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Fig.1 Wetting states of a liquid droplet on different solid surfaces in air: (a) Young state, (b) Wenzel state, and (c) Cassie state; Wetting

states of an oil droplet on different solid surfaces underwater: (d) underwater Young state, (¢) underwater Wenzel state, and

(f) underwater Cassie state
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Fig.2 pH responsive copper mesh™: (a) SEM images of copper mesh before and after modification, (b) contact angle of water/oil at
different pH, and (c) separation efficiencies for various oil/water mixtures; pH responsive sponge!™: (d) schematic diagram of
preparation process and pH regulation of oil/water separation, (e) water contact angle at different pH, (f) absorption capacity for

various organic solvents and oils
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Fig.3 pH responsive cotton fabric®'’: (a) schematic illustrations of the preparation and its pH response mechanism, (b) water contact

angle at different pH; pH responsive nylon membrane®™: (¢) schematic diagram of switchable wettability change, (d) digital picture

and separation process diagram for oil-in-water and oil-in-water emulsion before and after separation
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WEFLEE AR B 5 N5 DA R A T D i P88 e 7 AR
15 5 SR 40 0 3R TR R M A R SR K (T=25 C,
WCA=0°) FHBHI/KYE (7=45C, WCA=155°) Z[f{}
FRRE B4R ML, AT A]7E 45 A1 20 ‘C R 4051 5 317
JhA B E O, SRR A B . 5 IRIBFRIIAK 4
BUSLIb st R ZIANT 1,2- R BRI 7R A
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P4l e TR = BRI A 4 R DD IR AT O DRI L SRR R it e R, 2 et R A AL T B A R e T

11.31~13.02 g/g (& 46, FRILH R L HI R
RRAYE R B G MR ISR YAV
LB 5y F et AR 10400, g T 5 o S5 2R e SR A B A 3
RYEFRT, T A U P I T AR 4 T K A B AR .
Chen 2R [ R AR, @R N-RHE
RIS T S e b B REVE AR e R SR, & T — MR
Wi |5 TR AT 4 3 L AR RE . Tl K 2 B AR A SR R
£ 25 CF, MBI A EKIRE (WCA=0°),
KR DL 40K, vl W R AE ARk 2 by YR B T
F 45 CHF, AOREE R P MOEB 25 7K 1 5 AR O 5 K
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o0 18 -o,1desoriﬁonatzst 118 L
2 16t 116 &
@]
O 14k 1323 13.46 {14 °
w)
<12 12 ¢
g 10 ¢
g10 -8 .g
z 8 =
5 6 6 2
2 9]
< 4 4 A8
3 2 2 &

0 0

1 2 3 4 5
Cycle Number

REMEANH & TZRER, X 1,2- 28 AR 1,2- TR L85 7K 53 BEAE A S5 45 21

Fig.4 Temperature responsive melamine sponges'®): (a) switchable wetting behavior, (b) fast oil absorption at 37 ‘C and slow oil

desorption at 20 ‘C, (c) the absorption capacities for various oils and organic liquids; Temperature responsive polyurethane

sponges'®: (d) schematic diagram of the preparation, oil/water separation cycled test results for 1,2-dichloroethane (¢) and

1,2-dibromoethane (f)
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(WCA=134.2°), fUihaeiEidatsk, HAMH @
O/ 8244~10 836 L'-m*-h’',

B, Fan S DIGERE BRI, DRI
KA. it = RIS REGERTR N-S 7 5 A I e el
PEF, 4% T — Rl R AR IR YR e T
JBeo WHFTAE REW: HIAEGRE N 25 CHf, 5 N-JFp 2
PR IZ 57K 03 T iy 1 1A 208, ARE TRV 2 I
HEIK-K R HiglTE (WCA=0°, under-oil contact angle,
UOCA=134°); 124N 45 CHE, % N-J3 P53 R
Jert C=0 I N-H 8 T WA, BikE:RE— 2
#a, LUV AR N B K-K R R PE (WCA=131°;
UOCA=72°), FEFXAEM:, S SR ATTE 45 C IR
W, 25 CHUHERB T A, IRk, AR =
AFEEE 8 Py W I A &R 23.8~53.0 g/g.

