—t

R S48 2020,38(17)

www.kjdb.org 115

AR FR/AREEAR . S

BRI T 55

XMRT, $1 /045", Thomas P. Russell”

L AESE TR AL SRR 5 TR SR R BB SO, AL 5L 100029
2. IR A PRI 0 B o T-REE S TR &, SRIEIPERITRF 01003

WE AL TR 5 5 0 B A T iR IR 2 2 b SRURI R 5 R A R ) T S
JE o H T AL TR B 0 B HEAL A RE A4 DR S U B B4 R I FH R 4
HH 3 2R 290 RO 3 T 7R ) T A 2 T TR 4 R A TR 14 R 3R L R P 9 R S

ARG AT F 3 T7 17 o
e 30|

FRYED A G 22 R AR, 138 Ak HLAT [ 5
JERFMEFL, SOR 55 AR (38 R S s AT —
AR E A EE B, B Tish S s
BB, ORR R FRBE RS o, R — 2R T A
PR RAR Z [ W S A2 T o X — M i i ik
E P 5K de Gennes $& 11", 0 35 1AL W I
W REY EA A HAR A MA IR I AT
MR RERR . BT, Wi C 2 o 5 sy 3 b
S EY) 3 R AER R R TS, 2 B PR
IBERZ IR LT Ry e

AR, T U I AR Z A S — Tl B 4K

ZNARKLT 5 AR T 5 [ 23 s SR AR AR 5 3 JEARAS

Yy Ik K 5 M AL WAK (structured liquids) , 572
B THOREZ B CTE . 5SSO A SOR A
FAREAN ], 45 K4 A VR AAR S5 1 8 1 A e I A ) 285
FREE Ve, AR T B ) , & — Rl T3 23R
S W B AR 3 — 45 2 S PR T XL
% 2 R 2| W BE S (bicontinuous interfacially jammed
emulsion gel, Bijel) , F* 2005 4F fH Cates %5 H &
W B IR 28 2 DT R BUE A AR B, JF R 2 4R J5 h
Clegg ANl T SLHGUESE o M4 —FBTE A AR
SRER SRR B R SR IEALE T PAH 5w A
PR (3% ZEAH7E (jamming transition) . 41 R

Yk H 11 :2020-03-06; & 11 H 1] : 2020-05-18

B TUH AL A ARRE LA T H (2194083) 5 FI K [ AR FHFIL AT H (51903011)
FEB TR  XUR ST AE  BIFSE 0 8] S KRV 5 18T 1 21268, HB T (54 < liutan9 18 @live.com s 52/ GRFVEE ) L WFE 01, WF5E I 11 o
AT A REW R S5, {548 : shisw@mail.buct.edu.cn; Thomas P. Russell (FL[RlEAEVEE ), #d%2, 0F55 7 0 M5

S, B 54 < russell@mail .pse.umass.edu

SR XR, LM, Thomas P. Russell. 94 KRE T WAR A 21% - Z5F AL A BT S M SR, BS540, 2020, 38(17): 115-126;

doi: 10.3981/j.issn.1000-7857.2020.17.011



—t

116 www.kjdb.org

RS S48 2020,38(17)

GERRL T AR R A e IR 8] 64 1 e A RR D
/NTTASRE A A Bl (4 R G ML T F A IR A
ARATEAT W T LA A TSR FEAAE X
MR AE B R AT P AR R R UL, Sl g %E U
DU B IEIE R 3% 2E5E (B 1 (a) (B 1(b)) AR
Y Liu SE7HR T )38 FERH 18], 3 8 270 R 08 0 1
JE N SARMRAY R FARAS A R A A s dun] Ui ad 4
el B2 B AN A Ty (U 85t B2 ) 18 A 28 i e (1€ 1
(c))o fEZIJLHMARZ R, FrIRL 13 ZEAR A AN
AT 1 5 0 AH R ARG 2 i EL m] A S8
Sk S WS B IR R G A, TS B A
ARSI ST, XTSRS , AU B T
TR A 5 i 0y TR 2 e o ) B , T EL XS T4
SRR S D RE R RHS R S ZR AR U AR HoAY
R AR TR A A RERY i
AR T R BE AR U AT T I A4 1S RIS o

T Temperature

Loose grains,
bubbles, droplets etc.

1/Density

(h) A&l %8 (c) SHIFERAET

B BB ZEE R I Al 2 M E FE R K]

AR BB 20 T4 8O AR MUK e R i —
AHATTETT A o AEGOKRNEE T AR B A 5
TR A BRI A0 A e
S AVERT . BEAE XK AR R A R TR
e, AT U AR BRI S ) B0 A R FE A
ZARBA R LR, FErpo0S T anfaf A FH 9 KA R4
TG A S5 R BE D RE A 4 A 2 Ry
BB Al Wy BRI S8 SUBEFE s ) 3=
TPk — o SR, BT AR KORL TR SR E 45 A
AR TFAR o, ZESRORL 18 S AUR 4 1 o
PRI, X 5 2B R A AP 9K . 53— T3, 40
KL h TARARE I, G RERR AR S IRAEAR 2 , 24

FEARAL A B e N 380 25 38 A AR5~ PSR T
KR ZARAR . DRI, T ARk S IR ASA8) AL TR 1A
AR SR, A 31 S5 B — U A A A0 S AR R P
TERIBIE ,— BRI U M A58 i )

AR SO AR AL -0 T ) 212 S HEAR 25
AR 1) K 345 5 TR O 23348 , 45 5 LR R s
P, 38 52 43 BT [ A SN DG 98 26 i, 3R 456 B R 4 oK
RLFR0RCS T H 2R A AILEE B A g Rk T 3R T
PR B R DA R 5 R A R R SRS, O e B
FAE I BEAL T OOURH S N 45 4507 THT ) I A5

1 MRBFR/BEREEAR

IEil (AL Y/ S T 1A 2 ) IR 6 T Pick-
ering LUK , T 20 289 H Ramsden™Hl Pickering™
KIR o AR Pieranski HE 7 AT A BIRIS S T4
AR R B BRIE AR T AR 2R A h BRI
2R TR VAR IR AT A Y FE K S g (18] 2
(a) JE12(b)) o K5 HASKLT Ml A #S 3 22 5, ¢
1f H B AE A6 F

wR’
Y one

2

AE=E, -E,=- ['yn/w - (7p/w - 'yp/n)]

