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Abstract

Since ancient times, nature has always been the source of inspiration of human design
principles and inventions. In cell membranes of organisms, there are varieties of biological
channels, and most of these channels are selective and have environmental responsiveness.
They play an important role in regulating the exchange of materials and energy inside and
outside cells. According to the relationship between the structure and function of the biological
channels, it is of great interest to biomimetic design of artificial nanochannels with functions
close to the biological channels. The designed artificial channels are expected to have great
potentials in controlling the transport behavior of the nanoscale fluid and designing
functionalized nanofluidic devices in further. However, limited by the current experimental
preparation techniques, the size of the biomimetic channels is usually larger than 5 nm, whereas
the size of the channels in biofilms is mostly at the sub-nanometer level (sub-2 nm). Therefore,
studying the biomimetic design of sub-nanoscale channels and the corresponding transport
behavior of fluids in these channels have great significances for the theoretical development
and pratical applications of nanofluid. In this thesis, using carbon nanomaterials as templates,
molecular simulation method was adopted to study the biomimetic design of subnanoscale
carbon nanochannels based on the relationship between the structure and function of biological
water and ion channels, and the mechanisms for the designed carbon nanochannel regulating
fluid transport were then revealed. These studies provide an important theoretical guidance for
the understanding and design of functionalized artificial nanochannels. The main research
contents in this thesis are summarized below.

The water channels in cell membranes have conical channel structure that enables efficient
transport of water molecules across the membrane. Based on this structure and function
relationship, molecular dynamics (MD) simulation was used to study the scrolling behavior of
tailored graphene flakes. Through regulating the tailoring patterns, we provided a method to



form conical nanochannels via graphene scrolling. Then, the transport behavior of water
molecules in conical carbon nanochannels was studied, and the ability of the conical carbon
nanochannels regulating water transport was clearly defined. Finally, the structure of the conical
carbon nanochannel was further designed to achieve the function of high efficient water
desalination.

The ion channels in cell membranes have the function similar to crystal diode. They have
the ability to rectify ion current. Previous studies have provided that ion current rectification
function of biological ion channel is the result of the interaction between its conical channel
structure and the charged channel inner surface. Based on this structure and function
relationship, a conical carbon nanochannel with the function of ion current rectification was
designed by MD simulation. It was found that the conduction direction of ion current for the
conical carbon nanochannel was opposite to that of conical nanochannels prepared in
experiment. Compared with the experimental studies, we inferred that the scale effect was the
main reason for the opposite rectification phenomenon. In addition, by observing the
microscopic ion transport process in our conical carbon nanochannels, a special ion transprot
mode, which was similar to the Coulombic knock-on ion transport mode observed in biological
1on channels, was found.

The internal structure of biological channels is very complex, and most of them have three-
dimensional (3D) structural features. Previous studies showed that the 3D structural features of
biological channels have certain regulation ability on the molecular transport in them.
According to this structure and function relationship, one spiral graphene nanochannel was
designed by using MD simulation. Meanwhile, the biological channels are usually embedded
in phospholipid bilayers. The phospholipid bilayer incessant vibrates throughout the life of cell,
which in turn drives the vibration of biological channels and affects the corresponding
molecular transport. According to this structure and function relationship, we controlled the
vibration properties of the designed spiral graphene nanochannels during the simulations and
studied the influence of channel vibration on the molecular transport. The results showed that
the channel vibration could accelerate the molecular transport, whereas the spiral channel had
a low molecular transport rate due to its smaller effective pore size and longer molecular
transport pathways compared with non-spiral channel. Howerver, the spiral channel had special
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function for molecular separation of chiral amino acid molecules. Furthermore, we also studied
the influence of length and pore size of graphene nanochannels on the water and ion transport.
It was found that there was an ionic Coulombic blocking effect in the longer graphene
nanochannels, and the existence of this effect could effectively inhibit the transport of water
molecules. The results also showed that the ionic Coulombic blocking effect could be controlled
by changing the applied electric field intensities, and as a result, the transport of water

molecules in the graphene nanochannels could also be controlled.

Keywords: Biological channels, biomimetic design, carbon nanochannels, fluid transport,

molecular dynamics simulations
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Biological lon Channels Solid-State Nanopores
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Asymmetric Structure
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Figl-4 Design principles of ion-channel-mimetic solid-state nanopores
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B, SACEAD RN & I GKIETE, AT DLRISREE.T DNA JFPW, AR R, RXR
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AR AT AT B B AR I [ T D Re . IRHE AR B IR IE N X B S5 M 5 T g
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Figl1-5 Bioinspired single asymmetric hourglass nanochannel systems demonstrating continuous

shape transformation
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1.3.3.1 pH M B3 B 491 oK 3

B 1-6 (a) iR, Basit 25 NOZE PL LR 13 i B T8 bl v i S il 4% 1 4
YR DB 20nm, K ESEAR N 1.6 um), SRS 1% Py F 11 9EAT F 6
PRI L2 H8 (methacryloyl-L-lysine) BAWI4 &M, BT %R WH TR
pH T AT LSS [ [ 45 R 25, PP mT DL V8 5 0 pH (L Sz BR At K A  py 2 T 4 o
PERRIATE . 8 1-6 (b) FRfEARR pH F, iZHBAKEIE I 1V R 2. A&
i, FEREEAAR pH (H T % A B 1 8 T R RROR, TPEd  pH T
YK B T RS A

pH-dependent 200 F
Poly(methacryoyl-L-Lysine) surface charge

.
Brushes e
H COOH L
s C) .
N coo ( ‘ 2
° NHD N 0 - G
+HY{-H 100 |
e
C00
W_< -200

pH-tunable -300 3 : o® : oy <
pore wall +H*|[-HY s o
characteristics ) N ) L
COOQ -400 pH d
(a) NH, 2 -1 0 1 2
Transmembrane Potential /V
B 1-6 (a) B pH FIRITHALMBTLAKERE, (b) AR pH & FRTBARER -V Rtk &

Fig1-6 (a) Schematic cartoon describing the polymer brush-modified conical nanochannel, (b) I-V

-
Current /nA

curves corresponding to the poly brush-modified conical nanopore at different pH values

1.3.3.2 15 B BE K G 18

BT (15 s AR A AR ) 2 Fh DR B B . Bl AT T REE ORI E R
g, Na ' KTE Al DMESEE RGE S, BRSNS Liv AR, &
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EESEAE P BA B & THERGUKIEE, SRG A IZKIEE N B 4- S BRI
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FEN, AZGKIETE A8 T U I LU RE B TR AR e 2. NIRRT AR Y, 9K
EAEEGIN APBA Ja, HX F &7 BABGRIEUSRE, &7 i B ACR b & iR
BERMHE K. MR s e, R R T2 B ROETE N B A XU R, 1%
EIZH R LB TR

: (b)/ \ ] ghememet 0}

s
e
= 20 / \Q\
o
........... = // .
F F © -
: HO\ ,OH. HO",OH HO L _F ' F\l,F |18 E
' B ' ) + By —
' ' ' ' =3 E3
: o E Fo F_ | ; 1.0
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5 i : . ' :
B olnslred jonic gate™ :_ __NH _: NH, NH, Vo _rjr_i,_ B F~ Concentration (nM)

B 1-7 (a) AR FETIESOREERER, (b) APBA BiZUKEERIENF FET
KETHSTHEE, () FE APBA BHiRIFUKEER TR BA LR F & TIR AR 215
Figl-7 (a) Schematic demonstration of the simplified fluoride-driven ionic gate, (b) schematic
representation of the reversible configuration of APBA under different F- concentration, (c)
relationship between the current ratios and the concentration of F- before (black) and after (red)

modification with APBA
1.3.3.3 M N gE g K IEIE
FEHREFKR N, N- - HFIREIEZE (PDMAEMA) & —Fh B AT R EHE R RS
T, HiEFAEASERE (LCST) #£ 40-50 °CZ a1, Zheng %5 NI7hE 1% 5 & B e
ST AN KT TE A 2R THIRATT SR 0 HE TR AN KO BT s AT e, i 1-8 (a) .
B TR EW 7 LCST I, 70 7R TR s OIS S iR A F AR, AT K
HIE A ROEIE R T, B 1-8 (b) %78 PDMAEMA 181 5 (1HE 40 K38 38 76 AN [ IR
TRV RE# 2. WERIPATLE H, BiREEBIRE (25-35°C), Z@ER -V L
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X TR /T PDMAEMA 4> 1] LCST i, PDMAEMA 4 2BUAKKIRE, 1@
RSO, BA BV TR 2410 EZ KT PDMAEMA 737 () LCST i, PDMAEMA
o3 T RIS, EIEA R R, NS B0S 7 A T BOVI R RIS K. (HEE
B 2R84 K, PDMAEMA 731 IR TE AN B R A O W R AR ML, & BT HIR
WA R A RAR . Pk, 38 AEHE T 9K A B I 5 R e 2 23, AT BASE BT
AR TE B T L BERAT N IR BT AE

=
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e |8
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Fig1-8 (a) Schematic diagram of the configuration change modulated by temperature on
nanochannel walls modified with PDMAEMA, (b) I-V curves of the modified nanochannel at

different temperatures

1.3.3.4 540 R Re 4K

P 1-9 (a) Fizn A Channelrhodopsin-2 (ChR2) A#@iE L MR &K, ZiEiE 2
— i pH SR M S U 5 B RIS . 2 iZ0EIE S &, Xiao 25 NISIEHEIE g KIEIE (&
1-9 (b)) WRMEEM 7 BA pH 5X6E SR HPTS (8- EE-1, 3, 6- —HEIR ) 7
T (B 19 (c)), HmapiglslankE 1-9 (d) Fim. BHEMHT, FhE pH E, HPTS &
THRERAMS RS, /> TRAZIGE, R HPTS &1 5 MHEE4eKisE B G —
BB T HRERACR (8 1-10 (b)); FEK pH {H, HPTS 70 T AN HL, ZIEIELE T
HIER AR (8] 1-10 (a))o FEERSMOEIGS T, HPTS 231 AR $h il B9y ol (]
1-9 (d)), LB ZImE H A — 2 8 7 B m o) (B 1-10 (b)); 7Em pH 5548
SLEWERTN, EENREPTT AR RS, LB iR WL (& 1-10 (o)),
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NS o
Channelrhodopsin-2 . \ HPTS: 8-Hydroxypyrene-1,3,6-trisulfonate ‘OO
(C) EDA: Ethylenediamine

Cations
°

® .