5 LCST BRAMAALL, T UCST ZURBER GV
WFFARNT 570 Chen £ 22 FLIH AR S AL R AR M 2
JE, B Sk UCST BY SR U Ik -4 R 0 5 0 B 7E 2 FLIA AR
AEERER L, 2SI 1H, 1H, 2H, 2H-&/FER =24
AR RE R — I g K, A T R I A )
UCST B RERT . BFFTEE SRR iR 30 CH=i2)
80 CH}, KkFEfihfh A\ 103420 [43] 60°+1°, I HI MG
IKHEZPEAK AR . TEFHR SRR 6 MERT, RN
IIERE- L IR I UCST 47 AAT 1855 » 1E3R N AL
REZR T AT 7K 23 B S U BT T el (1 8L FH T35t o

Ding 257V PLSR 4 £ 4 UCST 70 5 75 475 i - TR A e
JE AT 4-ZIFmene Ay )5 kk, R LR B YER& T BA
TGRSR UCST/pH S BRI G K A AE i, ok e
F T K LR R o 2 o BFFL s R SR M - DA 0 T
e H gt M 3 (] 7 R i S B AR S 3R 4- 2 Mt Hh ik e
B T 1) 25 J0 1A/ J5R - A T2 2 T 4 e 38 1 A0 1 =
BRI . 18 pH=7 M1 25 CHIZ&MT, ZEEEMERDIN
BRI e pH=3 M1 55 C2AF N, %A
TR AR A K M- P o K 2> BRI R %
YR AR R 90 & e FEORRIE ke i
IKFLBR B IEZR S BN 217 990, 697 600, 668 520 Al
767 300 L-m>-h'-MPa", JLXt R[4 8 8k R m T
99.5%. LLA, B5 YRR ZE TR 3 /K (pH=3 Fl T=55 'C)
M S AT 2 IRE IS

T i )82 R 7K 2 B AR B R TR A PR e
PASTE 5 G50 s o SR H AT 70 32 B TR E A%
Suft) LCST ZYn] e By /K 2 Bk, JHme i i X
WA REEHITE 32 CEAMRAEEEN. R, ZREH
BER IR B R — 2 VSN (SLCST), 77 28
RERRRAS, HIHEIS RS AR 78 A, IR A0k R 1
Tk i ]S e 7K 3 B AR R S HE)

2.3 FmmpzE

THL&BEAY (TiO,. ZnO. SnO,. Fe,05 Al
V1,05 55 K H 1956 48 HL 725 7O AT AL CRE L g
BERE) PaECR AR Ot 2 F TR
A AL i v A U727

TiO, HA L . MHARBRE A, B Z R T
S5 AN I 42 R R 75 o Fujishima 250759 Yol 7 4%
A SRR PR AR, AT DLBLERT B T, IR N
JERE, TEB RS AR L& T Tio, 2 . WEsuds %
B 125 0 5 Al FEU A 3L 5 K ) B2 ik A E 720+ 1°
AR 0010, TR G AL HE R, K il A O 1S E
WA, HZidf2nigm. Ak g, B &5 Tio,
I EGEREAT T2 W5, PR T — R5DeiEHE
TR K 5y B AR

Li SO L RS R g 48 v 44, DA P25 TiO, &1\
B e 7], — 2 A R M T A T
SR I R A R R A . BT TS A SR 10w
MIEAMT ST 6 h J5, 10 40 R P B B K -7K T
BEMM (WCA=151.1°) #7835 K -/K N s
PECWCA=0°), AT FH T4 & 1E Ot /7K IR A 90 7K A
M4 120 CHAAEI 20 h 5, HIKEBEHK-KTHEE
T, T R B DU SR e/ K TR A TR R AR o B Ab,
28 BRI 45 T WP 23 B AN R SR AL R AN A LIS ) (I
okt R & IE T B+ kD,
W 7R RN H B EE 27~60 5 (K Sa).