(1)
A, RTRET BIFEAR 5 Yo Vo Voo 73901 24 7K
PIAH RS KA LA BB S AR ST sk a5 E
DAREF A AT I Y BE

MR A7 G
Yoo = Yo = Yo €08 0 (2)
S H A AE R T FR N
AE = -mRy,, (1 + cos6)’ (3)

M) G RIE I R R i BERY AR
TP TR 2R R AR 2 R A
AR 0 %) o X T ROR G AR T, R &R
FI FH RE AR K T IAE o, T (e, T AL B0 125 ST 119
FARE s by T BURSE 2 W RG TR IR L) , PR T
ARG E W BT ST 5 X T AORKE T, TR AR R
N IRZR B BERR AR S PVEE AT Y (Gl A LA
by T, 1 2(c) ), PIHORE 6 AR AH 5 5 1T 22 18] 477 2l
A5 W PR SAFRO 0, Lim AR 5 AN [RDREAR B Al



—t

R 548 2020,38(17)

www.kjdb.org 117

L5 (CdSe) K KL T, MSEE 1 WU ] T 40
DK G 8 W B 194 RO g 5 55— D i, o
AAE T AT B RSE o B A6 8 JEE SR PR TR

() FEPAOREF7E7K A ST 14 = A fi 7

AL SRR T 418 O O S TR 2y 425
H AR TR ( liquid-like) HPR A3

EQ@)/k,T
water 300
E,.
200 [~
oil
100 FN\. T3 777775
plo
1 1 1 1
1 0.5 0.5 1
z/R

1000000 3000 —

= 100000 2500}

()

£ 10000 2000

g 1000 g

5 S 1500+

z 100

3 1000

o 10+

on

5 1t 500

(=1

= 01 1 1 O 1 1 1

0.1 1 10 100 0 30 60 90 120150 180

Particle radius 7/nm 0/(°)

(c) PR F-7E K i S T 4 1 B

RERERLAE 972 1L RERIE il ff 1922 1k

(b) T AEH A

(d) T AL 27K At ST 1 3L B

P2 [ AR 9 e K s L

2 MKRFFREEENSEALRE

2.1 KRB REE

R TSI G KA TE VR ST RS W B S
¢, 2013 4F Cui SF R T —FHA KR TGN K
BT SIE RS YRR B 4% FE5 G
VI 0 %68 VTR T 3 A T R 4 A S 2 ) T R A 1) 5
B, XTI — I Y R R B T O Y HfE B AR
JHS . FEIR I, 3R TH R AR 1Y 94 Kk 1
5 vt S5 2 LA R A W BCAARTE 7K 4 5 T 8 o
YEH 1 AT 2%, IR Al 1 —Fh 9 T A (Janus)
Y2 KL - 2% 1T 3% P 7] (nanoparticle—surfactant ) .
T 1 55 BEAH AR TS 8 A 40 Ko 3 T T
FIEA AP, Bt i B EE b A A & 1 5t i
e B9 R R A B, TR SET,
BRIC WO A A 72 | Bt 5 T AR i O, B 2
YRR R TG PR TE R O RO, B2l
YJa , AE SRk SV T R A A S FE AR AR S8

TR AR BRI W0 25 A B BUE (183 (a) (I 3(b)) o
i 7 R SRR AR W AR RE R —
HUR AT T LRy e BE AR IR (9 A A A AR
(E3(e)) o Behbh, 8 7E A R 5 1] L 3 22t i e
Gy, il WG R T A RN R AR

BET LA 0 R At A 94 KR 3 THT I P 7R
HAT pH RN o 38 815 8 pH R, AT A 2800 1
RN FE Y o7/ 2% T T A AR BE 2 T 3R 4 4
DKL 28 T8 9% 1 0] A B T8 35 P . Huang S99 ]
— KR AE R R (ORI S0, S T
T A AR 7 25 RSP A5 g T A AR (1B 4) 0 I —
D71 38 LR AR TR G R R RS
Py T i KA B e BE A B o T A R0
T YA RO 3 T T P A 2 2R e HE BRLAT e
S, TS Aol D3 [R] 2 2 B 0378 42 1R SR, Sy 52
BRA KL 0005 T (RS 5E 20288 S 2 g
AR SRR AL T —Bh e SR S0 AT I B2k



—t

118 www.kjdb.org NS4 2020,38(17)

Nanoparticle
surfactants
on drop interface

Carboxylated Apply external field

PS Nanoparticles

J

O
O
O
O
()

Remove field, Additional
Shape remains nanoparticle
absorption
(a) MR 75 9 4 PV 50450 i 2 (b) WHFR TR (o) BRRALY AR

HEARBE T 1] 722 £k I i) 64722 £
3 BT YRR TR0 M) L B A ARG SRS A A i

pH  Initial E field Relaxed

“5‘5;) """"""""""""" pH>5 1) E field

i ’ O O W 2) Removal

'5.10 O O : 1) E field
2) Removal

wQ O o
8 2 & M c=0-0
«-C &= 0O |

ZR=R I BNy
O O ‘

(a) AN[E) pHAELAAT T St AL RO 78 1k (b) 3 3 VA5 pH B BUVRGG 6 118 A5 R~ A A =[] ey ]l e el
B4 ZRRLTR S PEFRAY pH i 1o P