(d)

B 19 (a) &% ChR2 BELEHAEE, (b) HEHKEENER STRAHBER, (o $#7
GUKIEIE HPTS S FEMIEERRE, (1) HPTS Bi)5 AT UKIEE pH 56 P75 681
Fig1-9 (a) Drawing showing a biological ChR2 channel, (b) SEM images of the conical single
nanochannel from base side (left) and tip side (right), (c) scheme of the HPTS modification process,
(d) simplified illustration indicating the charge changes occurring in the inner wall of the

nanochannel in the environmental pH and light
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H . °
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& 1-10 HPTS BIFHIZUKEEEAFIERES pH TR -V Fetk h£R168
Fig1-10 The effect of light on the I-V curves of the HPTS-modified nanochannel at pH 3.5 (a), 5.0 (b),
and 7.0 (¢)
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BRI o

1.4 SFEUPENRBEERE R ARAEMSI T AN RPN

AR, SR geKIEIERDRL, Bl ONT. £ 886 (GND. HYLEgRE S,
SNPGRS BE B BT A R I LR R SR 7 7 o AH 2 T S AR 0 K S T AR ] 5T 9K
MERERIR, I H B N A X LebP BT R O KOE G I AR Wt A . B H PSR BRIGAE
NEGURIBE A AL B4 2 0, A DZE e AEIS BRI ATV . BEE TH LB
PHEARIIRE, o TR TVEAERT TG K R E N AR s 47 9 R 05 AR e D g
AR IE TE 15 BRI 2 1 OGHE . XA RLRET 7510 9T N, A B4R s IR AR AE .40
KRB TE N B, AR QR RO EE T 6 280t ERAS R, #%
T R R SR G K R SE S (AR RE 73 AU 7 V2 DA R 43 F R E 9K 17 AR
BT B R AR AT AT 5 B S FH (5T AR
1.4.1 5 ILARRE BIER R

1.4.1.1 BRAKE

FLZ GN G T N B S BE R R (m,n) 36 #li AT DU SRR A 23 (1) CNT, G
1-11 (@) Firs. MR4E SRR E (m,n) FIAR, ElERM CNT BT &AM .
Y m=n i, &M armchair CNT (] 1-11 (b)); % m=0 i, i zigzag CNT
(B 1-11 (¢)); % m#n i, HEIFEK Chiral CNT (B 1-11 (d)) U, HAT CNT #14
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BRI B, H LR ISR AT, BeW SEOURES (4. Be4h, &R EAXE CNT
A HMEERT A BEFEAT IL A BRI B 1 A S8 AL AV 5T . ONT B s g 1 — 4
HWIE s S TSR DL AU R S L, VRN GR R 8 IE
PR IR R B R 3. AN, BRocERSL, HAb o, W, FAESE
UL, o my DUB AR, HOliE BAR AT DA A T LA K 2] B i A gk

(n,n) armchair

1-11 (a) GNFHNHN AERE (m,n) R~EE, (b) armchair CNT, (¢) zigzag CNT, (d)
chiral CNTM
Figl-11 (a) The (n, m) nanotube naming scheme, schematic illustrations of the structures of (b)

armchair, (c) zigzag, and (d) chiral carbon nanotube

1.4.1.2 F 520G

GN FH 5 7 ERe AT R % 2 SRR R Re DY, Wi R S SRERE . B
R BURBOEEEE M DL R R I E T E R s R T AR . GN ARyt
LR M RLETE S DEE. MRS R — 3 AR R

TEGUKIR AR AU, GN AT LA RIEEAKIEIE, Radha 55 NVITEA SR IS T
T = B LMK GN BgKodEiE, Wi 1-12 (@) Fis. BRI, KT HES
HBRAE R R T AE GN GUKIHIE A PRIE s . GN BATHGE BB R (A 55
TIRMERE, KA NPGN {EJy45 B 0] LLA 24 FEAR 7 55 a8 vl 68 52 B8 3 B ) s 1 4%
FE, FEAUERBS T BB KR AT U A A BN A (8] 1-12 (b)) Koenig 55
NTIR 43 # R A2 B B2 (0 7 15145 7 NPGN, K BLFL42N 0.34 nm ] NPGN %} Ha K]
FEIL AR CHa 1 10* 45, Ak, NPGN A HR#AT 70 7 Al 5 DNA MFUs 7, BAy
FEH v S LA R U - GN R BIME B, ) LA iR pgh ok s 031, 4 1-12 (o)
FR
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Bottom graphite
Si nitride

leasure conductance
Enlarge nanopore

LRselil ‘ I\ N s )

Bottom graphite o . " o Y

B 1-12 (a) GN BHGKIEIE™, (b) NPGN HEHEMES BB, (¢) GN HHGKIEE B
Figl-12 (a) GN capillary nanochannels, (b) NPGN for selective separation, (c) scrolled GN

M

nanochannels
1.4.1.3 HTHEHKE
b 7 AR K R EE AR, 77238 B 772 A WK R I TE 1
AROEAE. XPE N R ERGOK AR @ 5%, W DURBGETE N AR KRN
K. S FHRGOKREIE AR TP IERE W, JOHRIEAAR R B WL, e
AP Z R A, DNARL, R BokKAED . DL — ek 41 B0 T L)
AL EDIRGCK G M, W 1-13 fos. X7 —MOE A, Ba. UEE, o
AN S AR AR B P ERAE — 2, R S EIRGUK G5, [RIR I o7 KA A
IR, 5T REMR, (eI RIS G M ME . T AR E R
PERAE T AR T, SR e T IX L858 I R A LA Y HERRAE — RS i 4540 P Re— I
W G AESM IR IR AR S5 AR T £ 2 il 2

2k alke s DNAZKE
"%y fo HHHHHHHHHHH
e 4, HHHHHHHHHHN
HHHHHHRHHHH
o § HHHHHHHHHHH
= T 5 P
J?ﬁﬂgx A>T AR
¢ T L

o & = —
HY A
00 Ho On =+ Molecular scuping
ﬁ‘)L‘h S *w = B —4
10 (el
N g‘é Template process

B 1-13 5 T ARG E 1850

Fig1-13 Molecules that assemble into nanotubes
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1.42 4> FIEHLE N

53 7R (Molecular Simulation) 2 £ 5856 Jfiff 38 i He A S B i 1) — B AR AN
Bk, MR 7 A M AT, s E MLl o) 7 AR B A R B Ak S P o
A 5 BT AT AW A BEDRAE R, SO RS540 L THEAPRHPE BT, 50
MEHIAT . BiE s R BRI, HAio FEOEA AL AORVRE R AR
IR 2555 T3 A 2 I N R HA 55 eI B AR B A I 88,

TR FEINEA BT AN S 4 0O A BT R EE T A
WERBE T, RARR A, BEZ R (DFT) k. @M)W EF BT 1%
FEAh. MD B SERF R B AR DL S AT BB 7 A

BT 1A R R BRI SOV L T8 s AU K — N 2R, B AT AR
SEIA B, Ny — D) LT AT R] DL L R BOR K 7R . iRIEIFEAR1H (Heisenberg)
RITAE B, By 2 T SR A R B AR, LM I L I8 ol B XHEL I
PO AR TR, WREEEE TR, R TR ERWZ AT, ZIRTHA
RN, BT R AR . K, 2 R80T oot & i EIE
KIRAMT S ERASE . Horb, SRR AT 507 iR o i s AR, KR
JNEAE AT B R A T PLORFF AR SRR B A TR AE R . i B 17057, T DL A
FERMRE T 7 BERSYI AL TR ACRL 7 (458 P

ELRIASER A R TS U5 i, &1 02 M 522 OE T a7 SR 70 1 B T 8 H
B BIMAR . HRFPRZEWINREY . B0 T SEMEEEEE A RERNIE T
BT, HERHE T HFINETEADILR. ST RIER, B8 THROZENS RS
FREGER . ST A S RTIAE  RAR ARIX L BRI T R T R B,
I AR s g5 BRI A B ARYE R - BAMRERIL L, 701 B e AT UL AL 50k 1
I T IR T2 R AR B R AL, 2 1 B RE R RE 70 T L A B AR A T AR A
1153 F 713 R AU T DA IR X P o FRe B 7 T4 IR R R o 40 1 g &
BARYE 7> T 130 5 T RS AR, I RAR R0 TR E M By 8T e
WG RS NS0T R T A R B RS Rk G . RO T
PR B R R, W T30, BiRiA. REVRRTITIT.

BEE T HAEIEOR IR RS, G TERD TR R BREY. s AR Em R
713 B2 R ek, R THSR R 2% ik SR PR A e 0 SHERATE KON Tt N T IRB R
R R IBN 15, MD B R IB TR K . MD UL N ] 701 15 TR e
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K113, GG AE s 1 R AT R BT TR . AR e, R R AR
RGN ERIHEGIHE B BHAT MD 8007 DA BON T RS AR AA 2 R )
27

SRR P INVE R R R R RGP RH AR R TRk . SRR B A
R GiH R T8 FIBENZE S, 456 Guit 705 MR A0 JR BLRAS 2R RISt S 4
J1EAE B, BRI A oK o] R AR AR, 4 1E AIE RESRARRY, SR 5 AT R Gih 5240,
R P SR G T 2 B E R AR ) R . VR IR TE T R BT S P,
TVER B RGMEN T B« AT WIS ) F AU MD B, & F TR 1 IR R R
TR Ko7 B2 8 5 NARYE J135 1 E R B2 3 5 ok B4 T RIBENL /R - s A
iz 3l 7 R AT 45 2R 3 T8 s L e — S G ik S5 ) # 1
1.43 HKBERERITRERERTITANS FEUMAR

1.4.3.1 GRAEIE A A Bevh K HK I AT NI 4 R 7L

A B H (KR R T LI BT AR K 2 R RO B . o
0 R IR G T Ry R BRI 40 A0 R e B EAR K 2 T T BT H R AR ke v
SEVERIER . #EAEY/KBERX 45 5 ThEER R, 2003 4F Zhu 5 A\BRH] MD B0
ik, BT TAUKKEE . fATTETEY (6,60 B CNT L T B (&
1-14 (), RILHBAFEMN CNT K F I EREUR JLF5 CNT ~FAT I H A (A48
Wi, %5 AR TE 8 B (17K 43 FARARHES R AR, T XK 2 A AR )
REAS A R SEL L o7 7S P 1A B S 2 AR /KO B A B A R K, R
AALE (6,60 CNT HH EF[E E 2 4 0.5 e HIE AL [RIIN 72 CNT s [E € 1AM 1.0 e [
IEHAT, Qi 1-14 (b-o) Fs, it 1 BAT B K o T A4 D e i 0 A2 4 KoK

B0, Sy Y Bk 5 A BT BAT BRI o TAR R DI BE B9 oKEIE, Rinne 58 AP Su
5 NBVoy ia i AMInAE i s 5 BIR B VA SE L 1 CNT sk or TR B R daiis, a0
1-14 (d-e) Fimn.
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o (@)# Bgha kg g
- n /% .
B o WP 4 | AW 4 u___./; N_Ze ,% |
(& \ / I Nl %} ¢\
KEH oo KXY |
HCH Kool K&
/ /\ / 7 - {
"JV ,\’d‘\ \’\ (‘/ /u°°' \w F/f{p? 1‘,:’.
0 /7"_\‘7 O8O0
—d / \
A€ A&t R Ay ha !
® o ‘%