Gao ZEUVTLUEKIM N BE I, LA TiO, 4Kk . 4291
S T R SR AR IR S VU e v A, SR IR 5 T
T A PR E AL A TiO,-2k M (BTTMD (& 5b). B
FEEREXW: TP RRAmAEREPRmEESEN
Ak, JRIREE K -K N R (WCA=152.2°43°,
UOCA=0°) ] BTTM &4 S 70 min 5, HiE
10 PR AR R SR K - K T M B M ( WCA=0°,
UOCA=151.6°+3°), A H T 4> 85 A1 Bk /K IR G4 T
22120 CIELLMI 90 min J&, HoiE @K & i K-
KRR, T4 5 SR KRG . 2 Fiig i
TR K BRI E T 93%. A48 DL AR R -
P25 TiO,. fiaaldi 58— F B SRk S be Al 2R S84 IR
JERL, Hl& T —MEDRARGEESGIRE (MGCO).
Wik MGCC VB IR S 7E K Ah A LA Ja IR S R wT 5
I 2 T 0 9 1 P T AR AR . A IR o Y R R R A
HBEEK-7K T #E SR E (WCA=152.2°), o] Fl TR (=
HH AN KIBE IR E (597.4%), &k
AKIBEAN 1.63x10° L-m>h'; WAL E, H
% THI 98 1 3 A0 R 2R K /K R B g v, W R EL
(FROZE . o B A0 95 o )/ KR B & o 5
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(>97.4%), f A E N 1.75x10° L-m>-h'; #t—&
LT ANRG A, KA K 5 AR
Bk T TiO, 4b, JEEHLAMY) V.05 5 ZnO A 7E
AT PR -2 O . Qu SR R A 4k, A
gk V05 il )\ serER, SRAH K IRGE % Tl i
TR AR . BTSRRI 1)\ J 4 9 2=
Bk (WCA=151°), &AM (=254 nm) Y5,
FITBOR I F-28 706 5 V05 H IR AR AILRT S i SR 4
A BAEAR R G, IR EEERIA IR DR OK T, IR
ORI AR A SRR 1 —P 48 60 CHEFEALFE 2 h
Jei, VRV R TR E AT B AR . SRR S
(T ] B FRRim R S8, 1F SR R KR A
%m BT B (>99.95 %), HL 10 IRIES:5) B BN
WHRIEALTE 24 h )5, REMM S IRFEAE, XKV
% P R A LA R G T R S A
Yan SRR A A, LK ZnO SR AN
SRR S AR, R AT B R AR v 1 % T AT I Y
BURERANIN . BT 2 R B I 58 A0 ok BE G A0 #dk
PR B AT, ZAFEWMN B R IR e KNS
RESE KPR Z (R AT IS . AT Bl 4 B A AT
SRR G R, HAAEN 99.0%: &
fy Bk RBEUAT 40 8 1E Ot /KR A W RO A, 3
AN 98.0%. BLAL, 1 AR A LK SZ R E AL
WAR T DA R 22 IR e %, B AL S Ak 2 A B A e 1 .
Chen 2BV DLSR Y4 BN 6, R A AL 22 B B2 16

W, ERR 2L 51N S0, gkki 7 B & L 4],
& TRECT IR R R G . SRR R R (E
it fz S5 K A A R AT 1 A AR R AR A 2 S
ST R AR PR 0 2 B R o R DA A e R R
BB KM (WCA=160°), Z%4ME (1=365nm) [
SHiE, HEARNHEFEKE (WCASO), #E—B4n
W (=440 nm) MG AL F 5, WK & B K M
(WCA=145°). 7K BSMNASE FR . R
J&, B YRR ERE, Jl s 2352 L'm*h T &
A WeA R, SOmARRE B, HOmE N 2653 L-m™h;
PR I K 7 B R Y T 98.7%

B, Yang MU oNEIR, DAERREIE. B
PR AN 4- 2R BN, R BHRIER# T
bt GIRZIE MRt By v S S 5 ke o PR T/ S e
Jet, GERAMDCIREHIEI S, (RN EE R R R AL A
IR, BT RIE AR TS, S8ULER
THI BB 2R — H R U B E A R, APRREIR A AR
FEEIKME (WCA=50°, B 5c); TLenl WG AbFERT,
TRERIE AR v R A T, IR TR SR —
PR e H T B 0 HH oK, MPRHIEE M D K
(WCA=140°, K& 5d). @i RAMEHTAT LA B e G Ak
B, ZAPEHE “BRit” F1“BRK” OIRAS Z BT A i e,
AT AT E M (R, SUR. BRIR — R ER IR
PRIREPFIZM GECKE. H2R. RACATMED /KBS
VIRHZ TR Y8, MEUK PR FIET 1%,

EEOriginal sponge ‘
a B As-prepared sponge PFOA

Dodecane
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Toluene
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Hexane