2.2 WELEBIZLREER AR o) S A= S5 R B B, FLAR BRI T Bijel B

XU 25 R LR BEIE (Bijel) BT AR AT RO XUGE SR AT R, ARk, BF5E N 51 38 i 25308 [F)
SR TEMEAL RETR A TR MR U A7 LR Bijel B 25 7 ik b AT ootk IR T —
AT R R R AT R SR = A IR Lee ST KT I BRI A 40
Bijel EEERATREY 70 07 ik  WESE N BUAREPIRA 35, Uil & HhAROR RUEE R AN R 254514 19 Bijel
FAZS AR K LEAR 285 RS LATT LA RHEIR PR Clegg 55T & T 2 2010 & i+ 1 K i 4 Bijel ,
AR ML 7 o A Bt RE v ORI =/ Ak T Bijel A 8 3d B , (H 2 i % 19 Bijel F51E R T
WO AR S K AR R AR A AR BOR, Bl TR U R A5 2 B XGRS A 25
I B AL B IR RET MR BUE . SR, 2T AR — R e, dtba] W, B4R Bijel 15 2
T op A BRI 5 B9 Bijel R XE T REE B BIARGR DRFA (R AR RO R AN 45 07 1 BT 2 PR
A, e AR R A CIREE R 058, BAR AR4E Bijel 2 (Y AT



—t

R S48 2020,38(17)

www.kjdb.org 119

2017 4F Huang 5538 T —Fp 3 T 44 K A+
FETH T M S b FEAR AR i 4% Bijel MO AT 715, B
TN B A BRI RE LR OR 4% (PS-COOH) 4
KORL 01 AN [] 93— 1 o 2 R 2R T i 4
J5E (PDMS—NH, ) BC 44 i 7K 31 795 AH 5 BRR 5 L B i
b e A A TR BT AR AL 3 ZE BT UI/E TR 480K
R 55 BCAARTE K A ST A TR 180 KA 3 T P
TN I S e B FERAAS | 1 78 T UBE SE AH 548 (8] 5

Carboxylated nanoparticle
Amine-terminated polymer

(a) ZETARAL T F T I 45 Bijel 755

(a)). ZJ5 P14 1 Bijel HA T IOK 9% 09 79 3 4
fIERSF (AT 35 300 nm) , A% 88 7 6 438 1) fe /N2
AR T —BCR Y, IF BT R i 81 40 Kok Tk
JE R A Y HR BE DL KK I L S SR, i
FHARAE R A7 808 ¥ (B S (b) (B 5(e)) o iX
T 5 2 Bkt 1A% el £ 7 vk I BB iR R i 8 16 T
Bijel Bl #4038 , HEAT— % 198 M

(b) G T-IR LR Bijel 454 321

() AWK L XT Bijel 54 S0

K5 BT ARk TR S PR F SR Bijel™

2.3 ZREEEMEFERE3DFTED

BT L I B0 BT U it 3 ] A 45 R A VR B
Bijel 5 B A 1L H , (H 3 W Fh Oy 25 1 45 i 4544 4k
WARTES A B — | Tovk LI S B — Rl R A A S A
WART AL IIE o TR, aner S SRR S5 Y
SE AR X TR S Rk 2 R AR g - A

AR AL R R AP T EE T A2 — KA
Rl G Wi AR T AR BB EL I I, ¥ 2R, D
AIAR B AL  A  Shi SFOUESE T R G WA
BT 20 BT ARk - 3R TR R T A
FAR I B AL) SRAS A VR AR A & . WFSE N DAl
FH 45 4 2 95 K i (cellulose nanocrystals,, CNC) 0 S
R OK LA (PS-NH,) B (¥ 7K 3 0 AR 1 2R,
T RIS A s 2 AT AR, 2 T R T P AR AR 2%

J3E 25 Sl PR AR B AT IBEAE o KOk T 3R T
PEFRAE ST B, 211 A AR 3 FE AR AL 4] 1 3¢
T 5K 19K T AR S5 A8 DR T IR E A I
B (K 6(a) (K 6(b)) o [FIR, T4k AT
3 T M R A B [ 1) pHL e O | 44 SR 4 4 1k
AR T TE M PSS R AT e W P ) EEAS o 491
A= 2 16 WS R AT R A A B (NaOH)
WU L A P T B D808 S O ROk 3 T 5
I PERRAR , S ZEARE DRI . e sk I ERTT
WS T RGBT I B AR B 2 A€ I ERIE
WIARZS (B 6(c) ) o BXIUTAEM K b T 24544
P A ) 86 7 125, R AR P AR S ) TR AT 2 2
B 08 T AR Z A

Plateau—Rayleigh (PR) AN Fa PR 248 AR TE
o T g R, th T SR sk AR T B



—t

120 www.kjdb.org

R S48 2020,38(17)

&~ PSNH,
......... ¥ < CNC-0SO;

(a) ZWAIRIE N FOR

(b) WA T}

T Qe —— '35‘)? , 1h 1
THhver

(o) WA BEi pH M i
Ko AU A

Z/NIIR B R, Z LG 5 - th Plateau!™ i o
SC0G kB, B J5 Rayleigh® MBS AT T Ui HA .
TR P 8 KL~ TR % P 590 T A A0 R AT K 7 T i
JIRIRE R, Toor 7 B 24 [ AT SR A WK 1Y
THAE I SR 3 O AN KR I K AR B P 5 T A
PR NG E T T A7 R ], 5 T SE G AR AR AR
MU EE o B Liu SO T & 51 6 P A9 CNC %
T PR 3 3ok 9T pH BT 28 1 i S A E M AR
AR (E 7(a) (B 7(b)) o %R 3D 4T ERALE
FT Ik , Forth S JH 3D 4T EIAIL I 2 il 41 Kok 5
TG PER], FE S R AR TR T2 2
7K AR EIZE , IRk | — AR MR TS 1) 2L S TR 4%
) SCFFIF AR (KT (e) ) o

Feng %Ml FTAKZE + AR G W B ARt g 1

2.00 298

K

(b) pH XS AR I P BE 1R 52 )

503 745

60

~~+PS-NH,*——CNC-0SO,"
(a) CNC M0 ) 5
Wit PRARE MR 5

(¢) FET 2 3D FTEMHA SRR AR RS AR
K7 AAH 3D FTEpNees

— PR Rl - R G R e K i 2R K
Pl S AL B2 & 2R 3D ATENECAR il 48 T 2 7))
AEVE M RO e (B 8(a) ) o FHEEN
BE (AR i A A B Aoy AR, X BB 7
O T A AN L R B A KORE T AT IR,
T 22 WUORH PRI v S BRAR T 03 e Al 2 B Ry A SR 2%
BAE(E 8(b)) o LA, S 4 3D AT EN, W] LATE
[ VA O/ 5% P e T = v 7 S e
A, BT Y IR BT U . T AT L
o SN S 2R Y BAT — i 2 B ] RO MR B
(E18(c))s