B 1-14 ORKBENHEBTE. () ARBFHBUT CNT AKS TGS, (b-¢) CNT FhR
B KT B EMER 0, (d-e) HILHEY 53 BT /K3 T Bm 102
Figl-14 Bioinspired design of nanoscale water channel. (a) Orientation of water molecules inside the
four types of carbon nanotubes with different charges, (b-c) external charge-driven molecular water

pump, (d-e) unidirectional water flow under direct and alternate electric field

PRI AR KB 8 3 AR D SRR AR A T VR 45 7K 407 (R E - Kou 85 AP 95T 4
FKEEIE B I LT, 7R CNT Ahdid 51 N FRBN A s Aes (& 1-15 Ca-b)), WFFL T CNT
G 5 HLART IR BN 7K 23 FAR AT I o B TR I s B AT IR B 5 CNT Aok
o3 T [ B AR B AR AR SE I 23 51K 43 7 ) LB R AR, AR CNT 7K 431 1]
B AE M), BEIMANIE K 43 716 CNT k% . He 55 NPa i anilma /1 75 sk
L7 CNT WE T T Niiaes, Wil 1-15 (o) Fron. sl syuis 7m0k, &
DASCAR B A7 Ak CNT 1A 205L4%, A /KBS 746 CNT W L. 4k, Zhao
2t NOTSZE 1 il iR 22k 5 K 23 748 CNT WIS AT N, I 1-15 (d) Fis. it
TERRAE PR it Wt S [ P30 P52 5 7K T A el vl it v R oy B0 1) A >R CNT F
YA (6,60 I, 1% CNT N R vk FAL4, MIsEsl 1 EhK 7 B Thie, fEHEKRAL
T RA— RN ANE. RO FIEEMRZ, Flan, Liv 55 APSHIS ERFIT T XUEE
CNT (FHR (11,1 5 (6,6) K CNT) 1EGNAKAKIEIE LA R e 1t R HoK
st . WEAUR BT R ARV CNT A IBTAE /K@ IE & A ThRE, JF Ha] DAFE
W R E AR

23



B 1-15 BRYUKIBE ARAERZIT AR, (a-b) RBIMEIRS) R B IEAK S TR, (o Ml
WRL SR CNT WEFAERPY, (D) BERINKSFIE CNT AR
Fig1-15 Controlling fluidic transport in CNTs. (a-b) Accelerating water transport in carbon nanotube
with external vibrating charge, (c) controllable ion transport in carbon nanotube using mechanical

force, (d) schematic of the water thermo-pumping desalination process
1.4.3.2 YUK ESFIEIE A AR vt 2 B s 47 9 I 43 T B 5t
AR R ) BT TE BT WK R @ TE RS, AT DO R I A i R LR B T
Garcia-Fandino %5 A\ PPV A=) 85 -1 ) S BE R TR AL 1 73 AT i, 7E CNT P EERE I T
i IE H R S SEANT F H R R IE , ARSI R AN BIBEIE X 72 (] 1-16 (a)), RH
MD AT 7O AE R CNT W ES FARSIAT . BERA IR, &Kl
HA B B 2SI P, G SO A i 5 (A1 10 7 BB S B H R I 2% R SN S
B B ISR AE S . Gong S5 N 1O0VSZ AR W R e B B T8 T PN S AR R R T ) U7 2
JAR, K MD BHUATSL T CNT A BEBRIEE N I B 75T s, i 1-16 (b)
Fizs o WHFCR DL, i CNT A BERREE 1 HES 7 AT LAS BUER /B B 75 CNT A ik
ML . NPGN ] DUVE A AR 18 S0 17 AR Bk (B A ). Kang %5 ATTONS2 46155
FIBEHEALSMER, WET —RIIRFEFIER NPGN L5 IAEFLE B &1 T U5
T, W 1-16 (o) Fiw. BFAZILE I NPGN HFLI R/ N AT BLSEI B 7 i 4%
VefEf. SRl He S NUOARYE 47 B Tl 18 I 5 FORHE, JBITTE GN L4k FLA
FEMEMRIEM 7%, Sl T e T ik 8L, Wk 1-16 (D .
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Biological lonic Channel
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Y Inspiration
4
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‘ ‘

K'/Na' selectivity ratio
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o

B 1-16 {2 Bt B T AR 102

Fig1-16 Bioinspired design of carbon nanochannels for ion separation

1.4.3.3 Jp TR A GUKIBTE LR Ss T it e b A 3

W RGN BATKIUERTA R T E 9 K@ ER A Rz et e, 2iEiE
T AT IR ST, 246K 22 SO T AR AL SR 23 AU G AT ) JEH 2 BL CONT,
GN AR SR O KIETE LR 0 7RISR SE i . Z i A2y 11540
FEN AN R EIE 5 2R Wk SRR R 2 A7 9wk FE A3 BRI AL, RIRA LT
AN T A SRR

Ho—, SEREORKIIRE . BARSCIS BORAPHY F BUEIL LG 2] 1 PR, (HA)
SRME AAB 7R IR R IR RO B o TAAAE LN K E A AR S RE e 2 542, Sk T Bodk A
RGH A S BN (A RS (AP0 1AM . TIAE S TR L, SE06 T Bt & 2 IR, %= CNT
KU, FEB 7T ie 2 (B R HAE AN oK B4, ARME A Sea8 ik ELOW I . mT LR,
B H ATy IE TR R AR AE G KB TE N fariz AN Ta) ROEE R S T R, b T 50 8e T Bok e
TRAESEIL . RIS — L8 w45 7T LLIA SO B i, B2 BRI, Jf
ANBE 2 BRI R 5K

H, U TR LB AEBEAT UK RS 737 B AL W] R o 73 AL
BORWEFUIS (8] OB RS RN AD 2 BIAD 4, 18 U AR 7 B L AR B EROK. 2
TARAUSART] DL B S AOU I 72 RUZE B it A daniz 47 o RN 23708 mT BAXT 40K
IHIE A REAT R, SEBARIBIE R R DR BTt o AN, S P RMEORAT & 5K
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M FBL ATBAE I T A Ko TR A AR S S, IR GOR I = AR R
FEEIE W17 T e AT, AREA BT R IR, SRR,

FTRAE, 2 TR AR 3 & T A A 40K RO A i AT M IR AT, ik
Rlnstt, AR LB R 9K ROEE SR S is A7 At SR A 20 T U iR e il BB E T
FIERAN, R T RS ARR 7S SEIR P A REAE RIS B . PRSIl R APLEE . K e
FREE, a2 AThetbgrRkimiE sttt ERNai 7.

1.5 AR XAREBE. MRATRENX

MR 5% TG oK 38 07 A v vE S iu A e 1 2E 9K I8 TE A s AT 9 W ST BIR A 4 ml
K0, AR A A A 3 TE IR AT (] A A K 7 A T RO T IR AR 2 OG0T, AR T
PRSI AT N R BT DI RE A AR AR S P R I BRI N8 7o SR T A2 BR T H A
KA HOR, PR R PKREIE ROEFHBOR (55nm), iR YR HEiE R RH
BUNEF AR RE (<2nm). BEFE RSFRI/N, iR P LU i 38 TE [ R oA
B AR AR s I R P (O E RDBOR R 2, SR AEIEE A AR H A FRESE, TR 2T
B BB AR B AN ERE Y, 2R A AN R B MR I 40K R E A i iz 47
N AH H RTS8 H 2 WK R HEIE A 2 e, AR FC AR 2 o W FTIEAK R
JEEEIE (05 A2 e vt A A AR RO IBIE A IS AT, X T 58 9K TLR 2 ZE Al e
A AR AR AN, A R BRSNS BR

I3 T RN VR AE 9K EE et SO AR A 4K RO 8 E AR AT ARt se T B
MRFEOL S . U B TE AL T LK RZ R, Seilid 7 007 i e B3R ¥t
MrRlATYE, TR SRR RIE B, ASEIRRAS . [FIR, FAaar DL dr pr s v il
AR Z ] Pk S amE 2 18 RO AR ELAE T, T DASE G () B T R A s AT
HIE N .

I, AR SCHER A 2 TR 7%, IRYEAEVIEIE S S TIRER R, BT IEGK
REEEIE R A BT BARTE BRSNS B SRR A MK B TE AN &S 18 T R 454
SUIReR &, BT N TGP R EE 05 A e, AR5 0 T pr et i I8 T8 1 5 0 i ik
RAT N B RIERE ST, X P B s AT e B, RN . AR
Mg -5 N B T -

AR N-EE, EENIAAR NG ERR-LE, SETEZET AR T:

HoRmANR. BIR TS IR SRR AN FEIR . e SCRIBE T H
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L FE A2 o

o = WENIRYE VKB IE L5 5 ThRe R R AT I GK RS 8IE 15 A4 e it
W7t ARYEEY/KEIE IR IE L 5@ RUKIs e /I Z K &R, Bl GN /EA
AR TE (7 A= Vet BB R, BT T BT A SR AT AR, 4R T A
BT T 0 SR E MR HE TR URIETE R 57 3 %) . IR, WHIT 17K TAEA F
i ROHETE RGN K IETE A XU RIS AT 9, BT 1 S8 TE R HE T S5 K5 K 7Tz AT B
PR =% &Ja, XSHEEmAKEE ST 7t —Dutit, B% 7 EEEm.
Tots T 1 RN R3O0 JL b K 2 B VERE S R (BB DU ).

5 L E N RGN KIETE 1 7 F i B R R RE A 70 o ARIE AR Tl e A A 1 E
iR A FLNEIE R I S H R T IR I RE Z M S &R, AR T R R TR
TTHRE NI HE L BRANKIETE S5 4, WEIT 1 aliE Ty R B IR AR DR 300 e 7 B A B
PEREHIRE o

7N LEIYDIAETE NPGN GliE )07 A e it i 7t . R A8 18 3D Z5H9%F4E, LA
NPGN MBI, fiAvrt 1 — Mg e i) NPGN @B L5, 58 1 s IE R ie 0 8 1 &
FAES FARRAT R (NT). BT LLEWIFRER, X NPGN MBS MREAT 1
—Biih, WL T BT SR TAENT IO PUKEIE N RIS AT Y, kR T A
HL37 1% NPGN 3#IE N /K7 T T N ik CGR-EED.

I NG SRS, XSS T LSRR BEAT 7 RGBS A, B NN
K REEIE 5 A Bt Fe s e M I 546 7
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O TR YIS IE RO B AR TE 7 A BRI T

FE ETEVIBENERRPKBEGTERITHR

AWK TE A M IEIE S5, BENS SRR 7 T I B I is . ARE AR /KsE
TSR R, ARERANTRM MD BTk, WE R B4R T FhiB e
AT SR T UHE T B GNK B TE 1) 7V

2.1 531§

JKIBEIEEH (AQPs, K 2-1 (a)) 4RI K> T f fimiE, A scil
RS K A st 104, B 2-1 (b)) 3R AQP4 5 AQPT /Kl 8 A AEAN R A B AL
IALAR A 1O, N AT DL e /KGETE B B RS S5 A R B IR R, AR E AL AL
B AFAL] 0.4 nm, XFEFLER RVFRSK T8, A sl IE BT fE
I P S R A, IR AN s K AR GBI R T SEIL 1 AR K A
TE A PR PEK 2208 I, HIgs 7K TREEIE IR YT, M SEIl 1 AP KIETE ) =
BOKHIZDIRE - PRI, 7Kl & R IT D2 B @ RBoK g e i R m e —.