0 10 20 30 40 50 60
Absorption Capacity/g'g’'
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Fig.5 Adsorption properties of light responsive sponge for various oils (a)’®); (b) preparation process diagram of light responsive

titanium mesh'””; light responsive nylon™: (¢) wettability under UV irradiation, (d) wettability under visible light irradiation
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K FH A0 /mT W6 R A R HE R M B A SRl R
RKIG G R s L R e RS 2 e . =
FE I SRR E SR G IR AT S R R, DA OR BT
HRETE AR T - HLIEm R Ak (TiO,. ZnO
V05 55) B0 FRGE ML SRS, (AR
JEIE R AR . AHECZ R, A LG R R CRgnit
WA BN B YUl N SRR TSR A, (H
Hiil& TEER, mAES, SEAEERE, HX
HRHHYI.

2.4 SRRz EY

CO, & —FhER i HLIGH 1M, WIE A0 B
REMMIG O/, 51K EE DA SR AT
WA, AT S I AL R 2R TV P Y m] A AR

Che 2553 L) H 36 R4 R HH R 5 58 NON- 2 2 Bk ik
R TR M TR T DM DRk, Seidiad B e 28 SR G R A B pH
M B RS L SR, PSR FH R T 22 BOR ) 4% T AT D) i
TR B REG K LSRR (SNMD. BEFESE KW SNM
22 CO, B 15 min J5, % NN- Z gt B S
1% T R BURE B ] 5 7K 1 COp KA F- A 2,
O R K SR K BE R SR, H U T M N B K M
(WCA=140°) A M3E/KME (WCA=36°); M4 N,
AbFE 15 min 5, CO, 8 25Bk, UK 3 1 25 i 70 A
SNM FEWR A Bk M o gk 0 B R 45 SRR W], 24
AKIBEDEIN BB, UmAEE SNM i,
HIBE WL 17 000 L-m™h'; £ CO, #W g, K%
% SNM i, /KBS N 9554 L-m™h'; £ N, kb B
Ja s E I RE AT B E  7E S IRIEIR A B SEE
IECkE AR E B K KIR G4 SNM. 40 55
Ja, HKEEMKE 30 pg/g.

IR TAE A CO, M L) 22 7 T A FR R o DR b
Shirin-Abadi ™R FAHE T 2014 T CO, 1 P) 4
FKME (CO,-SHMD, DAL g 2 5t 4 il K 45
AR AT R AR EHEAT T R R & CO,
0 15 min J5, SHM JEIBYEMBLKE (WCA=140°)
A ONSEKYE (WCA=36°). 2 Jh i B@ A Rfk b
20 min, JEIBEA REKE BB ACKRE (WCA=140°);
FHZ T, KA BHIER LA CO, TR 1IR3
Uk, RFBAE 15V B T A 5 min, AT YK
HHACIRE, XK KGR T CO, M b7 1 5] e b ]

WAL —Fi it R M RARE LT 4adRl, BA W
P A PR AR A AR 25 B 545 45 o Liang 251
DN GEACY/YSE- 2 NV E AN e S U R S
Mg WAl ER, R A RERGES& T —
Fft CO, i B RS /K S B AR . WL R SR A6
S R I IR P R DN B K-SR (WCA=140°),

2 CO, Ab PR 5, 3R T W 1 AR D 5 K - B v
(WCA=30°); 1] 28 N, b B2 J5 i 98 1 ] Pk 2 B KRS
WK B IR G R AR SV AT AN ] 257 ) g
KIBEY) CROKEIKS YK TE e/ KR 2/
KO AT E, HABMEYET 90%.

H LG T Al o B AR K oy AR, SARAE A
AN A R R IR S AT D A B R AR A
AT TN HZ, Harrmm s Sk =2 R R=E
S COy AFIF “RBR” SUFIRIE. M4h, K2
) CO, IR i FELR18, W EHIMIURE) )1k
8 T PR B AR (B T
2.5 ®iZmEE

