERCR: B AT (4T R K14
Fx2 ARBHPFEFGENTFEY PSNR &
AT HER DT 7Y PSNR/dB

FAETES TRAG L

Bicubic SRCNN VDSR DRCN SRGAN SRWGAN

2 33. 69 36. 60 37.53 37.63 37.74 37.78

Setb 3 30. 41 32.62 33.67 33.83 33. 82 34. 08
4 28.43 30. 32 31.35 31.54 31.54 31.79

2 30. 25 32.32 33.05 33.06 33.08 33.09

Setl4 3 27.55 29.15 29.78 29.77 29. 58 29.75
4 26. 01 27.34 28.02 28.03 28.03 28. 36

2 29.57 31.24 31.90 31. 85 31.95 32.03

BSD100 3 27.22 28.31 28. 83 28. 82 28.74 28. 94
4 25.97 26. 83 27.29 27. 24 27.10 27.49

£3 AEABHPRFTEN T SSIM &
ORI P ) SSIM {K

AR S TRORAR K

Bicubic SRCNN VDSR DRCN SRGAN SRWGAN

2 0.931 0. 955 0. 959 0. 959 0. 950 0. 956

Setb 3 0. 869 0. 909 0.921 0.912 0. 910 0. 923
4 0.811 0. 863 0. 883 0. 884 0. 879 0. 890

2 0. 870 0.908 0.913 0.912 0.913 0.917

Setl4 3 0.775 0. 823 0. 832 0. 836 0. 832 0. 838
4 0. 704 0. 753 0. 768 0. 768 0.770 0.778

2 0. 844 0. 889 0. 896 0. 898 0. 892 0. 896

BSD100 3 0. 741 0. 786 0. 799 0. 797 0. 801 0.812
4 0. 670 0.712 0. 726 0. 725 0. 723 0. 739

x4 AR PR T RN T E G B
I3 B TT L -4 R A U] /s

AGITE S TR AR R

Bicubic SRCNN VDSR DRCN SRGAN ~ SRWGAN

2 0. 00 2.18 0.12 0. 64 0. 20 0.08

Set5 3 0. 00 2. 24 0.14 0. 45 0.21 0. 09
4 0. 00 2.11 0.15 0.33 0. 20 0. 08

2 0. 00 4. 34 0. 26 1.12 0. 42 0.11

Setl4 3 0. 00 4. 45 0.27 0.81 0. 43 0.12
4 0. 00 4. 36 0.25 0. 63 0. 41 0.13

2 0. 00 2.57 0.17 0. 84 0.19 0.07

BSD100 3 0. 00 2.58 0. 20 0. 65 0. 22 0.07

4 0.00 2.59 0. 20 0. 46 0.21 0. 06
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K6 TR IS HE A0 A I A R R

4 & &

ARSI T —Fh A BT I 2% 1) A5 43
BRI % 8 L G e A 25 R R AE I A3 A
TTRFAE RIS o AT R BE X 45 B B AR T Dy 4 18 A1 H
MR SO UG TR AR S T MR E Y
TR ;R ] Wasserstein FEE AL GAN W45, f-0E T
BT E M 26 BN 2 AT DU S A e v
fig, @it Set5, Setl4 Fl BSD100 %k 4 4 ok i 42 48
HEATIOAIE , SCB645 F 98], SRWGAN 751 1 LA 24
AR ) 5 2 B L B TH I 248 )11 2 g A e L L o A IR
) PSNR .SSIM {EHSESCER BT SRGAN,

FH T A SCR P o 00 200 15 T 4% FIAVR A0 445 A D) 285 19
2507 AR BUEMGARAE  v] BBt PG AR A » AT 3 G
W L8 IR ANTRE o J B2 BIF 53 fiff R R i 325 1l 1)
Tofs TR 2 T A, 4 R A R 2 S B0
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W OE. AL P HERTAEEARR AR IR S B IERRAR R AR MR ET — ﬁ:}&fﬂ/\
AP 2 W S0P AR AR, ARG R B U R AU A A4 E B A F AT B AT AR AR G ik R
J& ¥ £ AR 2 W 2 (CNND Ao fE 2R AY 2 W 25 (RNN) A8 25 A, R IR & 45 48, SF 5N 2 & iz#wutmnr/\hz#%
s REHRIGZN @ EHEMAT L ERERI s LELER, FHREREAN . Z 5 E bﬂﬁ?afcémﬂx&: AL oY 4235 B
Fo FAFBAFAE s 5 4 %% CNN #E%6 LSTM A= CLSTM AR 3t bk, =5 £ # B E Lo a5 & 5 51425 10. 36%0.5. 01 % 4=
2.39%, 5 £ HIEE L TﬁMA/\%'# 5 12.33% 4. 16 % #= 2. 33%,