‘\50- ’:;’4“"
\,‘ J: ) {
5 ", 3 s40r ) ~ DAQPI] |
- o~y = ¥ hAQP4
v 9 8301 ]
/ ? (N9 »
g L v \§
e > i A 3 20r e .
¢ ‘ / L‘ =¥ 10 \k\k
”n - ~.
(a)F

“» (b) 02 4%

Pore radius (A)

B 2-1 (a) NEW AQP4 BIKEEZE AL THHMEN, (b) ARAEL AQP1 5 AQP4 KEEE
BIAESHEIS, (o) SEERHKEE, (1) FELNHHRAERIER
Fig2-1 (a) Molecular structure of human aquaporin 4 (AQP4), (b) profiles of two aquaporins (AQP1

and AQP4), (c) biconical channel, (d) schematic of the system used for numerical calculation
Gravelle 25 NUOHRYE A= V7K 18 13X — 4540 S DIRER R, iAot TR R gKE
E (E2-1 (), FHRAFEBERM L (B 2-1 (d)), BFF T AFE L5 S 500K
ST AR DR o 25 SRR B AL TE (v T B 9 K e B AR K E S 1 s UK g
o YOI LI E ) HE TN LTI §9 1 /K 70 7 HENIETE HOREPERERLE ), RIS 1
Ky TAEIEIE A iz i AR U EE R ) o BT T HlaE RO RO, R /KIETE R
SPAHZE LT, AR AR AR AL S A AR F] o AR B % 5 AR K E RS AR A R 4R
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KBBS54 /& H AT TCIR A

BEEDKBOR A, Fr AR AR B 05 A2 vt 5 AR Wil e RO A 24 i 4ok
WIESRAE CATRE. Hb, ASE (GND BAAREAILSR 5e . s Jese meg A el
L, R TR BRI SR TR ISR O M R B BRI I B R
i, GN BA MmN R AR, RIS SR, KRNI OGN AR
FOAHABBRPIK M e 0. Bk, BT GN B RITE LK RS GN i B AL
AN TR AN AR S5 AE) (10 T 3000 T8 B g oK 25 A ) o BT B3 3o Bl ARl 6 BRI
J&, miiE GN &R REREE S, SikFER, sStie 5E R E, GN TRl
T AR AOKR G5 — D TSR LE AR AR CNTUA R, e R gk L
MOTATPL% T GN IREREMBR TS, BRAA —EREIRZRIKEN; 5—T7
Il GN A5 BARGRM vdW MBI, TCLE R HRE AR A, Blanbask
I,

XEESCT GN AAT NIIWEST, IERH 1 GN R &AL I R PR S5 M Be 71, JF
HARI R AR LR R AL T WK RUZ . A, i &2 Bir, GN 7284
B RHE LGB I S5 1, BRONARYE £/ 15 28 vt ZhRe A N 48K iE AR b,
Bl B FRIBE UM DIEINS B L RO A AR GRS 7 ik mT DLk By
HEAANFEFARFRTH GN Fro RZUIEE K, ARERMH MD BRIk, BT 7 #8854
GN 24T NI, DUHAEE M ] GN 42 e A 40 K S8 4574 o

2.2 RIMERNAR

K= T AR S B Materials Studio #0441 Discover #H5E A AL FH K
IR JR (8] A0 BAE B 7137k COMPASS /137120, 1% 7137 iR [ - [R) SL A0 8 A0 B
YER . A2 XA BAE AT ESE A B4 FH A =358 9 4 il -

E

E +E +E

total — “—valence cross—term nonbond (2'1)

Enonbond = Z% + Zﬁij {z[iJ _B(rlJ ] (2'2)

i>] rij rij rij

Horp, SORATAEN (Baee) TEOIFRAMAEMEM . RMAZHMEMN. —mMm
A, XA BAFA Ecross-rerm) EERVZT 5 R0 B 413 0 IR TR i R i
T B MIALAL, ARAH AR (Enonsona) EEAAE vdW M ILAE ] S AN AR
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Ho AEH A RELE RERAH 3D AL F AT, BHUA R KN A 200%200%200

o PP FE R NVT R%5%, K Andersen #4515 7 V545 K R IBE 4ERFE 298 K BT
(221, (AP KAk | fse FEARTEBUU, MRIEBAINWAIE, 5 AT AN [ I ] (g 45
P, PARIE AR 5 5 2608 B 78 7T

HRSTL

B, BIEXT GN J#EATHEEY, A H RN 45 A MEE GN A, RJEHHZ GN 1
TR TT T 2 sE, (B NBRRIIIRIGE AR, WK 222 (a) fis. S,
K 2-2 (a) HH GN B RGIMER T H S A KSR, Wi 2-2 (b) Fim. #%F
KX BT T GN B R 4G #h s 9K 25 0 ORI AT T 0T o
§ (b) /4

/\ /‘\ /\\ /‘/\N

2460~ The C=C-distance

Taxy msﬂ

& 2-2 (a) #HEBYS GN HIFIHHHAZLIE], (b) #BUJE GN R&E MR K
Fig2-2 (a) Initial configuration of the tailored GN flake, (b) final scrolled configuration of the tailored

GN
2.3.1 HEIFESAERHESHAINIE

N T #REEY R GN A B REMLEE, E 550 17 GN R A£G fhid T i 3Ksh 71
K 2-3 s AR P A R B BER (Eow) VAL vdW AHEAEHIBE (Evaw) BEBLIDLIN [H]
IR AL 2. MEIHRT U Y, 4 2R U5 RE R BRSO (8] A3 i /), IXRBIEEY S GN
FrG g A2 AN BRI R IR, AU A AR 1 AR e RS
FINTFT LA, AREREENRLS vdW AR ES SR F R, ditt
A LAHERT TS GN 76 i A9 3XEh TR T vdW A BAF .

30



HEGHRY CER) FE2A A0

108.4
1 g —=— Total Energy | 2.7
10824 —<— \Vdw Energy
]
— L
= 108.0 l' \_\‘ -2.4 T
E 11\ :
=< 1078 = " 2
$ el l | 218
~— 1076 4 " \ by
g | \'\_ g
ui- 107 4—_ \ -1.8 =
107.2 ] ‘\‘/.\./.\.\./.‘l/.\.
i \4\4—4——4—4—-"\{ﬂ——4 - 15
107.0

300 600 900 1200 1500
Time / ps

o_

&l 2-3 #EYJE GN FEEE IR P AR B R LK vaw A E1EF Be RO IR 1] i34k i 2%
Fig2-3 The evolutions of total energy and vdW interaction energy as a function of simulation time in

the self-scrolling process

(a) =20 ps 1. corrugation

(e) t=800

&l 2-4 FEYJE GN s s & droAs B i %0 i i 1 24 1
Fig2-4 Snapshots of the self-scrolling process of the tailored GN flake
Kl 2-4 s N#EET G GN B B ROIE R, 48 GN & thid A% i g A8 40 7T LA
P NV B, il o ka e FE0r . A5 AP . ERE AR B, Wi 2-4 () PR,
7E GN R AT LS B A BSR4 R A2, 2380 GN v A i 2 T B ) e
ARfe. SRS R DA R A RO RE, ARG IR R s R . X — mRIIN AR T
Kl 2-3 H1 0-20 ps WA REEEERIGMILR . X TREGE R, S50 5 BIR T 7t C & E

31



O TR YIS IE RO B AR TE 7 A BRI T

SRR T4 GN [ AR A HRPE Mermin-Wagner EFEI2Y, Kl sh & midR —
YR KARA T 1o 0 2 AR 2 il R ARG R I B R 2 A (1l
e B, B 2-4 (a) o GN A RIRESZ 4k GN MEHEAILER, RE%A Rl
P B FLEE R IR

BEEBAURIEAT, I 2-4 (b) e LB H, GN fr BZRGEPIMNEETY AL, T
AR IE A GN R — kA7 46 fl 0 OGS D IR O T RS IR L, B 2-5 ()
T Gt T R EEPIINERJE T AOEE B (& 2-2 C(a)) BEBLL ] AR L . A AT LA H
7E 0 ps IS 245 B JE TR O RE B N 2.46 Ao HI TR &b GN R, GN HHRJR
TR AR AR EZE UL vaW A EAERIA . RS vdW A EAE B aedh ZenT 1, 24
AN B R T TR B BE BN T AN R T vdW PR R, AN R[5 vdW AR BLVE A 1
HR SRS WFBET, HvdW 58 1L7A. Rk, WAL o 2345 3 0 f )5
TRE A A, AT 3 EORAE P Bi )51 R B E R R 0O AR R e g Ok, ] 2-
5 (a) w1 5ps IS 2R Mzt &t v LLE H, BEE GN Hol iy BBl db 255 W
(3 S 1R () PR A G R SE A o A 1 SRR A L R o GN M)A AL, B 2-5 (b-
d) 73 HIFREL T LA Y 5 ps. 10 ps+ 90 ps I GN Z24% kbt #4 BU B . A 2-5 (b)
PRI LAE 5 ps NARGER BRI 7540 TR —F i iy, 3BT 5 248 1 5 I aa 1 2
RURGETHA T N T — 2 I B R4

| —=—0ps (a) (b) rss
7‘ —e—5 ps 33‘2
{ ——10ps ]
64 ——90ps A
°<\E | —+—150ps " agsh
8 5 - SO 261
5 (c) e
200 w0 L A T eemaliasreians .
A4 =
3 s
| (@ .......................
0 10 20 30 40 -
R/A

B 2-5 (a) HERERAGR)R T 6 BB BRI M 32 th 2k, (b) 5 ps BY GN REEM R,
(¢) 10 ps Bt GN EEUALE, (d) 90 ps Bif GN &ML A

Fig2-5 (a) The C—C distance curves along the radial direction of the fissure at different simulation

time, (b) the GN configuration at 5 ps, (c) side view of the GN configuration at 10 ps, (d) side view of

the GN configuration at 90 ps

32



HEGHRY CER) FE2A A0

M 2-5 (a) H Sps BFIZRIE AT DA, FEEETE GN Frooal, 24850 s 1
[EIFEATSR/NT 3.4 A, X F B FEIT O AL ZLEE T B S5 718 vaW AH ELAE FAT SR AHE R A
FIAE, MiEe GN oA B AL, ZEERMIBRIE T IREE R T 3.4 A, BRIEFR vdW A1 T
TEF A SRR . BRI, 8RR 5-10 ps BFTRIPY, EHER I S5WE1 RER F,
FENT GN HC AL ZLEE Uik S5 [) BECRE AN BTG R, 17328 B9 GIN A A i J5 7 [ 1) L8
Ao B 2-5 (o) WA, FEUT Lo A28 Mk 5 1 8 3 = AR A A 14 7 =R 38 in ik
JEFIR] ] EE Y . 7EHE ToRIK 10-90 ps B AP, 521 GN AL b T A A 44 1 6 R 4% H
IR INEAT, R 2 AERBRAL D L — 2k s BE M A, anf& 2-5 (d) BT

PASTE R, FEEM MR 716 vaW AHEAEFH PR MR8, Wi 2-6 B
INe BITFOLEE TR, SEE%0 AR5 710 1) vdW M EAEF iR GN K 2. Rk, ]
LK vdW A EAEH S350 iR RKF o BN B Ay 8. vdW AR BLE A0 8 B 2> &6 {F GN
EG M R R —E 2 AIE. 4 GN Bl ZRERT 34 A W, vdW A HAEH]
22 B o> BRG] GN A ELEET; 1724 GN & il 5 REREENT 3.4 A B, vdW #HE
1 FH 28 B 23 SR A SR B HE T, 4002 I EE 4R 22080/ . vaW HE ELAE F 7K P2 ot 3
AL B GN A EEE), & GN Bz . ik, 7 vdW #H BAE R IKTrS
EESEMERT, #IEH GN F RGBT, W 2-4 (c-d) FiR.