2 H I PR VR 5 5 R IR Z R, A S
RN 2R 5 Py ata o W 2 s o9 1 B ST = W e 1 5 8
T U 4% ] 4 3 T 1 9 4 e 130871,

Zheng SRR AN I A kA, DL B R i N R
A e S IR R D LA, DA R R AR S AR
BRI, R FLAG R & 07 105 3R oK e 4 e L B A
Bk b, & 60 CTME 1 h 45 g m v A R 5540
W o B TS AR B oSO AN B AN X 11 i 9 1 3R A
KK FHBEMYE (WCA=146°); X4jEhn 170 V H
B, JER AR R SR K- /K R BRI (WCA=40°);
AT K > B SE S, HAERRY, ZAHE WML
FOVF AR I, S e PRI B K R AR g 7K TR
BV B RS N 99.5% 99.9%F1 99.2%

Du 2B K A 4RI, K HRBAS
3-FH LMy RN TE K &R AL 1 Z S o, R IE R
R 22 2% 7 AT )4 iR 2 L Y (CMS-P) . BfF AL
GERRH] . MEHON 2.0 VI, TKEERE G Clo,”
HEN 3-FEEmy 33U E AN IR UK 2 155
KAH ¥, CMS-P i 8 M 3 A8 O M o8 K M
(WCA=0°), "] T4 & 1E kKB AL ; miE
—0.5V I}, 3-FEEMEM AR, ClO, # R a1 g i
i, CMS-P IR B KM (WCA=152°42°), W[4
IR A KL, 2 FE LT LR B AR
T 99.5%.

H 177V Dy 471 308 T A s A P 0 1 B AT TR A
Wi 97 3l B PR L R T AR AR A SR, X — i R AR A
TR AL Y, RERERLE HAA —E MR,
—EFRE L PR T 7 e SRR E K 4 B AT
W5 N .

2.6 FHAithmmpyE

[ S S8 R B ULz P B NG S % 2
WD QDAY v S S R e R R N I SN R L
B e LR A A R T T K 4
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B L2 e F R AR T B, R — Tl ) A T K 2 g
G55 R 7 . Fang S50 S 1h T R R v RN 42
ot O AR N R, SR B LY 2 T A
T AR R K A B . B AL SRR Yl
BT K B (WCA=151°) L5 /%5 a5
25 s Ja, FERERE A R KM, FTHT 28 Ok
HOR . VRN B S R K B LV FEE e 3 )
LU B B K, RT3 B b R I A v L K LR
2 Rl UL T F K 43 B BN 428~800 L-m™>-h', 4
ML) T 99.0%-

F R SR VUM & Rt
UF SO AL, B S8 SR 0 ) 4% HY 22 b ] ol i e B M )
Yu 2PV R BOE 2 B AR K SR R R R e A A SR
M b B 2 W oz b, AR T O B K - SR T
(WCA=156°, OCA=0°) el M, 48 A% S
TARAEL 30 s Ja, JEE M AR N O K -6 B v
(WCA=0°, OCA=152°), AH T/ & (Eck)
IKIBEWD, I3 B RN 98%; 1T 28 3 A T 4 WA
S B K -HE SR, W T o (R K R A
M, BERCRN 97%. 1ZHINE 30 %S K 5 25l
RJE, HBEMKT 94%, HAE 1 mol/L 2R 1 mol/L
AN 1 mol/L AN VE R HIRIE 2 h J5, K1)
KR ETK P, 1X L HR R B2 R B A A S )R]
T A S MR 2 R

Huang 22 LS AT 0RL A JERE, R 0 88 722
POk 18 7K (WCA=15°1°) MEA4E (LiV)
JZIEMR, HATHF B Dt A B i
A AKIEEY), KiBERIA 7000 L-m™h', H4HE
JE KRB AR & 2T 10 pg/g. M5, K%
0 A A 2 TR AR 2 IR VAR A (KDL 45 (Ca™™ ) 4l (La®™)
MY (Sn*") P TKERT, B85 LiTkRA N
BT, B R R K B il £ 53 i) R v E
56°+2°, 63°+£3°, 75°+2°F1 101°+2°,

Bai PSR, SRABHRIESIS T
99K ZnO WEMARY, W5 LR AR R - L B R
V15 min J5, ZAEIN R I BT K- R,
AT B SR Al e R B
KA, HABEE ) 21~23 L'm>h', HEMES
T 99.0%; 1% NaOH ¥ IR 15 min 5, MK
BB SR KK R B HRAS , AT 2 B b I R K AL
FLB, A EEEAN 15~30 L'm*h!, HEMAEET
98.0%