KEEIF: AARANZ ML TEIRAY B2 M %58 A £ AR E T2 F A AA

hEHFEE: TP18] XEAFRERD: A NEHS: 1673-3851 (2019) 07-0509-08

Chinese short text classification model based on hybrid neural network
CHEN Qiaohong » WANG Lei, SUN Qi, JIA Yubo
(School of Informatics Science and Technology s Zhejiang Sci-Tech University, Hangzhou 310018, China)

Abstract: In the existing algorithms, feature representation has the sparse problem and high-level
extractin effect of texts is poor. Aiming at these problems, a Chinese short text classification model based
on hybrid neural network was proposed. Firstly, the model screened the feature words at phrase level and
character level through a self-defined the filtering mechanism. Then, convolutional neural network (CNN)
and recurrent neural network (RNN) were combined to extract high-order features of texts, and the
attention mechanism was introduced to optimize high-order vector features. Finally, the obtained high-
order vector features were inputted into the full connection layer to obtain classification results. The
experimental results showed that the proposed method could extract the features of phrase and character
layers. Compared with CNN, LSTM and CLSTM models, the classification accuracy of the proposed
model improveby 10.36%, 5.01% and 2.39% on binary dataset respectively, and the classification
accuracyimproveby 12. 33%, 4.16% and 2. 33%on multiclass dataset respectively.

Key words: CNN; RNN; short text classification; feature representation; attention mechanism

0 3 = — SRR b AT LU 4605 B AL FL LG L Oy T P
- SR B RIERS R 57 T 7 A L s 5 B Al T i R AX

W % EL I ) R R B ) A2 RN, A SRR SR B RS s PR B BUR LAY
W2 b7 A A RN SCAR R IS BG I KL T TR R R AR W 4K N A L AT IE
A 35 S Y it ) SC ARG 7 A SRR SRR T ERIR SIS, RS SO A 3 B A B G
Ve AT R, 4R SRR R 7 R — 5 B R AR IS4 40 O 2 BUS AR

ek H . 2018 —12—13 2% M H 3. 2019—03—31
HAETH . ERARFEI ST H (51775513)
YEF TN BRIGLL(1978— ) 4 WiVTIRmIE N B 2082 . 1, EE TR BB L g 27 > BRI H 5% .
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Kkt

i SUAR G AR GY FE B SOA BRI (R R i
N R S ek, AR R T —
FhEET SVM I 58 SCA G326 07 16, 1% 5 W AR 4 iU
SCAAH SRR I R FH v TR 5 R AR  (HAF AR R
I RAE T AR TAR , H AR 58 SCA B8 64 TR AR )
PR I 23 A B o v RS i ) R ] 2
SRAS & S HZ S R Ll AR, Kim™ R
FH % FH #1284 (Convolutional neural network,
CNNOXHLZ R SOR AT 0 28 i — 28
TR — 25 KA » 5 Jo K A5 380 0 125 B 1) s R A1 i
AB RN KRR . %Ok BRI T3
JE 2 SRR (H R B2 R A 2 DA IR B )2
F#E. Kalchbrenner 500 #2177 —Fh 28 (#5241
TGRSR FH 3 28465 B 28 ) 28 7 400 ) 133047 A 3
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Monotonicity and inequalities for generalized

Hersch-Pfluger distortion function
WANG Fei' ,ZHOU Peigui®
(1. Teaching Section of Mathematics, Zhejiang Institute of Mechanical and Electrical Engineering,

Hangzhou 310053, China; 2. Keyi College of Zhejiang Sci-Tech University, Shangyu 312300, China)

Abstract: In this study, the monotonicity properties of combinations of generalized Hersch-Pfluger

distortion function,inverse hyperbolic tangent function and elementary functions are mainly analyzed with

monotone ' Hopital rule, and precise inequalities of generalized Hersch-Pfluger distortion function

are

established.Besides, the monotonicity properties and inequalities of Hersch-Pfluger distortion function are

figured out via property analysis with Hiiber function, so as to improve the known estimates of solutions

of Ramanujan modular equations.