VRO I R T 2 AR 3D AT EN N 2544 1L
et S SR M T RS AT R DTk . i B
SRR RS BB FP i, il LA B LR R LT
FERA) = HELS AR, I [ I ER B KL T 14 )
FEIE BB A F it s e o TTREE T 2 9 2
PG KRORE 5 IO T 98085 T 4%, AT ik — 2

o> >

=
[
=
[



—t

R 548 2020,38(17)

www.kjdb.org 121

’ Nanoclay platelet
, (\) HN\/\/\S/ O{}s/ ]}S/\/\/NHz

M,=27 kg-mol!

(a) GAARFEE T VAR FEE OB K~ 3R SRR
AT PR R A

OH H20
Svlvel Betes N} ©m
)

t=0 5 — S
} *t
= =120's M
> [

(b) T DR ARG TEAR SRR AR s S

(c) TTEAY 3D AR RO e 1F
8 WA

= HA T O L 55 S e VERE 0 WO A TR
SR I e o7 =B ) e = S IV 1 A X,/ A 2
TREH 2T G EA ) R R R 7,
2.4 ZEHWIERSFLR

BifL 5 98 K 8 S 1T A R
YKL TSR B 5 Pickering FL IR A BIF 5% -t b R
(IR ELD S A sy SOERA SR TR P/ S A B (=)
A 35 A AR ] 25 S E7Y 25 W0 B BRI 2 AL B
8o oy —TJ7 I, 3 i GORRL 3R 1T P ) B3 FE AR
A8, AL SR A L A R A

Toor 557 @ { IR A, il 8 T 9Kk T3
TR T35 PR R AR T LK LR, JF S5 1T R N 4K
B HURHRIEE 1T S ) T AR e . Li SER)
HI CNC 5 PS-NH, #E 7K /i S TRDE 5L CNC 3R 1 i 74

S 3 FEAR AR Ao 7 R 2 A R A T A
A pH W N PER S LT . Y pHAE R A
PIBC AR M B Aoy T B TR S SR T
Sl 4 T CNC 3 119 A 700 7 5 T Ak ) S B
DA 45 LIRS, 38 3 v R T — A kil 25 T AL
B R/ INFIES AR PT48 14) pH i) 7 2836 TR A4 (T 9 ()
K9(b)). BJE,Shi Z:0F FH — ki I 48 i/ 2k
Y (MXene ) ¥ EE T —F587 4 1 MXene 22 1 16 PE 5
WEFE N BB Ti,CLT, 5 S A A IR SR A 21 ik S e
(POSS—NH,) L 1 45 (1) 3 B % i 7 Bt PR 41 2%
i =S i A5 T 045 DAL A2 L 145 T 45 #4048 MXene
FLVE , JF Bl J5 38 2 v R T 545 30 58 5 K 19 3D
MXene “CEERE . T 1 4 19 8 IE LA A0 S AR LA,
SR, NRAZ H B E ST E S, T BRI
B 47 1 LR S5 R RE AN I P RE (11 9(e) ) o 3K —
D5 2 HA AR 0 8, o] R A B R

?. S8, —= Cellulose nanocrystals

. ”N PS-NH,

(a) CNC T A 8 A A AL FLI RN IR AR R B

L Y 050"
7. o)go 3800,0

(b) AN pHAEAAE T FLIFIE AR R
S R A M SEM 4%

() MXene “THEME S HAH G RE
B9 B THPRR T RGP A SR 2 FL I BEAL R



—t

122 www.kjdb.org

RS S48 2020,38(17)

REMERI KRB KL, I I B0 D RETLRR AN KA
95 5 U B 4 8 g K AT T o A LA
SHME R s L T T RE M Z AL R
2.5 HREEMERIE

H A 0 AR DR H AR A A R |, 7 M A
fits REMESY B REVESRED W R S G S £
JEBL T KA AT 5 o Zhang S5 F Fe,0,
PEGUARRL T 5 R A W B AR i R 4 e, Jfil i
ANEBRE S BIVE R, SEBR T BRI U S il ) i fi
MEFEASTE o Liu %0050 i R F ALY Fe,0, BEPE N
KHi T (Fe,0,~COOH) 5 POSS—NH, Bt 1A 78 /K /31
T I R 4B TP B Pk 0 KR 2 T G M R il 45 T
ARGV o AN TR FAL GE I IR P R e 1
T 28 A5 20 9 BR RV E 2K 2 ARG A T e
PR3 T R B REE (10 (a) ) o 40k TG VA2 39k 30 478 o A%

g T
5
< 5 ) &
i
S 0} Paramagnetic A
5
=
S -5 : S S
Q
= - g [+ L3] 24}
Y Ferromagnetic o }'
= -10
-45 -30 -15 0 15 30 45
Magnetic field/(kA-m™)

(a) WEHEMIZSRIIR TIEAIREHT (b)) BREAWORHTE G )™

Jii 1) IR~ R e A IR RSN R 2 B)
0.8 rad/s 0.6 rad/s"‘(_’
7 N
""’. ' 1 | g
|| ey || ety — % | — LAl
I 1 1 \ | 'Al
il o vl 3 '. Ix
= (! il | S i
L s hel S e
1 uL 2 L 3 uL 4L pH=4.5 pH=9
" .