B 2-6 vaW FHEL1E I HXBhERBYJE B GN 3L i Ffr B p B 22
Fig2-6 Schematic diagram of the vdW interaction driving the scrolling of the tailored GN flake

PAESHS 73BT 5 GN Bl IKE) 7y, 8Tk i GN B 2 r . H
A4 GN fEE MR P IRs) /) 55, GN Blflid 24 271k, R %& e
A 8 . H I 2-4 W50, BEAE GN A5, GN 25 i RE &Y K. X4 38 GN 1)
SEPERE B PE IO, T HIH] GN 15 il . b5 GN & i 2 EE#iE K, GN dik-ik
SR A DL AR R k. PRIk, GN 7B ik R b R BE AT RA
F GN _EER-BRBE SRS (Evatence) KATE . WK 2-7 FT7RN Evatence 5 GN 45 HI T BUHETE
K G5 R O HE A BE AL IDLET TR (A Ak it 26 . NIRRT LR Y, B BB RIFR38 0, GN 45
M T2 B PR ST K 225 K S A7 ST UR /N TTT Evatence BTG K, I LI (RS0 34 B 1R 47

33



O TR YIS IE RO B AR TE 7 A BRI T

I —8ik. XKW OGN E R 5715 vdW AHEAER 02— X7 /1. 2 vdW
J155E TSRS, GN % il 45 RO U & A 2 i

1804 === 145.82° _ 107.4
] \' l % "\( /\ 4/\" / B /41
: / -107.3
~ 150+ /\ :
9 | . _ g
g —=»— Cone Angle @
2 = o
< 1204 \/ —<— Valence Energy 107.2 %
& \ 3
o —
~ 90 107.1 a
60 L 107.0

0 300 600 900 1200 1500
Time / ps
& 2-7 #EVE T GN % M FBHEA SRR ISEBE Evatence MM A (12240 #h 22
Fig2-7 The evolutions of cone angle and Eyajence as a function of simulation time

232 AEBFRMNEEHITARNZEMN

H L B mT 20, #BYRT LA S GN 46 #i R sl 2 B HE T AR 9K S50« 32T SR A
7T ETE GN F B4 R/ A fi A7 9 sgm . il 2-8 (a) Fos AEET I3 FA8 57
A 20A. 30 A, 45 A, 60 A F1 70 A KT GN 14 il T B d A A B IR . ML rprm]
DIEH, BEE GN R PR, & ihe s s i g oK 4540 IR HE A BN o Ik Ak,
AFWHETE 7RI SN T 20 A 5T 75 A IEE GN A RIE#AT N, A 2-8

(b-0) Fn. AT LAE H, £ GN it Kt /ME ol R, #AR T8 5% T GN

% HE BHE T RGN K S5

ERMA R F, vdW FHEAER 7772 GN B IR3) 77, ©RR/NS GN FfirJE 1)
BHA R X THRERH GN i, BT FEH B2, GN BAIRE vdW A AR
58, AHRLY GN 45 Hd f b () 3R B) J R, 5230 GN & i 5 T2 R HETE e g K 45
FHEMEUN . BEE GN AR, GN & fd #2271 vdW B3 77 5 5Pk RH 77 17 B sk
/Ny AH vdW A EAER 38N BE B R . AR UL, EAREUINMY GN S22 g
FMEAR . 24 GN A2/ T— @Bl , vdW K3 T3/ GN 3 S8k 7, AamA

34



HEGHRY CER) FE2A A0

RESRzN GN Fri il (B 2-8 (b)) 24 GN 242 KT 70 A I, BT GN BRI F)
M, GN e kAESHTE (B 2-8 (o)), MIMHAREIEBHEE iR L o

&l 2-8 HITFEIAFFE GN FE il R & E

Fig2-8 Tailoring-induced self-scrolling configurations of circular GN flakes with different radius

233 HHARAEHEMIT AN

A7 GN F & AT A BA EER I, W 2-9 s AR R
FIBRGIK S5 . B 2-9 () T GN IR 45 A, 388 H B 1 B8 in 2
4 BF, #BISEH GN F o ale R T . ARIEMAER IR EE. B 29 (b A
BEFEFHIY GN FIEIAT N, KRR MAMNEEE N 45 A, WEPERS 8 5 A,
10 A, 1S AFI25 A, AHRIFIEFRTERE 2518 40 A 35 AL 30 AL 20 A. MWEIFATLLE
H, BEEPRSE RN, GN Bl S 20 K T« IR SHE AR BRAIK 451 .
R ST IR GOK £ 1, T DA fOHE TR MoK B, 1 AR 4 /K8 3 7 A BT TSR A L -

miil @) @ &9 *(a) (b)° ° 0
s 4 1. 4 &8 z v g

q—bp mew 9 ._l.‘:fv ,.-_.,;;., @ (o f . e ‘
cone funnel tybe

cone pocket parcel

B 2-9 ANEFBI T GN % i pl At 24 =

Fig2-9 The effect of tailoring patterns on the final self-scrolling configurations of GNs

LA ERFFEERE, #ETR LS GN B R MUY B R B gk 45k . tksh, |
2-10 A AEETE SR (BN) DL ONT &l Va5 & B B . B AT A,
BB 5 S AR GORARL A S8 BT U7 3R] DL T R AN RIS 44
KEER . TR, ARTE BT H (0 3 BT 5 5 0 S 45 i T Ui M oK 46 440 1) 7 it T ot
B H A = AR T, SRR AR A R 4 3

35



O TRV IE RO HE T B g K TE 0 A BT T

& 2-10 &HBIES BN (a) 5 CNT (b) HIBHITH
Fig2-10 The configuration for tailoring induced self-scrolling of BN flakes (a) and CNT (b)

2.4 REING

A E K] MD B TT AT T IS GN K HIAT Oy . B S5 AR WY T A
%3 GN B KRG M SO gk iy, I8 GN 2 g R 1 e 2 DL o 71442
W, 7R T BT GN Gl RO PR IT T R S AR KA RL ) i
1705, SRR 5 AL A S HAR GRS R OB A oK a5 . Fealth, i
R TR GN G i iR H R RIAKEIE 451, TR HE T 9K e
ZER IR L AT DAY AR KB TE U 2L v RO R o ARHIE 78 AT LI 05 A e vt il 46 B A e
BERSIEFMENN LY RKGEE RIS TR &, KR KITIE LR RERES
Pt S U A — 2 MR i

36



HEA R (4O 2R S

HoE EHBRARBERS TR FEMHR

b EARGE KB TE M HE I S5 MR AR, AR Ss ki B0 E R, D 2B
TR AKIEIE S . AT, K H R SUHE AR ANOKIBIE 2 15 BAT 5 AP K B E SR B
IR 7> AR I TIRE -

3.1 3|5

AR R KRS RS SR R K o) TS s, R T AR KGEE R REAEE R R
FEAFAE, FENHIVERESZ BN IR [k, AR¥E AV /KEE ) 4540 5 ThRE R R A5 B
THREMAPURIEE SEHLPUR R s BOK s, WX — B A Bo&ie. ITEk, 99K
R BORR IR, AR R RIEEA RN EAL AR . BB LK E T 12
B KRR, IF 2 N B WAK RERAARIEEAT NI . ok, BRIPUKFRL A
B RHES) 1 IR AE oK R I8 IE N R iz A7 A FE R g . WFFUR IR 73 74E CNT
PN AT DA BE SR I A A, H A i B2 A A B T 25 SR ) 4-5 £ 1120). X R TR K
PR RS 3 8 AT = R AR R R o, R DA AR /KE I8 15 A v RO A et (H
AR TE RHE R ST UK RE (<2nm), 256 HBTT R D RS MERR 40 Km0 1) 1
BT AE IR AR F K

FESRIS W2 AT, WA BRI EVPUr O 2B TR ATE, AT SRR TE I E
H . MD BAU R AN SO PR REE AR 1T i A MR e s, el Phdsk
Ttz s R, RN A DA it e fnis b A O AE EAE T, A2 0 i
AR R LRSI AT 9 R AL BB ELF B J T, SR 005 0 75K 77127
LEFUPSIEERUALE CNT S5 3B BL B AR S AT v AT i .

TfE E 2 W 25 W0 7K G TE ) R T 30 3 45 A0 2 HL AT RORAR S D RE R JR R U, i b A
b F AR MD BRI T TR S GN AT, SR T ARGk
HIE AT . AR SR TAEHE R BRGNKIETE P XA AT, DB 0 4=
BT HUHE B AN K IE T8 /& 75 AT I /K 70 1 1% e i) T e -

3.2 HWIMERNA

ARE TR IR TRANE 3-1 () P, H GN AR R K5 (Z0E) A
BREOKIEIE (RERE) =H0 R, HABRIKETE AT WA 2 GN RZIH, EiEK

37



=5 HERBRIPRE TE K S TAERAT I 2 TR 7T

FEN 20 A, JKAT40 BIRCE T 4N 5 1 GN AR P 9 T BREh 7K 2 T-2ERR 9K i A
fifEt, R A MCE T — AR GN A, BRI FERT 1% GN BR AN B S5 it
A TE PRI ISE g, N T EE S0 78 A0 7= A 1 11 R D 2

B 3-1 HRHETRE RGN K SR SR FH (092 11 25 THUA (R oK AE (CNCD » AR EE CNC T Ak
B SR T B FLC IR 575 U IR AN F], B SR S6F T RAFEHES Y 19.2°, 38.9°. 60°.
83.6°. 112.9°f TLff CNC 520, MRIEA T HIBAUAE R, HEMAN 112.9°8) CNC iliE AN
TG F BT RBE BT L (AR RS E FIOIM A R 5iheh 4 ). [, AT
P, M8 T ONT 590Kk fLA 8 (NPGN) JBIERA, XN nf Lo A& 14
F124 0°5 180°f) CNC JEIBEMR, 40k 3-1 (b) B, N T RIEA FHE M I 4KimiE A
AL, FERIR A R b AR CNC THm T 8k AR —E, s 3-1 Frs. o
B AR TR DA E 32 s, B3RS CNC Tt DAL GR R -1 1A bR, 285 BA
XL ST A ARAR A R L, DA IR T vdW 20842 [, Wk 3-2 (a) fis. HiX
8 [53 Fi7 Rl A8 F dt P 2 (8] ) AR BT CNC i T o F VB T AR, il 3-2 (b) B
B AR I BAA 2K/ MRYE CNC lEHEA AN FE T AR, T 39.36x38.32x150 A’
55 74.06%76.97x200 A® 2 [a], HHRAEEL R 74 H AT 10720 F 33183 Z[A].