Key words: precise inequalities; Ramanujan modular equation; generalized Hersch-Pfluger distortion

function;inverse hyperbolic tangent function
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Exact traveling wave solutions to a complex mKdV equation
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Abstract: A complex mKdV equation was studied. The traveling wave equation was reduced to a
planar dynamical system with constant coefficients by using of translation, rotation and scale change. A
second-order ordinary differential equation was obtained in the case that the imaginary part of the complex
coefficient was 0. Various traveling wave solutions to the complex mKdV equation were gained by studying
the exact traveling wave solutions of the equation under different research parameters.
solutions; dynamical systems; bifurcation theory; complex
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An optimal preemptive algorithm for MapReduce scheduling on

three uniform machines
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(School of Sciences, Zhejiang Sci-Tech University, Hangzhou 310018, China)

Abstract: Interruptible uniform parallel machine scheduling under MapReduce environment is studied

in this paper. Under MapReduce environment, each workpiece contains two types of task sets: namely

Map task set and Reduce task set. The tasks in Reduce task set can only be processed after finishing all

tasks in Map tasks. The Map tasks are separable, i.e., they can be arbitrarily split into different small

tasks and processed on different machines in parallel. Interruption is considered for Reduce tasks. Our

objective is to minimize the maximum makespan. For the offline scheduling problem of three uniform

machines, an optimum solution algorithm is provided by the analysis of the types of all instances.

Key words: MapReduce; uniform parallel machine scheduling; makespan; optimal scheduling
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Study on properties of hydroxy-terminated polydimethylsilane

modified with melamine-formaldehyde
DONG Yueben , PEI Kemei
(Chemistry Department, Zhejiang Sci-Tech University, Hangzhou 310018, China)

Abstract: To improve the thermal stability of hydroxy-terminated polydimethylsilane, hydroxy-terminated
polydimethylsilyl was modified with melamine formaldehyde B-stage prepolymer. Thermochromic and infrared
analysis were conducted on polydimethylsiloxane before and after modification. The effect of molar ratio of
melamine and formaldehyde, pH value, temperature and catalyst type on the storage stability and free
formaldehyde content of modified products was studied. The results show that under the conditions of
amount ratio of melamine/formaldehyde of 1:3, pH 0f8.5, temperature of 80.0 ‘C, and ethanolamine as
catalyst, the weight loss rate situation of polydimethylsiloxane changes from 100% weight loss at the
temperature 350. 0 °C before modification into 50% weight lossat the temperature 370.0 °C. Besides, the
modified solutionis stable and the content of free formaldehyde is only 0.68%.

Key words: hydroxyl-terminated polydimethylsilane; melamine-formaldehyde resin; B-stage

prepolymer; thermal stability; free formaldehyde content
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Synthesis and properties of ternary sulfonate dispersant for

pendimethalin suspension
YU Xiao, DONG Qiang, PEI Kemet
(School of Sciences, Zhejiang Sci-Tech University, Hangzhou 310018, China)

Abstract: A water-soluble comb-like ternary polysulfonate dispersant was prepared by using methyl
allyl alcohol polyoxyethylene ether, 2-hydroxyethyl methacrylate and styrene sulfonic sodium as the
monomers. The molecular structure, dispersion and wetting properties of the dispersant were studied. The
polymer structure was characterized by infrared, nuclear magnetic and gel chromatography. The particle
size distribution and wetting effect were characterized by a video contact angle meter and a light scattering
particle size analyzer. The results showed that when the amount of polysulfonate dispersant was 10%, the
Zeta potential and suspension rate were the best, and the suspension rate could reach 95.36% £ 1. 08%.
The average particle size of the suspension before and after heat storage was 0.796 ym and 1.125 pm,
respectively. The attenuation coefficients of dynamic contact angle on lipophilic and hydrophilic leaves after
dilution were 0.29 and 0.48, respectively. The polysulfonate dispersant can effectively adsorb on the
surface of pendimethalin particles and provide electrostatic action and steric hindrance, so that the prepared
high-concentration pendimethalin suspension system is stable.