{ O ol ol o N o v
\ ‘®; 3 ) - » 300r.n/1id

(d) BRREWBCHTE SN REAVE N T el , 2L gephe st T
TR A B PR it AL L
FI10 LT REME AN AL 2 1 5 1 590 A SRR ™

()[R A R, SPE AR A 1 R D), T e v 4 P
HL I = A G 3K sl (R 10(b) ) o BRRE R EL A
AP T p e S 3 e e R P ) TR B B
Be, AT ASE IR A s i (B 10(e) ) o B4k, di ot
A1 R Y R % K i b s R 0K 3 YT 1 - B8 RN E
iz (E10(d)),

R T V0 B, UE I T R R AN P —
K N N i B R S 0] N 7R R RV LN iy = A e =
A ERREE R R A R TR I I sl 1, % T REPE
AR A M oY B A H R UM PR g
HARDLES N R NE Z AL BHO5E Ty T B A VA
(A 0 FH 2 (8]

3 #Hig

SER AL AA I BT 5 N LI 1Y Bijel TF 4R, © A
UE S ARSI S o AR — RV A S 1B B R
Y RL , S5 A AL AR E T 2 U e g 1 R Y
T RIS T 4 KL T 1790 1 A i Ry 45 4 Ak
A ) BT AN SR B T — R A B A
DA% Gt e AR 48 Y Bijel A N, 45 A 40K
KL/ 5 H A A R, RGUH LSS T 9K
RS R TR TN evnl BRI AN W BE ST RIE e S A R TR
AT R S DL R 5 R A VR AR 1) A SRR o St )
THARRL T R G IR IS EL, AT ORI K
R RS PR A AERRA T . S5 AN 1R
FH 3 AR KA 2% T P 700 0 B AR AR A AT
FTENESIE WA, I ] T D RE PR S A AR 1 1Y)
il

H R 2 TR OKR - 2 2 SR 45 48 A0 A 1) fF
FEIEAL T B Be A3 1 Z2 AL APk, ande]
G B b 42 1 0 7 A 8 KORE 78 FL T 1) 4H A T B
SRIEARAZR , Qi fe] S B 2 0 1 R 2546 A0 A A 3T
Ik R AR AR A B, LA S o] S BR4K
P AR A I 52 56 3 0 1o R AT % 55 , 45 2 B
FEENTT — D5 B e i [, AR B A 40 K b4
PHIUER ) K 5% | S5 22 D RETE A AR T4 0 TR 5K
HADG 5 L WEAEVERERY A AR A . e T4
J& -G HIFEZERT R ( metal—organic framework , MOFs)



—t

NS48 2020,38(17)

www.kjdb.org 123

P STRA R I B G RESF D RE M 4G M AL IR
PEE F A DL S A 2 Re g PG~ P RE ) — %
PEER(TIO )M SEE R LLIRAR , m] S B HEAL R A 15
YWy SepE A U O L K SE DI RE™ BA
5 LM A LR 1Y) M X ene B RH T S 325 44 TR 14
(4 BE 0 A i | PR 57 i S Zh RE L JF A BT T 7 4
PO F T AR A (A W) R 2 A0, 25 R A
R AT LU R 5 7. i Z W RE R (1
DNA 575 i 55 ) R o 7 Y80 5 T 2L A SRR
BN i S B, I ol F T 2 B ke LA S A
LA i 1 v 45 2 Y BE S R0 B S 0 SR AT R
KUK G T HAR A B 5K 1 B 1) A P A
A, Al i 3D 3T ENAET7 Ak SR A R AR A, H AT
LT R A TR T 1 BUK A 2 R A AR A
IS, SR T AR R FR AL SUAS H AR A BT 1 A
2 M A 2 1 22 R BB, ATt — 20 T AT
B AW CER AR B TEDAE . eAh il
AERFRAE R (I EF A G AR AR A ) 52
IR T 2 2 ) I S A Rl 22 AT, S SEBF S
KA A 5845 KA TBA B4 P 25 ] o AR A e ot
FEHAWHRRNES 1, G5 A U A W AT
B I, IR B AL BRI B R 2
IR A TR AL R

2 % 3Lk (References)

[1] De Gennes P G. Soft matter[J]. Reviews of Modern Phys-
ics, 1992, 64(3): 645-648.

[2] 25, FRB}, Dobnikar J. XU 25 RS EEIE (Bijel) T FE
HERE(T]. PIEEA4R. 2018, 67(14): 7-18.

[3] Stratford K, Adhikari R, Pagonabarraga I, et al. Colloidal
jamming at interfaces: A route to fluid—bicontinuous gels
[JI. Science, 2005, 309(5744): 2198-2201.

[4] Clegg P S, Herzig E M, Schofield A B, et al. Emulsifica-
tion of partially miscible liquids using colloidal particles:
Nonspherical and extended domain structures|J|. Lang-
muir, 2007, 23(11): 5984-5994.

[5] Herzig E M, White K A, Schofield A B, et al. Bicontinu-
ous emulsions stabilized solely by colloidal particles|]].
Nature Materials, 2007, 6(12): 966-971.

[6] Jaeger H M. Celebrating soft matter’s 10th anniversary:
Toward jamming by design[J]. Soft Matter, 2015, 11(1):

12-27.

[7] Liu A J, Nagel S R. Jamming is not just cool any more[J].
Nature, 1998, 396(6706): 21-22.

[8] Li Y, Liu X, Zhang Z, et al. Adaptive structured picker-
ing emulsions and porous materials based on cellulose
nanocrystal surfactants[J]. Angewandte Chemie, Interna-
tional Edition in English, 2018, 57(41): 13560-13564.

[9] Shi S, Qian B, Wu X, et al. Self-assembly of MXene—sur-
factants at liquid-liquid interfaces: From structured liq-
uids to 3D aerogels|J]. Angewandte Chemie, International
Edition in English, 2019, 58(50): 18171-18176.

[10] Forth J, Liu X, Hasnain J, et al. Reconfigurable printed
liquids|J]. Advanced Materials, 2018, 30(16): e1707603.

[11] Feng W, Chai Y, Forth J, et al. Harnessing liquid—in—
liquid printing and micropatterned substrates to fabri-
cate 3—dimensional all-liquid fluidic devices|[J]. Nature
Communications, 2019, 10(1): 1095.

[12] Yang Z, Wei J, Sobolev Y I, et al. Systems of mecha-
nized and reactive droplets powered by multi—responsive
surfactants|J]. Nature, 2018, 553(7688): 313-318.