Lin 2P0 & @A B N B, LA A AL, HF
IR N H A, R FH BEAS BEAe 2 h1) #% 7 3 7 e J32 8
BB . PP R R M5 B AR R AE A IR TR -

IR 30 min J5,  FCEVE AR N B K-
SR, THFEN (CEFR. 12- & OEREDD
PKIBEYIR 7, HHEEN 1.6x10°~2.3x10° L-m™h"',
WAL =T 99.85 % T4 DY PRIRZ I 30 min
Jei s FLIEVE R R SR KK R B, W] 4 B
(IECkE. EFpmMmeEm) KRG, EEHN
1.3x10%~1.45x10* L-m™>-h™", 438 J5 K ik 2 5 S Al
fXF 100 mg/L.

3 REERE

AR, Tl PR PR e R s Rk Yot S U
G AR R 38 Y BT ACE L kK o
FBE. AT 48 R R B 20 2 MR E AR B K IR A
RA RN MR L2 RN SRR K
SCLFEIR TR P R K A R SRR Ut R
HAAA T pHL RS AT A R o S R A R
BAREAE MK 7 B S SUR B AT A A T 5, H
E 52 B NP A AT SR A7 AE LA 1 i«

1 HAT, TR R T o — R AT L]
WS E L TR, @ 5 — MR A A T
2l 7 “A REAU AT R GERIT T 3R T RS 5 R IR 2R T RE 4 )5 11
PEFAMLERD s TS0 28 B 2 T ) 9 1 2 A 1 B8 B 7
AARE, ML A B

(2) HATE R S AR Z A HLE o TR E
Wy, o] % 1 R B A A LR R R A B
BA—Emfaitt, Ho5Em = xR EG 4.

(30 H R A AT )45 95 2 7 B R RL K #R ik = i R
Bt o JCH A A R AR pH WS AR, AR
T2 SRR PR e 7K TR A I 2 SR 2 T U R R R A

(4)°K 2 FEAR R RE 5 0 o 157 7 1] 46 45 52 R
WARVUR T 281G, WE RS G UMBER N E. 4
KR RGPS By Ok 25 FLARTHT (R R I N 5
TR P2

(5] IR A 7 B AP RHK ] 2 T2t Ar fE— €
FRBRIE . Blhn, REGER 5 T EBEIEAEAR LRI
A, BEBIEEALLN, BERSERER, REETE
ok, H &R, RE| T HAESKER RN .

BT UL B, WATAAS F— BN, ")
AR R RE T K 7> B AR WU AT

(1) G555 FEZ o BB A1 70 1 30 22 LA, PR
] % 2 T 1 R PR A AL O AT ML R, 3 7 3R T YD S
B S A MR, DN PG T U B 4 B 56 3 1 B
WAL, B4 AR TR R RE MK o AR T A

(2) RS REA HIT5 JmJE0RE,  fnmT f#
I B R AT AERRE, A BRI I, A Sk
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FERE, T AT R0 8 25 SRR B (10 8 Re il 7Kk 70 B A
flhn, fFHREARMERA . R AR AES
FLIa By FE L0238, il 4% fry ik 7K 43 B A RHEAT £ 5
RIBUBRIE e AN A 2R e 1, ek 1 HATH KR &
WL RE AR A e i AL < R 5 L A A i 2 22 S )
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Intelligent Oil/Water Separation Materials with Reversible Wettability

Gao Yabo', Huang Zhong', Jia Quanli’, Zhang Haijun', Zhang Shaowei'
(1. State Key Laboratory of Refractories and Metallurgy, Wuhan University of Science and Technology, Wuhan 430081, China)
(2. Henan Key Laboratory of High Temperature Functional Ceramics, Zhengzhou University, Zhengzhou 450052, China)

Abstract: The frequent occurrence of oil spill accidents and the illegal discharge of industrial oily sewage not only cause a waste of natural
resources, but also seriously damage our ecological environment. Intelligent oil/water separation materials feature with the cyclically
reversible wettability between hydrophilicity and hydrophobicity, which can flexibly deal with various oil/water mixtures and shows
excellent oil-water separation ability. In this paper, the phenomenon of surface wettability and mechanism of switchable wettability are
introduced, and the research progress of intelligent oil/water separation materials is reviewed according to the different external stimuli,
such as pH, temperature, light, gas and etc. Finally, the main problems and challenges in this field are presented, and its future development
direction is prospected.
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