Key words: polysulfonate dispersant; pendimethalin suspension; heat storage performance; dispersion

properties; wetting performance
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B 6 BEARRER /WO N B X B VR R A 5 )

M EATFAIF ST, 45 SR 26 I - 2B I — FP 3 R [ A
-2k 4% 36. 285 pm i 5 Y0 TR R £ 7 05
JE DA F-BPRi A2 20. 508 pmi T 10 % R AEETRE:
Sy HGAJE A4 R AR 02 0. 796 pom s BT LAE N 43K
FR S 0 AT LAl S o R ) e AR SRS
N, W RCRJFEZGHE B 54~58 C J& TR A
Ae2hj, W RGBT FIAE SC BRI Hh A AN I 2
Sy Gl i BRI RS E T . AR BT R R L 25
TR AN I 45100 o 2k 1y 5 AR & s T O T2 i 45 5 A
A& FH A3 IR Y oA i e S0 485 it 1y ) ), 3506 —
FH R R BT A T S R AR A A R 8 s, ] L
P JE AR & 1. 125 pm, UEBIERIE 3 FE rp
A PRI B I AR S 3 2% BH SR A 1R 8 40 BRI 6 — G
R URLA B 1 2 O8O R I RE sS 1 —H
I3 RGO FAI 2 i A O 3 A A SR B TR A
W S R — 25 i e — S R BRI AR R [R) LAY
fr gt Tl g

B 7 RERFRER GRS I R R AR s
2.1.7 ZHRRBFREEY R r s RYERE

9 AR 2 sl i i) SR Rk 40 BRI/ 4%
H s BN H B 35 s N EISh A Al R A th 2 A
RIS AT . AR 247X 25 R T 5K 1 g iR
35 AR AN [] 4 T 395 4 70 0 0k 3 T ke 5 )
MG R AR 2 AR T A R O A

P8 AN SR A Rk 70 BRI 0 — G ROKEAR Y 5 )

SN 12 590 U A 245 A6 S R o P 5 R v A 2 R0
K9 RWITE 10 s Ze A% — W R B i i e AR 58
T o R AR PR AR 2 Ak T A R 8 34
B 2 PRI TR, MR 2 n IR GRFRER 7 HIGH &
T 1070 1 = B e R S A SR b v e 25 T i A
LI AR RO 0. 29, R AR 25°LIR s 1R K
A B A L B 5 8 AR O 0. 48 4 finh £ [ 5
20°LAR o AR THIE PA5R JS 24 590 5 i R A 4 Sl
FRIE R A T fioh 2% 1 245 570) — Y IG5 81 79 24 2 Y
KA o NSRS R ] A Ay o3 BIOR) B B —
PR B K Mg K M R R PR 5+ . A
AT P v R R AR B 245