[13] Bhattacharjee T, Zehnder S M, Rowe K G, et al. Writing
in the granular gel medium[J]. Science Advances, 2015,

1(8): €1500655.

[14] Murphy S V, Atala A. 3D bioprinting of tissues and or-
gans|J|. Nature Biotechnology, 2014, 32(8): 773-785.

[15] Bertassoni L E, Cecconi M, Manoharan V, et al. Hydro-
gel bioprinted microchannel networks for vascularization
of tissue engineering constructs[J]. Lab Chip, 2014, 14
(13): 2202-2211.

[16] Wu W, Deconinck A, Lewis J A. Omnidirectional print-
ing of 3D microvascular networks[J]. Advanced Materi-
als, 2011, 23(24): H178-183.

[17] Pi Q, Maharjan S, Yan X, et al. Digitally tunable micro-
fluidic bioprinting of multilayered cannular tissues[J].
Advanced Materials, 2018, 30(43): e1706913.

[18] Kolesky D B, Truby R L, Gladman A S, et al. 3D bio-
printing of vascularized, heterogeneous cell-laden tissue
constructs|[J]. Advanced Materials, 2014, 26(19): 3124-
3130.

[19] Villar G, Graham A D, Bayley H. A tissue-like printed
material[J]. Science, 2013, 340(6128): 48-52.

[20] Qian F, Zhu C, Knipe J M, et al. Direct writing of tun-
able living inks for bioprocess intensification[J]. Nano
Letters, 2019, doi: 10.1021/acs.nanolett.9b00066.

[21] Etienne G, Ong I L H, Amstad E. Bioinspired viscoelas-
tic capsules: Delivery vehicles and beyond|J]. Advanced
Materials, 2019, 31(27): e1808233.

[22] Wang L, Quan P, Chen S H, et al. Stability of ligands

on nanoparticles regulating the integrity of biological



—t

124 www.kjdb.org

RS S48 2020,38(17)

membranes at the nano-lipid interface[]J]. ACS Nano,
2019, 13(8): 8680-8693.

[23] Melchels F P W, Domingos M A N, Klein T J, et al. Ad-
ditive manufacturing of tissues and organs|J|. Progress
in Polymer Science, 2012, 37(8): 1079-1104.

[24] Chen S, Cheng H, Meng J, et al. Hierarchical micro—
mesoporous carbon frameworks—based hybrid nanofibres
for high—dense capacitive energy storagelJ]. Angewandte
Chemie, International Edition in English, 2019, doi:
10.1002/anie.201911023.

[25] Zhang C J, Mckeon L, Kremer M P, et al. Additive—free
MXene inks and direct printing of micro—supercapacitors
[J]. Nature Communications, 2019, 10(1): 1795.

[26] Cain J D, Azizi A, Maleski K, et al. Sculpting liquids
with two—dimensional materials: The assembly of Ti,C,T,
MXene sheets at liquid-liquid interfaces[]J]. ACS Nano,
2019, doi: 10.1021/acsnano.9b05088.

[27] Weber A Z, Mench M M, Meyers J P, et al. Redox flow
batteries: A review|J]. Journal of Applied Electrochemis-
try, 2011, 41(10): 1137-1164.

[28] Tian Z, Zhao Y, Wang S, et al. Highly stretchable and
conductive composite based on emulsion—templated sil-
ver nanowire aerogel[J]. Journal of Materials Chemistry
A, 2020, doi: 10.1039/CO9TA11225A.

[29] Mcquade D T, Seeberger P H. Applying flow chemistry:
Methods, materials, and multistep synthesis|[J]. Journal
of Organic Chemistry, 2013, 78(13): 6384-6389.

[30] Myers R M, Fitzpatrick D E, Turner R M, et al. Flow
chemistry meets advanced functional materials|[]J]. Chem-
istry, 2014, 20(39): 12348-12366.

[31] Wegner J, Ceylan S, Kirschning A. Flow chemistry—A
key enabling technology for (multistep) organic synthesis
[J]. Advanced Synthesis & Catalysis, 2012, 354(1): 17—
57.

[32] Liu J, Yang H, Liu K, et al. Gel-emulsion templated
polymeric aerogels for water treatment through organic
liquid removing and solar vapor generation[J]. ChemSus-
Chem, 2019, doi: 10.1021/acs.analchem.9b03096.

[33] Ramsden W. Separation of solids in the surface—layers
of solutions and 'suspensions’ (observations on surface—
membranes, bubbles, emulsions, and mechanical coagu-
lation)—Preliminary account[J]. Proceedings of the royal
Society of London, 1904, 72(477-486): 156-164.

[34] Pickering S U. Cxcvi.—Emulsions|J]. Journal of the
Chemical Society, Transactions, 1907, 91: 2001-2021.

[35] Pieranski P. Two—dimensional interfacial colloidal crys-
tals[J]. Physical Review Letters, 1980, 45(7): 569.

[36] Aveyard R, Binks B P, Clint J H. Emulsions stabilised
solely by colloidal particles[]J]. Advances in Colloid and

Interface Science, 2003, 100—-102: 503-546.

[37] Binks B P, Clint J H. Solid wettability from surface ener-
gy components: Relevance to pickering emulsions|]].
Langmuir, 2002, 18(4): 1270-1273.

[38] Shi S, Russell T P. Nanoparticle assembly at liquid-liq-
uid interfaces: From the nanoscale to mesoscale[J]. Ad-
vanced Materials, 2018, doi: 10.1002/adma.201800714.

[39] Binks B P. Particles as surfactants—Similarities and dif-
ferences|J]|. Current Opinion in Colloid & Interface Sci-
ence, 2002, 7(1): 21-41.

[40] Binks B P, Lumsdon S O. Influence of particle wettabili-
ty on the type and stability of surfactant—free emulsions
[J]. Langmuir, 2000, 16(23): 8622-8631.

[41] Lin Y, Skaff H, Emrick T, et al. Nanoparticle assembly
and transport at liquid-liquid interfaces[J]. Science,
2003, 299(5604): 226-229.