Y

"’"6

343

\‘\\"ﬂ
\

N

Graphene

-6()
B 3-1 (a) BHUERFIIEMEL, (b) BHIP KA REARRYIKIEE
Fig3-1 (a) The snapshot of the initial simulation system, (b) the six carbon nanochannels with

different cone angles

38



HEA R (4O 2R S

O\ ®

B 3-2 CNC JEIE T A AR v 55 1
Fig3-2 The method for pore area calculation
R 3-1 HEHH KK Lennard-Jones HEESE5 CNC 1818 T0 i 85 H 1 X

Table3-1 The Lennard-Jones parameters and accessible pore areas employed in the simulations

Interactions o (A) ¢ (kcal/mol)
0-0 3.1656 0.1554
H-H 0.0000 0.0000
O-H 1.5828 0.0000
C-C 3.3900 0.0692
C-0 3.4360 0.0850
C-H 2.6900 0.0383

Channel types Accessible pore areas (A?)
CNT 64.443
C-19.2° 64.306
C-38.9° 64.230
C-60° 64.796
C-83.6° 64.267
Graphene 64.364

A P T FIRAUHCR F] LAMMPS BfEse pil0 ok 77 R Al SPC A5, H
AR R P AEBAR EAEH Y Lennard-Jones # A2 4Nk 3-1 ProslBl, gl fidit 55
Lennard-Jones ¥ AEMIEMT L2 EE A 12 A, AR #H AT L/EHKH Particle-Particle-
Particle-Mesh (PPPM) J5ikit 802, Bk 5ok A NVT R%%, MREZEWRE N 298K, %
7777 K M Nose-Hoover 7572, I EPKIEH 1 fs, B/ME RSB [ 15 & A Sns.
N T AEA BRSSO 18] 9 SRAF BN R I Ge T 45 3, AUl R A T 80K I 58 (100 MPa)
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Fig3-4 The calculated water flux for the conical carbon nanochannels with different cone angles

3.3.2.2 HETEBRAN K E I 7K 73 1A% 4 AL

N T V7K 7 7AE CNC JEIE AR R IR RN, B 3-5 B vk i A -
ks TIn[P(N)]U3° W HELI K 4377288 W AR A b -3 B s (PMP) 4. A=,
HM%%K%?%%%%W%M%%E,@%ﬁﬁ%%%ﬁﬁ,T%%ﬁﬁ%%ﬁﬁo
MEFRRT LA, 7K FHEN ONT @il 7 Zid B i ae 22 . I ONT J@iE W 2 A5
NI R . B HE A N, CNC @ IE N 1A 1A BE 22 158k /Iy, 17 HE T AR P 8 2205
BEOR. Fe#%, CNC IS ALK RE 22 RN DR E I8 IE A K E K/ . RltE, NPGN &
FREER S R 2 P B A A EOKIRE N E R . A1 T CNT, NPGN H@EiE K

41



o =5 HERERIKIBIE K 7 1A% AT 9 8 7 TR TT

RERIFEFZERE, MI4EH T /K5 7158 A AT e, 8 A B K & .
HEF N 19.2°1 38.9°1) CNC J8 1 H A B my /K it &2 1 R R 2 FEN DRI HS F1 A A AR
BARMIK D Tt 2. S5 K 3-4 5K 3-5 Ba LA, M8 83.6°M1 CNC i@ ikRE
%5 NPGN #iEfe 22 /ML, H e RAMITrfKmE. JEEnr LAERT, H#EMA8 112.9°1
CNC JEIE WK FAERAT K N T NPGN @iE. Kk, AREHEEE AN
112.9°ff) CNC J8 18 JE T AU 7L .

3.0 ——CNT : :
—C-19.2% = .
251 cagoe ! :
|—C-60° |
= 20 cme #
- Graphene ']
E 15 _ : i
S 10} 3
2 ;
B 0.5F :
E 0.0 E
|
-0.5 |
r I
-1.0 L ! ] ! ! ! i L

W
-
92
(9]
D
(]
N
W

‘70.75.80I85l90.95
Z(A)
& 3-5 Ko FEANFEHEA CNC BIE N EHS R PMF 2
Fig3-5 PMFs for water transport through the conical carbon nanochannels. The channels were

located between the green dashed lines

MR E, K73 FREN CNC EIERIRE2: —#70 K B 7K1 W A5 1 5
Ao BRI T RN EE NGB, 75 ZEAA 1 e R ORBA AR AT oK 701 R RS e ) S B
Zik. N T EEMIRK Y TRENIBIE AT A A2, B 3-6 Rt 1K TR T
ERNEEVA- R RS OE=R: 2 (§E I E=R: 32 i Suw s LW =t 2 s S T R
ARVLT A (a) A KD TR TR/ T 3.5 A5 () PR TR T
LR E S RERR O-H R EKMA/NT 35°% MK 3-6 TATLAEH, AP &K
DR AR E N 3.4, X5 ZHTSCERIRIE AR A K 7 7 A S E E A 2, A
CNT BN, WK TAERT AR TP A HAE 5 5 0 Z 5. X 5K
THAE CNT WEAIEFE AP EMAR (B 3-3 1D, RE CNT WA F K145
WA M TR TAE CNT ARIPREERT, E2K TN CNT I, 7 Z R A

42



HEA R (4O 2R S

KT T IRRGE A A, X B S8 7K EEAN CNT I BE22 107 4. (H 27K 51
CNT #ENAHN, Ko FaHmA PPN, WA, X3 E KR,
Rk, X BA MR L2 AL (K 3-5),

B HEM G R, JEIE A K TP S H s TR A, RN ETE
WK > T E R BORETE 7 X7 I = FEUK D FHREAGUREIERS, B K5
A S BEAR Pr TR BE R TR, R UK TR EINE 5 Bt NEIE: 55— 7
KT EJTHUREIER, 7 E R EIE B E AR A R, T3 BOEIE 1
RE2215HT BTt

L 1 [ T T
z CNT : T—oci92: :
= 6 g w Of . .
= =R | [
o 5 8 5t . d
28] m 1 i
T 4 T 4
e 5 5 '*
o 3 - | |
] 15 E
£ 2 £ o3 = d !
E E | I
Z 1 " Z 1r 1 1
O 1 1 ; { § ¥ 1 0_ 1 1 l 1 1 l 1 1
50 60 70 80 90 100 50 60 70 80 90 100
Z (A) Z(A)
7 I T . T
[ ——C60° : i Graphene
w O . ¥ » 6F
S 1 I i
g 5k 5 . g 5t
M I I m L
:1.: 4l . :' 4+
B 3l B 3l
ot =
L r 0]
2| Y |
=i = | '
Z 1r Z 1r i
o of I

70 80 90 100 110 120 130 40 50 60 70 8 90 100
Z(A) Z(A)

B 3-6 IWBHAR Z KD T FHEREE . BRSEEBRXEA CNC IEEREX
Fig3-6 The average number of H-Bonds along the studied systems. The region between the green

dashed lines presents the average number of H-Bonds of water in channels

DA b BE R R 247 1 CNC SEIEIE K 7> FAE 5L, I USRI A R R

TR TAERA CNC IHIE N GE 22 H)A L . 36T RORE AN I8 T8 1) L 11 i 52 ket — 2 15 W

CNC JEIEME K AR RORALE] (B 3-7), 20l 1 IEE A B0 7K 4 7 i
8 Ko TAEEIE A AR LR OK 70 5 BT I IE X =AM R RS2

43



=5 HERBRIPRE TE K S TAERAT I 2 TR 7T

—~
»
-
»
»
>
'-‘
"‘l,
#p
-
»
-
’
-
>
>
ey
=
v
-
¢
s
v
—
7

B 3-7 EEWEN KD THRIST AR~ R E

Fig3-7 Cartoon representation of the effects of channel architecture on water permeation
(a) IEA RN K 7313 NI TE H 520 CN RN
O A BE, KA FRE NGB IE R (38 0 25 7= AR B AR /KR o % T AR 38 BT i 5T
A AY, JK 2> TEN CNC JEIE FRER R RFE . EHRT 7K 475 8 N Al A
XfF CNT (&l 3-7 (a)) 5 NPGN W& Z K, BUMUIEIEN L SBEUK> T 518IE N AL
FENERR AR, AT = A R AR IR B o (E% T CONC AR FRok 3, HETR I8 B T 0K,
K> T HIEIEN DR AR L m, TS E CNC I TE A B s 7K .
(b) JHIE R BT 1 AE PN 7K 731~ &5 74 [ 5
B 3-4 FTE, BT FEIEE P KR B A B A G O — B R Rk, Y
I N AN RE 58 AR CNC B IE IR K A AR BIHLH o 7K 4715838 Py AR AL,
XK FHiig FIRE A RSN o I TE N A P 7K o T8, A B Tk o F I PR AL
{E CNT JBIE A, /KTl LIEREAET A PR LR (Bl 3-7 (a)). BRIk, 7KIF1E
CNT @I P H A B KA (152 fRT CNT @IE N L8, 7K 48 F7E CNT WY
SR A . B HEA RIS R, CNC IHIE /K A BUE BT A P 207 56748 (B 3-
7 (b-c)), TiJGF MK G5 #4623 BEARK 4 F 1L RIS N AR SR 2 . Mhoh, K FER R HE
FI) CNC JBIE NI o X — LG AT Od i TR LA SR KA % 77 100 1 167
OIATRARRE, W 3-8 Fran. MWIEIHATRAE H, 24 CNC iR REEMBORIS, it ini &)
REAEV2IE HE NGB TE P98 (] 3-8 (e)), AT HE4FIEIE N 7K 70T 2544, A 43 A1 58 80

44



HEA R (4O 2R S

400 ; 400 ; 7 3
! : , | |—c-19.2°
300 | 300+ 1 1 1
| 1 1 |
- 2004 | E 200 I | |
| 1 | |
S 100+ = S 100 1 I I
\E/ 1 = 1 1 1
) 0 L 01
:5 1 =3 1 1
% -100 I &% -100+ 1 1 |
b I e I ! '
i -200 1 A -200 1 1 1
11 Water 1 Water 1 1
3004 e -300 I reservoir | Channeli (b)
1 1 1 |
‘400 I. T + T 4 T T '400 T I T T 1 T I T T
0 20 40 60 80 100 120 20 40 60 80 100 120
Z (A) Z &)
400 400
1 [ 1 - T
1 | 1 C-83.6 1 Graphene
300 4 i i 300 I
1 1 1 1
;@‘ 200+ 1 1 1 = 200 1
1 1 1 1
S 100+ i T & 100+ I
boed 1 1N | E 1
e 0 1 [RA ey 5 0
a 1 1 1 5 1
o 100 1 1 1 @ -100- 1
o 1 1 1 & 1
A -200 1 | | = -2004 |
1| Water | i 1 A~ I Water
-300 : e :Channel: (C) -300 - : reservoir (d)
-400 ! —+ T + T T -400 " ! . , .
40 60 80 100 120 140 20 40 60 80 100 120
Z(A) Z(A)