P9 SRARRER 0 BIGRI C ] B — Y RS R
S SR T T 3 2 R AU R

*2 RERZOBFIEHNZHRRZZFFN

IRERENEHE
L7/ I Eir | E{/RER/N2 0./¢) K R?
S 9=22.42-F55. 16e 2 22.42 0.29 0.987

R 0=14.83+64.32¢ ** 14.83 0.48 0.993

2.2 TREEESER S BOFRT Z B X RSB
AT B 3 B SRR R AR 73 WG X — Y 3 R
RLE) 3 B % 73 L AT A A0 L i BT 10 2
TSR AR A 2 a5 R 2 1B 1T () (D
UL ORI ML R & AR AE D RE 2328 W] LK
SEBETR ER 73 ORI 2548 73 D WA T 73 « S ik R il ] i
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VAT 73 A2 0 55 % M A A T AT % T 5 SR P
FIAEEERR 73 i MUK A ARGE A A I T
AT SREBERER 73 HOR] B 3 5 T (A Rk 22 [
AHAR IR 3002 o T3 50 A B 1 22 1) 457 BEL A0 s 79
F e FEL A T TR B 55 o AT PR T — FY 78 52 [T R ot
RERETE ST BT b AR A0 B . — Y IR Ok
7 AR R AR E b e T SR AR R 73 HIGH) ) i v
PRI HE (14 25 1) 2 BELARE T e L FP 30 R B i
TR HACRR R P P SR e HIG F) 4 R Ry P
A e AR AL . R SOk F T ) — NH — 454
PEREPA 5 BRI R 7 BOR 70 1 — C= O Pk 2k
Z IR AE R 1 A A R T = IR
IR [ AL . — % R 031 45 K v A A T R AT
PG R 5 5 A PRI GE R 1) R R £ TR 3l 1 i K
PRI mo— o HE AR F i 3R i R £ o I A B T
TR RUR I . SRR ER 3 R BB R AL £
FLAT AL T WLV L PEO DUBE I 1 — 5 J5 B 1Y)
PRV » SR AL 1 22 A B 0S80, o AT felE — F IR
RO 2 BAT B o iR

10 IS T AR R 25 4 =X

LT SRR SR AT R TR AL
3 & it

AR SCLL Y e M TR I 3R 2, L T L Y R R M TR
SRR I AR R TR B4 g LA 4 3] — b SR A TR £
SRR HRITFE T 8 R R ) BB
AE » BRI AR BT ke JE H I P R AR T )
19 2003 R BRI A R e P R B O R Al R S 5 5

Fr A9t T LU EEAL

a) FREBARER 7358 LA R J s TR Pt 3R 4 & A Tk L HR
TR TR G ER IR IR R e A A, i FT-
IR."H-NMR F1 GPC X5 AT RAE 45 R R W5
T =R ERER LR Yy, AT (M, ML) 53 5]
J& 15492 g/mol 11 12371 g/mol, PDI 4 1. 25,

b)) SRl R k3 TR — Jy THLT 0 ok Ay ] 0 A AR
TP R R i 2l R T o R R AT FEL AT, S
SO ) FELHE R 7 5 55— T 28 7K R I SR A 1o A
K A R (1T B s (RS2 BELAE T PR 35 2[R 1 HH 42
fn Uk [B] AR M . SR A5 S e W AE SRR IR LR 70 1
FIGIN A F] 10 Y00, — H R R TR Zeta FlE
T RRRIA B AR, BRI R e MY

o) SR 2 R 53 R0 52 e — H 3 2R AR I R A
. SEURZERIRI AE— YU N 2 OR) & 1
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1 E: @A A s B4R EL A4 Cull 2-(Dpp)bpl, (8244 1.2-(Dpp) bp= = (=3 W) BE ) Fo Cup (D
[TPP(o-OCH;) ], « CH;CN (#4841 2, TPP(o-OCH;) = = (3-¥ A& K A Bh) 69 & Ak, . & 1k 25 4 Fo bk 8247 T BF
Ro BAW 1 ABbd 2 5 R EIA L MERL T ATRS D ERER, Eidh 1 F 2 4 HEEHd, 24
RTHAILA TR T HGEFF B ZAHBALME 0 R ETHA b TR K E AL S8, 5
BAMAAILT RIF0RAL TN AL ECA M 2 W AR R AL T B ot 1, Bebdh 1 Fo 2 08 5T LB £ 2%
B THEEARG o & F RO KT, Be o | F= 2 09T 71 4 3.58.3. 21 eV, 3t Beddh 1 = 2 39 5 T ¥ 54K,

KPR : AL AR ; BB s MR BOAR; = A BeAx Al A

hE 4 S TS195. 644 kRS A XEHRHES: 16733851 (2019) 07-0544-07

Syntheses. structures and properties of cuprous iodide

complexes of triangle coordination geometry
WANG Yajun, SONG Li
(School of Sciences, Zhejiang Sci-Tech University, Hangzhou 310018, China)