[42] Lin Y, Boker A, Skaff H, et al. Nanoparticle assembly at
fluid interfaces: Structure and dynamics[]J]. Langmuir,
2005, 21(1): 191-194.

[43] Kutuzov S, He J, Tangirala R, et al. On the kinetics of
nanoparticle self—assembly at liquid/liquid interfaces|J].
Physical Chemistry Chemical Physics, 2007, 9(48):
6351-6358.

[44] Cui M, Emrick T, Russell T P. Stabilizing liquid drops
in nonequilibrium shapes by the interfacial jamming of
nanoparticles|J]. Science, 2013, 342(6157): 460-463.

[45] Sun Z, Feng T, Russell T P. Assembly of graphene oxide
at water/oil interfaces: Tessellated nanotiles[]J]. Lang-
muir, 2013, 29(44): 13407-13413.

[46] Huang C, Sun Z, Cui M, et al. Structured liquids with
pH-triggered reconfigurability[J]. Advanced Materials,
2016, 28(31): 6612-6618.

[47] Li R, Chai Y, Jiang Y, et al. Carboxylated Fullerene at
the oil/water interface[J]. ACS Applied Materials & Inter-
faces, 2017, 9(39): 34389-34395.

[48] Huang C, Cui M, Sun Z, et al. Self-regulated nanoparti-
cle assembly at liquid/liquid interfaces: A Route to adap-
tive structuring of liquids|[J]. Langmuir, 2017, 33(32):
7994-8001.

[49] Chai Y, Lukito A, Jiang Y, et al. Fine—tuning nanoparti-
cle packing at water—oil interfaces using ionic strength
[J]- Nano Letters, 2017, 17(10): 6453-6457.

[50] Cates M E, Clegg P S. Bijels: A new class of soft materi-
als|J]. Soft Matter, 2008, doi: 10.1039/b807312k.

[51] Mohraz A. Interfacial routes to colloidal gelation|J]. Cur-
rent Opinion in Colloid & Interface Science, 2016, 25:
89-97.

[52] Haase M F, Stebe K J, Lee D. Continuous fabrication of

hierarchical and asymmetric Bijel microparticles, fibers,



—t

NS48 2020,38(17)

www.kjdb.org 125

and membranes by solvent transfer—induced phase sepa-
ration (STRIPS)[J]. Advanced Materials, 2015, 27(44):
7065-7071.

[53] Lee M N, Thijssen J H J, Witt J A, et al. Making a ro-
bust interfacial scaffold: Bijel Rheology and its link to
processability|J]. Advanced Functional Materials, 2013,
23(4): 417-423.

[54] White K A, Schofield A B, Wormald P, et al. Inversion
of particle=stabilized emulsions of partially miscible liq-
uids by mild drying of modified silica particles|[J]. Jour-
nal of Colloid and Interface Science, 2011, 359(1): 126-
135.

[55] Tavacoli ] W, Thijssen J] H J, Schofield A B, et al. Nov-
el, robust, and versatile bijels of nitromethane, ethanedi-
ol, and colloidal silica: Capsules, sub—ten—micrometer
domains, and mechanical properties|[]J]. Advanced Func-
tional Materials, 2011, 21(11): 2020-2027.

[56] Lee M N, Mohraz A. Bicontinuous macroporous materi-
als from Bijel templates[]J]. Advanced Materials, 2010,
22(43): 4836-4841.

[57] Haase M F, Sharifi-Mood N, Lee D, et al. In situ me-
chanical testing of nanostructured Bijel fibers[J]. ACS
Nano, 2016, 10(6): 6338-6344.

[58] Cai D, Richter F H, Thijssen J] H J, et al. Direct trans-
formation of bijels into bicontinuous composite electro-
lytes using a pre—mix containing lithium salt|J]. Materi-
als Horizons, 2018, 5(3): 499-505.

[59] Thorson T J, Gurlin R E, Botvinick E L, et al. Bijel-tem-
plated implantable biomaterials for enhancing tissue in-
tegration and vascularization|]J]. Acta Biomaterialia,
2019, 94: 173-182.

[60] White K, Schofield A, Binks B, et al. Influence of parti-
cle composition and thermal cycling on Bijel formation
[J]. Journal of Physics: Condensed Matter, 2008, 20(49):
494223.

[61] Cai D, Clegg P S, Li T, et al. Bijels formed by direct
mixing|J]. Soft Matter, 2017, 13(28): 4824-4829.

[62] Huang C, Forth J, Wang W, et al. Bicontinuous struc-
tured liquids with sub—micrometre domains using
nanoparticle  surfactants[J].  Nature
2017, 12(11): 1060-1063.

[63] Shi S, Liu X, Li Y, et al. Liquid Letters[]J]. Advanced
Materials, 2018, 30(9): 1705800.

[64] Chen J-T, Zhang M, Russell T P. Instabilities in nanopo-
rous medialJ]. Nano Letters, 2007, 7(1): 183-187.

[65] Rayleigh L. On the capillary phenomena of jets[J]. Pro-
ceedings of the Royal Society of London, 1879, 29(196—
199): 71-97.

[66] Plateau J. Statique expérimentale et théorique des liq-

Nanotechnology,

uides soumis aux seules forces moléculaires|M]. Paris:
Gauthier—Villars, 1873.

[67] Toor A, Helms B A, Russell T P. Effect of nanoparticle
surfactants on the breakup of free—falling water jets dur-
ing continuous processing of reconfigurable structured
liquid droplets|J]. Nano Letters, 2017, 17(5): 3119-3125.

[68] Liu X, Shi S, Li Y, et al. Liquid tubule formation and
stabilization using cellulose nanocrystal surfactants|]].
Angewandte Chemie, International Edition in English,
2017, 56(41): 12594-12598.

[69] Kim Y, Yuk H, Zhao R, et al. Printing ferromagnetic do-
mains for untethered fast—transforming soft materials|]J].
Nature, 2018, 558(7709): 274-279.

[70] Wang J, Lu T, Yang M, et al. Hydrogel 3D printing with
the capacitor edge effect|]]. Science Advances, 2019, 5
(3): eaau8769.