Bl 3-8 AR At Z Bh77 A A3 704w # 2R

Fig3-8 The pressure distributions along the Z direction of the simulation systems
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Table3-2 The average axial velocity when water molecules escaping form the studied channels

Channel type CNT C-19.2° C-38.9° C-60° C-83.6° Graphene

V (m/s) 0.1786 0.5374 0.5062 0.4324 0.3142 0.2574

ZRERIRD, HEMEIRER, — ORI TR TRENIRIE, MOKRE; i
BAHRK D TEi 2 A PRI RA, BUNVKRE. B, A CNC EIE 1A
AMAE—SE VBN, B K7 BRRERON A S U E NGBS, RN e U8 4kl iE W s BN
FEHIK 7> 545K . ERXFMEOLT, IEIEA REE A B mHIK
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Fig3-9 The calculated water flux from tip to base side of conical nanochannels
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Fig3-10 The PMF profiles for water transport through the nanochannels from tip to base side
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Fig3-11 Water flux in conical channels (apex angle of 19.2°) with lengths of 10 A, 20 A and 40 A
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Fig4-1 The constructed system for water desalination. Water was shown as transparent cyan
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H PPPM J5 iR 5 . B R A R REZEH NVT 245, NEDEKKEN 1fs, 4
R RIS AR 10 nso A 73RN CNC J@IE AR #h/ /K 7 B PERE, 42 BIFFS T CNC i
A FE A LR tip 55 FF FR/NGE CNC 3@ IE R/ /K B HERE RIS . A T XL, A
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Table4-1 Element charges, Lennard-Jones parameters and accessible pore areas of the CNC channels

employed in the simulations are tabulated below

Element C(sp?) Hw Ow CI- Na*
& (kcal/mol) 0.0859 0 0.102 0.0356 0.0874
o (A) 3.3997 0 3.188 4.478 2.439
q (e) 0 +0.415 —0.83 -1 +1
Channel types Accessible pore areas (A?)

CNT (6, 6) 19.29

19.30

31.27

CNC-19.2° 39.38

44.74

50.64

CNC-38.9° 19.34

CNC-60.0° 19.37

Graphene 19.38
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Fig4-2 Time evolution of the number of filtered water molecules through the CNC channel under

different pressures (a) and the corresponding water flux and ion rejection rate (b)
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Fig4-4 Water flux from the base (tip) to tip (base) side of the CNCs with different apex angles
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Fig4-5 (a) PMFs for water transport through the studied systems, (b) cartoon representation of the
water structure in the CNT, NPGN and CNCs with apex angles of 19.2° and 60°, (c) the probability
distribution of water dipole orientation in the CNC channels, (d) the PMFs for Na* and CI~ passing
through the CNC channel with apex angle of 19.2°
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Fig4-6 Time evolution of filtered water molecules through the CNC channels
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oK B, EHE CNC MiE tip )T DA HAUE R 50.64 A% Ny T RS ANIE J7 17)
CNC HIEEE//K > AR ZE 5, W SRS 15 b Eh v & T IS R L N,
MERVAVE CNC JBIE base 5[] tip dfifEnt, T @E RG2S W OFE, 28T

BES RN HE N CNC @B, a1k 4-7 (b-d) FioR. EAMIIEIRER TR, 3 IEIE A 1
ZA BT IR A ELH AR, AT L HE 1 4R ONC 8iE, F80%i8
FREL R T . CNC EIE N IX — 8 T AL 3 2 2R W) B8 1 I8 T ) P A R A s =03
A0, B AE AR T T o B AR R IR T A R T, BRI AT DR & — B A B U
AR T B TRt st MEbvmith CNC J8IE tip 3 A) base IfifEfnt, B4
R R 25T RGPE A TE 2R R, AN REEI N RN 2 AN, B R BB AR AR
FAAE. Bk, Bk 7 o ONCEE#sRE) 1, Joiksid CNC EiE, MmEE
B ARFE R R /Ky BT, B3] CNC I tip 3T O KRB T REW AR 5 5 1 %@ iE N
1ho BEAh, 2 ER W CNC JBIE base i [ tip S AL 4T, B 175 CNC BB WAL,
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B 4-7 (a) AN 19.2°0) CNCIBEKRE SHEEZBE tip 37T O R/MIRILHIZR, (b-d) #F
CNC JBIE base ¥ | tip 3l /15 9B TRt E AR A~ B E
Fig4-7 (a) The water flux and percentage of ion rejection when ionic solution flows from the base (tip)
to tip (base) of the 19.2° CNC channel under different accessible tip pore areas, (b-d) pressure

induced knock-on ion transport from the base to tip side

LA BB el a0, 244 Mo 19.2°00 CNC IE tip Sn T I # i AR ly 44.74 A2 i,
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ST K RIBB IS, gl e US2 ) R AE 40 B34 (43 B8 Mk e kAT X6 LR
W (Bl 4-8), AFFHFFLH) CNC @B B AR ER /K B ERE, HAERRRE K
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FEIANAK 2 FL R AL 73 B R 7K IB I 26 5 60%
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Fig4-8 The ion rejection and water permeation rate for various membranes
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FRE ERKRMNKBES FERMGENS TRILUMAR
5.1 51§

I HARGE AE VKB TE 25 H 5 ThRE SR &R, iAot T HERBaKIBiE . I8t 7t
WK THEAT Y, W T HET B TE DK 7> TR K SO0 L, B — DR T HEE
BRANAKIETEAE #h/ /K > B AN« SR KEIEZRRL, AP rh i 7 iliE B R A HEE 1
MEAE £, (R I 3 T Py S P P W PR/ 3 2 e A BE T L AT UK, LAY
AW T EE P T AR A . InRERRIE AR T IETE X A 5T RER R,
DBt BAA S R G B ThREM N LKEiE, il ME gk
Wik s, KL BT IR I RS . AN T UARYE AR T IBIE A R S T R e
VEZ B IR 2, SR MD BUITTE, JFRE 7 9oRIBIE i & Bt o 7o, k7t TARR N T
REAL AR IR IE 1 S g ] & PR it E I B IR T

5.2 WK RNTE

WRAEHTHEI 41, AW B i B B ) AR H R 1 FL T T 45 4 570 r s T R
AL RVE 45 . AR AP 8 Tl iX — S5 S5 ThRE G R, AN # R HEE g K
(CNC) EIENE A& I A B AOMRL, a1 5-1 s i BADLAA
F, WA FAE CNC @ IHE A R HIZ AT . Hod CNC 3@ IE # o+ ELAR KNl
8.9 A 1235 A, MIEKEN 424 A, WEHEM N 19.2°, AJ5H CNC HIERE T W4
[ € 1 5 (GND ez [a], GN B b HIFLR/N I AF K T+ CNC 3l Py i JT H EAZR Dy A
Dy, AT AR IEEE (g, [RIET B (B R K B e B IE B e A TR 7
E CNC I N AL, 12 GN AR I 43 J5 7 A R BE 1 NaCl I A T IR s
FEIE R L, WIGEXT CNC JBIE FRIRRE 740 B0 7 AH R s, R 58 T ik
JE 1 R R CNC i 38 2 T FEL A 4 0T FL B AR AT NI RE I s O T IR FFA R 1N
HiPE, £E NaCLVER AN 75 CNC 8 IE P/ BC A e 55 5 1) Na 85 1 o T 33l
B FE CNC JHIE P A4, TERIAA R Ao n 19 Z Bl a3 5 43 3R 0-0.5 V/A [
Yy, TEIXHLE SOE+Z 77 1] (B35 9 EAE, AH R IE 318 07 10 o B IR I 7 ).
FRHEE, AE Ap CNC IE /N [t 5 K D 205 & SO tip Ui base Ui, A4 R
K FH 3D A M R A
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Fig5-1 Simulation model. The blue/green balls denote Na*/Cl™ ions

AT TR B R F LAMMPS 8456 20, i 4 & b 7 [0 AH ELAE R R
%X H CHARMM 7137, /K407 %H] TIP3P BRUS, Ry f 2 o S 7 1) i R4 AH
fEH] (Lennard-Jones) ¥ E N 6..=3.3997 A 5 &. = 0.0859 kcal/mol, At JF 7 [a] )
Lennard-Jones # A8 2401 Lorentz-Berthelot A NIFRAFS, Brg IR 18] (0l AR B
TEFA SR 5-1 Fos. (PRI F, JE 7R vdW AH BAE F I e e BN 124,
F UM AR R PPPM 5 V2K 5, BEUMA 2R F NVT 245, B BE N 1fs.
T RABHNS (]2 20 s, HUIR S ) 16 ns 3#EATH00E 2347

51 A RPE T HER S Lennard-Jones #8624

Table5-1 Lennard-Jones and charge parameters during the simulation

Element C(sp?) Hyw Ow Cl- Na*
¢ (kcal/mol) 0.0859 0 0.102 0.0356 0.0874
o (A) 3.3997 0 3.188 4478 2.439
0 (graphene)
q(e) ~0.0057(CNC) +0.415 ~0.83 -1 +1
-0.0114 (CNC)

~0.0171 (CNC)

53 #R5WR
53.1 HERBAKEEEFRRERLLETR

P 5-2 By CNC G R R T LR 25 5 R A0 1V Pk 2k . MBIR T LU
4 CNC JBIE RSN, H -V HLIET R & EL, 2 CNC BRI
N, TV R YE HUIZ SR RN I T FE L AR RR RHE (IE f 3 F B R
BT HIAD . WA, FTRH CONC BIE AR ELH — 52 I8 T AL kRS, CNC JBiE
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(R S I A R ME RO B FRR B IR . 9 T B UL CNC i R 11 HL e
P FER LB T R RAT AR, 1] 5-2 S TR O AN IR AR 2 B, CNC SdiE 1Y
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Fig5-2 I-V characteristics of CNC channels with different surface charge densities. (Inset)

Corresponding rectification ratio

AT AR 52 TR B, S T E I T SR R AR S D)
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A LA ZANJ7 ) R R AR X =y RORAS B IE BT 1) (1,2, 3)=(, +, +)o W 2%
AEEF CRAN vdW FEFE BIX, FA R BRI R RZ E A AR R 1 31
Mgt . B, DUR RS 1A R B RS AT N (D5 -
) (D5 ) (B D BT REAEF B L B R PRk R
MRS SR BEAT TR L

Bl 5-2 W B HLIAUR B NaCl Vi Na' B 75 CIIBsF7E s (UK T € [l B8 31

Afe BRI, DN T ERE CNC EIE S 7 IR mALH], B 5-3 HarRIgEiE T IERL LS
[ Py3E I CNC BB R Na" 15 CIEFI%H . WERATLLE |, BMEZE CNC @iE
RIMAHHBMENT, Na'BTF5 CIEFELE IR RIS R IR Al
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HI+E B (B 5-1), HH CNC J@#iE base i) tip ImfE i Na" & 74 H (B 5-3 (a)) ZHig
KT H CNC J#iH tip %1 base bipfEH CIIE 72H (K 5-3 (b)), TEIN-E &,
CNC J#3H base i) tip i i) CImE 140 H (B 5-3 (b)) 2 KT HH CNC i#IH tip I
] base AL A Na B THH (B 5-3 (a))o a2, 248 T CNC i base [
tip S AL RIS AR R . X EER T base S F UK, BT 8 IN%E %) i base Ui
BEN CNC @i, B, 7E+E T, %F& 7 HARFZETTER 2 NatB 1 B base Uil tip
Ui (K58 R4 7E—B 8, 887 B = ZTRR N2 CImES - HY base Ui ) tip St )5 7]
e ATF=AE T B 5-2 o Q=0 B I P X AR IS T HR (2ED.