Abstract: The syntheses, structures and properties of two new cuprous iodide complexes, Cul
[ 2-(Dpp) bp ], (2-(Dpp) bp= 2-(diphenylphosphino)-biphenyl) and Cu, (;~1) 2[ TPP (o-OCHj;) ], - CH;CN
(TPP(o-OCH;) = tri (3-methoxyphenyl) phosphine) were studied. The complex 1 (Cul[ 2-(Dpp)bp ;)
andcomplex 2 showed structural styles of mononuclear and dinuclear cuprous iodide, respectively. In the
crystal structures of complexes 1 and 2, cuprous atoms showed unusual near-planar triangle coordination
geometry. This may be because of large steric-hinerance effect of phosphine ligand. The two complexes
presented good thermal stability, and the thermal stability of dinuclear complex 2 was better than that of
mononuclear complex 1. The UV-Vis absorption of the complexes 1 and 2 mainly came from the "
electron transfer of the phosphine ligands. The band gaps of complexes 1 and 2 were 3.58 eV and 3.21 eV,
respectively, indicating that the complexes belong to semiconductors.

Key words: cuprous iodide; complex; phosphine ligands; triangle coordination geometry
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MUC SRR A E S L, — N REC G s kEER
A B AR BB S0 R H b A
TSRS PIARL, R A R R AL B
(G TR RE 32 B R 2 1 e

P STV 0] 288 FIC 5 0 b 2 S A0 1 i 3R D1
55 HAbA DLELTCHLEC A D3 [) 21 26 BT B 1 — 2R 45k
4B AL S YA R, i BRE5 #2880, Ak 7 4
BCA PRI LAGT R BRAR U =A% DU AR TE & 1) 25 445
AL, Horb, A UL RS b RS A —
AN X PP AL A A R P TEA S R
() 5 RO AR C 5 9 v, ZE UL SIS e 5 9 vh ke 1L
XA Ohara %7 & 0T — R 5B K 4k
WAL A ¥ [ CuX (4-Mepy) (PPhy), | (X=Cl, Br,
I;4-Mepy=4-H JEMERE) , WF58 A B Br i+ .17
T I A 5 14 2 (A1 A7 BELASCN (75 U AR A 4
GRS A AR Ji - 3R A PO ST G A6 Y DY T
RECAI A . Anastasiadou 265894 2,2,5, 5-PU HI 3
WK s A~ IR Ay A S DL = R R Rl s = 4 P R
LR A RO AR, 5 1 Ak 2 A5 B T — R A A
BLEW). TERCE Y0 SRS kb, R Ry =28
FEREST o C -G v 8 S A D 347 L Y e S A6 1 it
VU TR A BYAFTE o T 24 JBA ST A S = <08 PR DR Jge i
VA SR B =oAL T = AR R, A
XU b AT TE 90 B 0 52 v e B B i DL 254
%E&?@[CUZXﬁJﬂEﬂ/E?%’ [ﬁjﬂd‘ﬂlﬁ[cuzlezzj
AMLCwX, Ly JAIFL A, Leitl 0 Hzi T7 —
FHN[Cu, X, Ly IRV i AL A B 54, Hh ad& [ Cu
(1-X) (PNMe;) ], (X = Br, CD) 1 [Cu (x-D)
(PNPy,) |, RIBCEY). 7EiX2E[Cu, X, L, IR 5
() d AR AR v A D X SR ) T A T 7 A AR
SRR BC S 0 T O RS M 1 0 A X
/B, Chen ZEUH R IE T4 T L Cuy (u3-X) (XD (-
dpmt), | (X=1, Br, Cl; dpmt=2,5-%[ ( &%t
Bt PP Iy ) — A% AR L5 ) A AR R I
IS RN IR Y b R I LA
4K . 7E BT C 248 09 Ak S 47 Bl A 4 v i
TR Z W2 BAT WU S 2R B W 5. H
o, A 2 Cu, L (py)y 2R R HAHSGEC &9, 78
T S U A% A VAR C 75 0 v T D 2 SR P
TR TEC (57 #9289, LA A W S 1 -3 ) AR AR AT
e G 2 PE A B R s o