[71] Wang J, Yu Y, Guo J, et al. The construction and appli-
cation of three—dimensional biomaterials|J]. Advanced
Biosystems, 2020, doi: 10.1002/adbi.201900238.

[72] Hinton T J, Jallerat Q, Palchesko R N, et al. Three—di-
mensional printing of complex biological structures by
freeform reversible embedding of suspended hydrogels
[J]- Science Advances, 2015, 1(9): e1500758.

[73] Miesch C, Kosif I, Lee E, et al. Nanoparticle-stabilized
double emulsions and compressed droplets|J]. Ange-
wandte Chemie, International Edition in English, 2012,
51(1): 145-149.

[74] Tian J, Yuan L, Zhang M, et al. Interface—directed self-
assembly of gold nanoparticles and fabrication of hybrid
hollow capsules by interfacial cross=linking polymeriza-
tion|J]. Langmuir, 2012, 28(25): 9365-9371.

[75] Chen T, Colver P J, Bon S a F. Organic - inorganic hy-
brid hollow spheres prepared from tio2-stabilized picker-
ing emulsion polymerization[J]. Advanced Materials,
2007, 19(17): 2286-2289.

[76] Imhof A, Pine D J. Ordered macroporous materials by
emulsion templating[J]. Nature, 1997, 389(6654): 948-
951.

[77] Toor A, Lamb S, Helms B A, et al. Reconfigurable mi-
crofluidic droplets stabilized by nanoparticle surfactants
[J]. ACS Nano, 2018, 12(3): 2365-2372.

[78] Huang C, Chai Y, Jiang Y, et al. The interfacial assem-
bly of polyoxometalate nanoparticle surfactants[J]. Nano
Letters, 2018, 18(4): 2525-2529.

[79] Jiang Y, Lobling T I, Huang C, et al. Interfacial assem-
bly and jamming behavior of polymeric janus particles
at liquid interfaces|J]. ACS Applied Materials & Interfac-
es, 2017, 9(38): 33327-33332.

[80] Zhang Z, Jiang Y, Huang C, et al. Guiding kinetic trajec-



—t

126 www.kjdb.org

RS S48 2020,38(17)

tories between jammed and unjammed states in 2D col-
loidal nanocrystal-polymer assemblies with zwitterionic
ligands|J]. Science Advances, 2018, 4(8): eaap8045.

[81] Liu X, Kent N, Ceballos A, et al. Reconfigurable ferro-
magnetic liquid droplets[]J]. Science, 2019, 365(6450):
264-267.

[82] Dreyfus R. An attractive, reshapable material[]]. Sci-
ence, 2019, 365(6450): 219.

[83] Trivedi D, Rahn C D, Kier W M, et al. Soft robotics: Bio-
logical inspiration, state of the art, and future research
[J]. Applied Bionics and Biomechanics, 2008, 5(3): 99—
117.

[84] Song P, Mao X, Ren Y, et al. Buckling effect of sole zeo-
litic imidazolate framework—8 nanoparticles adsorbed at
the water/oil interface[J]. Langmuir, 2020, 36(9): 2322~
2329.

[85] Zhang W, Tian Y, He H, et al. Recent advances in syn-
thesis of hierarchically mesoporous TiO, materials for en-
ergy and environmental applications[J]. National Science
Review, 2020.

[86] SE bk, Jr bk, X E2, S . B A T 4R 40 KA B MXene
) BB I 5 E i B g I AL TR, 2017, 31(5): 1~
20.

[87] Huang X, Wang L, Lin Y, et al. Autonomic behavior in

lipase—active oil droplets[J]. Angewandte Chemie, Inter-

national Edition in English, 2018, doi: 10.1002/an-
ie.201812111.

[88] Kumar B, Patil A J, Mann S. Enzyme-powered motility
in buoyant organoclay/DNA protocells[J]. Nature Chemis-
try, 2018, 10(11): 1154-1163.

[89] Hann S D, Lee D, Stebe K J. Tuning interfacial complex-
ation in aqueous two phase systems with polyelectrolytes
and nanoparticles for compound all water emulsion bod-
ies (AWE-somes)[J]. Physical Chemistry Chemical Phys-
ics, 2017, 19(35): 23825-23831.

[90] Hann S D, Stebe K J, Lee D. AWE-somes: All water
emulsion bodies with permeable shells and selective
compartments|[J]. ACS Applied Materials & Interfaces,
2017, 9(29): 25023-25028.

[91] Luo G, Yu Y, Yuan Y, et al. Freeform, reconfigurable
embedded printing of all-aqueous 3d architectures|J].
Advanced Materials, 2019, 31(49): e1904631.

[92] Oliva R, Banerjee S, Cinar H, et al. Modulation of enzy-
matic activity by aqueous two—phase systems and pres-
sure-rivalry between kinetic constants[J]. Chemical Com-
munications, 2019, doi: 10.1039/C9CCO8065A.

[93] Xie G, Forth J, Chai Y, et al. Compartmentalized, all-
aqueous flow—through—coordinated reaction systems|]J].

Chem, 2019, 5(10): 2678-2690.

Nanoparticle assembly at the liquid-liquid interfaces: The design and

construction of structured liquids

LIU Tan', SHI Shaowei'’, Thomas P. RUSSELL*

1. Beijing Advanced Innovation Center for Soft Matter Science and Engineering, Beijing University of Chemical Technology,

Beijing 100029, China
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Abstract Liquids do not have a definite shape, which depend on the shape of the container. Structured liquid is a new type of

soft materials based on the self-assembly and jamming transition of colloidal particles at liquid/liquid interfaces. Here, the
research progress in the construction of new structured liquids using nanoparticle surfactants (NPSs) assembly at liquid/liquid
interfaces is summarized. The promising applications of structured liquids in the fields of packaging, separation, catalysis, energy
storage and biomedicine are introduced. In the future, more studies will focus on the development of new functional NPSs, the
construction of multiresponsive, structured all-liquid systems, and the extension of the functional applications of structured
liquids.

Keywords nanoparticles; liquid/liquid interface; self-assembly; structure liquids; jamming transition

(GUEZiH X&)