200r Na' (a) 360}C1_ (b)
600 - 240 F
300} | 120/
ol . ' ol
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& 5-3 AF 3 EE T EE CNCEIE Na'B T (a) 5 CIrET (b) #H
Fig5-3 Number of Na* (a) and CI™ (b) passed through the CNC channels at different E

M QA0 N, MRIEHH AN AR AR, CNC Wil S RV 5 i 1S Tl 1%

[V A0 B A R R B Tl . TR R CNC @iE R i o, Rk
CImE T HIAL ks i, AIfIE £ B FroA 7 AER RIS Frii. 4 Q B/, Na'gg
T5 CIri# FR T LL%F d % CNC 818, (HREmAe AR R ES (K5-3), il
f£|E|<0.3 V/A I, Bﬁ%QB@K%ﬁij@ Na' B8 7K 32 2 Eom R s HER, A 5:51
EZH) Na B 7555 CNC I, M Cl i 74 2 2R s AR AR, i i@iEm C1
BT E BN . UHIREE<0.3 V/A B, JLTEA CIrE TR 2% CNC @il
(] 5-3 (b)). &, 7E+E T, Na' i 7€ MR MR R E 137 HRRD. 11T Na
BS7U5 CNC 18 base ¥ la) tip i B MR Bm, M FEE 5-2 +E T AEXHR
(T FL o AR DA B AR HRAT 9 AR AR i, e R s R 88 A AT
N ZA M HESH(q, Q, B) RN B A5 57 7], CNC 38 #4 R R AL S T 51T .
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5.3.2 RNTRUR ISR RAKIEIE B T RRERIT AN

HI LR el g, A E vt (s S K CNC JEIE A & 1 it B e,
BT HLI A S T [F 9 CNC I base Sk 1A tip . SR SEK EARYE AP0 & il iE
Pt vt B S R O HE AL 9K IE B 1 FRIAIK) 38 5 1702 e HEIEIE 1Y tip #5356 A base
B0 33T, Jf HSiey AT FUN GUBR I 7 —Ff AR AR AR A SR P AR S A6 ) 25 20
KB TE ) B 5 FRURE R LERN O AEiZ PR b, T P A A HE TR G TE G, BT TR
B2 2 RN, 24P 2 T2 f I A KB T Hhaly S AT 40 K IE base I A tip i
%%N(@54@»%@%@%%m%%ﬁf—4ﬁ%%#,Mﬁ%%ﬁ%?%%%o
M, HBHE TAE R K IKEN T HHEZIRIE tip %517 base S flimiy . tip I 0L HFHH
RN SYMIEE 57N D ISR SR

Potential [V]
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Z(A)

B 5-4 (a) HIHIER T IV E TAEH SR TR EE AR EE, (b) CNC EER
OB KBRS E, B (b) FEEZENXEN CNC BEREMLE
Fig5-4 (a) Model of a negatively charged conical nanochannel with a passing cation, (b) distributions
of the intrinsic electrostatic potential and the potential as +E applied along the axis of the CNC

channels, the regions between the dashed lines in (b) represent the CNC channel region

X LU A E BT () CNC il 5 S il 4 BT 9Kl vl 0, A8 IR 58
HET AN AKIBIE ) ELAR R HRAE Snm BAE, A= At CNC IBIEEAE A A 1-2nm. 2
WEALT 1-2 nm W, SEIE N T B T T B R RORAE - JIRAHIE), B e 1A%
Bt I ORRUBE N BRI A 1) N RUEE T AR SV AR e AR . DRIl AT T R
RN 2 18 BAS B 0TI CNC I8 TE 5 S50 1] 45 R 0 3 2 - LR BV 7 [ A e 0 Jit
Bl 9T iR = rh CNC I IE & 5 FRU AL, 380 CNC 3 TE 3% 1 R a7 A2 )
HARERETRL Sy, THE T ONC @18 L3 7 M F A Re A6, IR 5 77
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HL A AERT, CNC I HO Rl 2k 7 10 1 3 B 20 A0, W&l 5-4 (b) Fivs. A AT Ll
A, fE+E T, CNC i AHEAAE—AAIF, Ml FAem. B, A48 T73E
SRS KIIRSN A, A BT F o it ONC JBiE . &7 55T CNC @i ksl /1 — 7
R E TN, H—Jr e Dok B T HARE FIEM . MR RN, B
Tkt %#mzﬁ%@ﬁ%a$ﬁm%%m¢% 40P 5-2 H1EI<0.3 V/A I,

Kl 5-5 BT CNC BEAFRTET NE TR drEmRE s B E

Fig5-5 Snapshots of ion transport controlled by correlated ion passage
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OS2I ) 8 1A 7 SN RR O AR Rl e e R 7 B AR S, IR R AR
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17 CNC IE N oK B HI7 ISR S0 1 BRG] ., ARk B 885 18] PEAe HE 5
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HAE X B FAE CNC J@IE A et B 2 m . X T AR T g g CNC #iiE, &
T8 A RCEAR S T8 IE 22082 CNC @il ERR R 7 fte 42, CNC BIE tip
L5 base Ui AR50 008 4.45 A F 1175 A, TrRJET10 vdW 242208 1.7 AUSSL [, CNC
I tip ¥ 5 base Y A RUBIE 20518 2.75 A 5 10.05 A, M Na" 871 & 7144
HKELFSHN 116 A 5 3.58 A, Na" B FIE%F Ik CNC #id tip Wi 2 /Y, B /oW ES
2K, wiE 5-6 (a) fis. B F4ud CNC il tip s, 4T B T/KE=
X-Y P K TR R (B 4-6 (b)) B R A K& 2 US Z B5 18 I8 20 7K
oy YU i .

(a) 1307 p.: (b) (‘/

wm% )‘ c

& 5-6 BT CNCEENEREEFHIEKUIERTE
Fig5-6 Schematic diagram for ion dehydration
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T EE L . 0T SR T I HE TR AR, W SR ILEAE P T R IR AERRAT
2 BEA B IR BB KT 5156 197), X B TG B IR RIRER, liER
T PO FEL J2 P FEE 90/, KL PR3 T8 PR 9 1 88— R it T AR I, 25 1 LR B IR AR A
Bz TR B RRATTWHER 8 FIREN AT H R J9 1-2 nm ) CNC 3@ IE &
T HIREE AT N ARSI

ARATH R HIRFFE T CNC JBIELEIRE A 0.821. 0.427 A1 0.048 mol/L f] NaCl ¥+
B BB IRAT A o T 9RO I R R f R 2, FL R R AT DA P A R B i B2
Gp) R, 1 Ap FIR/NSG S FIREH L, W T BT =FF NaClIKEE, #R.0 Ap
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nm 5 tpase=1.175 nm, FILFEE TN 0.821 mol/L I, Ap<tip< Toase; FE 25 THEN
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FOMAAN R o X B bR 0 RS, BV B IRk R, BB BT
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Fig5-7 Ion current in a CNC channel with a surface charge of Q=—10 e at an electric field intensity of

E = 0.1 V/A. (Inset) The corresponding ion current rectification ratio
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Fig5-8 Electroosmosis in CNCs at surface charge densities. (Inset) Time-dependent number of

passing water molecules and Na* ions in a CNC with Q =—10 e at E = 0.05 V/A
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Fig6-1 (a) Conduction pore showing the helical structure of biological water channel, (b) cross-

section of a biological water channel embedded in a double lipid bilayer
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Fig6-2 Hexagonal graphene flakes with H-modified (a) and F-Nmodified (b) nanopores, the top- and
side-views of typical H-modified channels of self-assembled graphene flakes with mutual rotation
angles of 0° (¢) and 60° (d), (e) the self-assembled 0° channel in an ionic solution at the presence of an

electric field
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Fig6-3 Ion flows through fixed and free channels at an electric field of 0.5 V/nm. (a-b) Ion current in

anionic H-channels, (c-d) same for cationic F-N—channels
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Fig6-4 Two transport modes of Cl ions in H-channels with a rotation angle 60°. (a) Coulomb knock-
on transport mode in a fixed channel and (b) self-driven transport mode in a free channel, (c) a

typical time evolution curve of ion positions within channels in the two transport modes
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Fig6-5 Potential of mean force profiles for ions passing through different channels. Anions and
cations in fixed H-modified (a) and F-N-modified (b) 0° channels, Br™ in fixed and freely moving H-
modified 0° (c) and 60° (d) channels
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Fig6-6 (a) The CI” ion flows in H-channels of different lengths and rotation angles of 0° and 60° at an

electric field of 0.5 V/nm, (b) CI” ion flows in H-channels at different electric fields
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Fig6-7 Rate of electroosmotic water flow in free and fixed multilayer channels. (a) H-channels with

rotation angle of 0°, (b) H-channels with rotation angle of 60°, (c) F—N—channels with rotation angle

of 0°, (d) F-N—channels with rotation angle of 60°
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Fig6-8 (a) The molecular structure for negatively charged leucine molecules with different chirality,

(b) the built initial model for chirality selectivity
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Fig6-9 Number of passed L- and D-leucine molecules in H-modified channels with rotation angle of

0° and 60° at an electric field of 0.8 V/nm
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Fig7-1 (Top panel) The designed graphene nanopores with different pore sizes (diameters of Pore-I:
4.91 A; Pore-I1: 6.37 A; Pore-I1I: 7.42 A), (Bottom panel) the built system for electric field or
pressure-induced ionic solution transport. The yellow and blue balls denote Na*™ and CI-, respectively.

The water is shown as transparent blue
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Fig7-2 Number of ions passed through the NPGN channels with different lengths at electric fields

from 0 to 0.4 V/nm
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Fig7-5 Number of ions passed through the graphene channels with different pore sizes at electric

fields from 0 to 0.4 V/nm
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Fig7-6 Rate of electroosmotic flow of water in channels with different lengths (a) and pore sizes (b)
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Fig7-8 Number of ions and water molecules passed through the graphene channel (Pore-II and 15-

Layers) under different electric field intensities
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