TE LAY ST 50 FiC 5 10 08 2548 v ST A TR A7
B BRI — A TV e A 4 7R DY T A e A5 ) 75
S Hor, DU T AR A7 A8 AL R S i AR AL

Fa R T WA B SF T = A TR BC A A TR R A L 3
EL R A 7T & B, S AR TR SR Y T AR A7
P U L PCA AL AL AR C 5 W I R S 2 B A W
A5 W72 Ay S TET PO 3 T8 04 TC A6 A AR L A e AR 1Y) ) 7R
2 DLARE RIE B 2 e B IATTE Lt
TR AR AR R, IS AR R I =
FIEBCAL A R, LG A7 A BUTE BC & W UR S A
B KA S RE AR D 5O TR FL A I
BHEA BLA O 948 45 Jr T W B S 052
M VEF . PRI s AnqeTsd 2t i 1A s » 84 AL IV A4 i
AR ELA s , 42 HAT = AP LA A8 7 A LAk
WARZEECA Y, BA SR X

AR SR AT 5 K28 (Al o BEL Y IR A4S 5 A
A2 T R P B = A LA A B
(BT 5 540 B Cul[2-(Dpp) bpl, (BE &4 1,
2-(Dpp) bp = . (R L) B 28 Fl Cu, (p-D),y
[TPP (0-OCH;)], + CH,CN (B & 4% 2, TPP
(0-OCH;) = = (3-HU A B 2R 5D o) . I X & 9 1)
B AR AR ZERE UL B A TR ST .

1 SCIGERSY

1.1 SEIe#ra
YRR SR AR 2 SO HEAT Y S8 P A 1R
AR AT G B s — AR . IR T Y

B SRR I 1,
® 1 LWAEEFEIRFIKEFRR
2 7R SR/ % TR
AL 4] 99 B hr T 3 A PR )
Ll 98~99  KERHER AL A A PR A
TOCOREMDBOE 98 L R A R R
SGHEEAIDRE 98 L 7 R AT R

1.2 SEIR{UER

XL B AT S 2 TE 293 K 4548 T . £ Rigaku
Mercury CCDX-S 24747 S B aE i 4 » Mo-Ka 51 4&
(A=0. 071073 nm, 5.5 & 19 AT 7E SHELXTI-91
(Versiond. 1) FEFPALHRSER . Bl A £r 4l
ISR Avatar 370 £040-0] WG4 A
KBr R E 1. 3 A1 R RUR AR
FIER ST, LA 10 °C/min By TR 3 % 5 I T
R 800 °C, 7 Pyris Diamond & #YY X} £ 51 it
GV T TGAWE ., et CCHIN TR
M EE Elementar vario MICRO V3. 1.0 fJoC &
ST ESAT . &R T . ] Shimadza UV-2450
G316 EE TR 25 BE AR FITTHC 45 4 1 VAR 28 41T DL
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Wt A7, WA Shimadzu UV-2450 S
10 ATEAK BaSO, B2 FUE i X BC & W10 45 40
A D078 S A T I R L AT Kubela-Munk W25 2
SO 2D SN A T A B L R AT A P REBR
5 (Eg) AJi@#t Origin EEIFE3],

1.3 XAHE

B9 1(Cul[2-(Dpp) bp Jo) (G 5 : FREX Cul
(0.019 g, 0.1 mmoD) ¥ f#TE 6 mL LN, iR
2-(Dpp)bp (0. 068 g, 0. 2 mmoD) IFf#AE 6 mL 2
o R B VRS B T PRI MR g 15
JLF ARG HER, TER NHEE L. 24 h 5T
A Aok SR 0. 026 g, 22 30. 08%, Lk Cul i,
JCE ST (Cis Hys P,CuD) 3HEAE: C, 66.48%; H,
4.42%, STEfH. C. 66.25%; H, 4.48%, IR
(KBr pellet): 3052m, 1893w, 1820w, 1478m,
1460s, 1433s, 1310w, 1246w, 1163w, 1090m,
1070w, 1008w, 914w, 747vs, 692vs, 515vs, 495s,
444m/cm,

44 2 (Cu, (Do [TPP (0-OCH;) ], -
CH,CN) BYE il : FREL Cul (0. 019 g, 0.1 mmoD) &
fi1E 5 mL ZJE ., itk TPP(o-OCH,) (0. 035 g,
0. 1 mmoD) % f#AE 4 mL ZHEA 4 mL 4 H ke,
FRRISE RS B IF PRI, 90 °C 4504 F 113
itk 30 min, KB EFEIR )5 LR ILF LA
oS R RS T N e, AN = T S RGP S TN
fuiA 0,054 g, 2% 51.15%, Lk Cul it. JTTE4T
(Cyy Hys NOsP,Cu,I,) H 2 A{l: C, 46.91%; H,
4.03%; N, 1.24%, L8 . C, 46.82%; H,
3.88%; N, 1.35%, IR (KBr pellet): 3052m,
3019m, 2957m, 2939m, 2834m, 1591s, 1567m,
1542m,1497vs, 1458m, 1244vs, 1058s, 1024s, 797s,
7445,699s,642m/cm,

1.4 X-H&RERF

Bea Y 1A 2 AR =2 TE 293 K - . &
Rigaku Mercury CCD #4747 4 Bz W e » # FH Mo-
Ko S8 (A =0. 071073 nm), FhASE H#82 F &
T35 B R 4 00 B B/ AR R 1B R
SHELXTL -t g bbb iR 2548 , BT A e | 1
HSRAERE I TR P B 45 ) Sk, SR AR R R
FEESAOIn A . BCAW 1 AN 2 (2, 2E 5
#H T2 2 v Ao BAA R K S T3 3
BSR4 P,

P A VB ARG B a1 A2 (5
2B RS DL CIF B8 A7 T GUAT b AR 4 254

AR 95 MG 1: CCDC-1897460, A& W)

2:CCDC-1897468, X $L%( 4 il LATE http://www.

cede. cam.ac. uk/conts/ retrieving. html 5 2% 3R B,
R2 BAEW N2 HNREZEE

28 (VR &) 2
A= CisHys P,Cul  Cyy His NOg P, Cup I
e monoclinic orthorhombic
gLy C2/c Pnma
a/nm 1.22942(13) 1. 08496(5)
b/nm 1. 68382(13) 2. 75688(10)
¢/nm 1. 97593 (17) 1. 51943(7)
a/() 90. 00 90. 00
B/ 99. 560(9) 90. 00
y/(®) 90. 00 90. 00
& /nm?® 4.0336(6) 4.5448(3)
V4 4 4
SRR/ (geem ) 1. 428 1. 647
R, . R,=0.0352, R, =0.0345,
wRy (I>26(1))*  wR,=0.0727 wR,;=0.0836

E:Ri =32 F, | —[F /2| F, |s wR: =[Zw (F,* —
FCZ)Z/Ew(FUZ)ZjL/ZO

x3 EEY1M2MWAIEK

HAEMAY D B /om HA AW 2 HEK/nm
II-Cul  0.25567(7) 11-Cul 0. 25855(6)
Cul-P1  0.22738(9) 12-Cul 0. 25866(6)
P1-C1 0.1831(4) 12-CulA  0.26599(9)

Cul-P1  0.22265(10)

x4 EESWI1M2MWEBIERA

BEMawD  #A/O  BEAGEAWD  #H/O
PI-Cul-PIA  134.22(5)  Cul-11-CulA 61.91(2)
PI-Cul-ll  112.89(3)  Cul-12-CulA 61.88(2)
P1-Cul-12 124. 62(3)
P1-Cul-Tl 122.20(3)

11-Cul-12 112. 882(19)

11-Cul-CulA 59.043(11)

12-Cul-Cul A 59.058(11)

TR 1 ERES A: XL Y. 3/2-Z5 BOAR Y 2 s ARy
A:+X,1/2Y, +Z,

2 HR5W®

AW 102 HREEHSH
FCEY) 1 s TR AR BN C2/c, fbfk
PR WA 2, 5B S AR WL AR 3 VB R L AR
4o P BABORZS A7 BE AR B9 — (2R R Jge) Bk
RELH . 5 Cul HAIE REAT = ol 77 A A%

2.1
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WHIFL AW . SRS R 2 A an e 1 R,
rh 8 S5 A M AR B 1 D D R — > i
BeAz T BT T = A IE B L7 A9 Y, Cul JE+ 11 J5
+.P1 575 A JiF e i #&h 11. 5162 —
0.897z = — 1.6649, H FFE K Cu(1)-1(D)
0. 25567(2) nm, Cu(1)-P(1)0. 22738 (2) nm, 5 HAth
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