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Wang Wensen (Materials Engineering)
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Abstract

Desalination and CO; capture are effective ways to solve the shortage of freshwater
resources and global warming. Membrane separation, as an efficient, energy-saving and
environmentally friendly method, has been widely used in the field of water desalination and
gas separation. The core of membrane separation is membrane material, which determines the
separation efficiency. At present, most of the separation materials used in commerce are
three-dimensional porous membranes formed by crosslinking of organic polymers, which
have poor permeability and low separation ratio. Therefore, to develop new materials that can
be used for efficient water desalination or CO> separation is significant for addressing the
freshwater crisis and mitigating the greenhouse effect.

In this thesis, the separation performance of a two-dimensional conjugated aromatic
polymer (2D-CAP) membrane, a new two-dimensional porous membrane synthesized
recently, was investigated by using molecular simulation. The feasibility of its application as a
desalination membrane and CO> separation membrane was evaluated. The main research
contents in this thesis were summarized below.

First, we used molecular dynamics simulations to study the desalination performance of
2D-CAP membrane and analyze the transmembrane hydrodynamics of mono- and multilayer
2D-CAP membranes as a function of layer number. The energy barriers to water and ions
across these membranes were calculated to evaluate the potential of 2D-CAP to function as
the ultimate reverse osmosis (RO) membrane. Our simulation results show that the bilayer
CAP membrane exhibits superior ion rejection (100%) and a water flux (1172 L m? h'! bar™)
with a performance that is three orders of magnitude higher than the commercial reverse

osmosis membrane, even is three times higher than the theoretically reported monolayer



nanoporous MoS, membrane (the state-of-the-art membrane reported for desalination). In
addition, the 2D-CAP bilayer membrane is highly resistant to swelling even at high water flux.
The effects of pore structure and functional groups around the 2D-CAP membrane on the
water transport morphology and transmission rate were also analyzed, and salt rejection
mechanism was revealed from two aspects: electrostatic interaction and size exclusion.

The CO2/N> and CO»/CHs separation performances of 2D-CAP membrane were also
studied by molecular dynamic simulation. The results show that the 2D-CAP membranes
allow high-speed CO; permeation. Due to the similar size between nanopores and the
molecular dynamics diameters of N> and CHas, the 2D-CAP membrane cannot effectively
block N2 and CHs. The bare 2D-CAP membrane does not show any CO: selectivity. To
achieve effective CO; separation, a strategy of coating ultrathin ionic liquid (IL) onto the
2D-CAP membrane was proposed to harmonize the pore size, and molecular dynamic
simulations were adopted to investigate the gas separation performance of the 2D-CAP
supported IL membrane (2D-CAP SILM). An ultrahigh CO> permeance of ~10° GPU, which
is larger than many reported theoretically predicted results, was exhibited. Meanwhile, an
excellent selectivity of CO2/N2 and CO2/CH4 beyond 40 was obtained to satisfy the industrial
separation requirements. The selectivity could be ascribed to IL adsorption selectivity of CO»
over N2/CH4 and a fascinating gating effect that anion of IL ([BF4]) suspending upside the
pore center allows CO> passage while prohibits No/CH4 passage. Furthermore, the effects of
different IL thicknesses and membrane layers on the separation performance of 2D-CAP

SILM were examined.

Keywords: 2D-CAP membrane, water desalination, CO; separation, molecular simulation
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PRAUE T HEER . WL, Jeffrey 55 AR H 703 1 BN 520 502 2 FLA 820 /7K 4y
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1%, HEEh AR m, BRAEAIALE Tk IER, BAR KBS S, (AR AL,
XA B TR RE I B B KA 7 2 K F T HOK & AR08, BB Gt &
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G BN B BE . ZAES 4R, ERNH T e, R EEHR
[ TR AL, SRS oy F IR 35 . H BT SEIEANILI NE A IR 2, Wl R
(90, B4 SR C2OR2VRI 26 88 A/ 22 0 e U0 1 29058 (B A = AL R, ROSEAR ) —,

2



EA MR (FBZR) TRt 2 A8 S

i HAeFE R, BRAERIR, AT WAL T B, MBS 1 4R RS 75 B U ) B
i

HAl, KEN 4RGSR FyE s, KA g BAMNH L, AR
P FORFTFUAE R i), T EL w0 A S PR R A AT BTIESE . 40 Schrier 55 AR FH 4
TEN IR TIVERE R T —4E TSI PG-ES1 %t CO2. No J CH4 (5 B PERERY, 4551
AR () COo/CH4 I FE LU , COa [R3BiFE Z 1L H] T 10° GPU(gas permeation units);
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Fig. 1-1 Technology roadmap
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Fig. 2-1 (a) Scheme of the assembly of GO nanosheets in polymeric environment based on hydrogen
bonds formed between GO and the PEBA chain, (b) Digital photographs of GO-based membrane, (c)
Overview (the yellow dashed lines are eye-guiding lines indicating the GO laminates in these regions),
(d) Expanded TEM image of GO-based membrane!8!
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Fig. 2-2 Schematic representations of the structure of mixed-matrix membranes containing an
extended framework. A selection of parameters is shown for the extended frameworks with different
possible components for the filler materials, particle sizes, and shapes!*’!
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A) Nanoporous graphene membrane

Size exclusion Electrostatic interactions

lon adsorption
= Electrostatic binding
= Cation-m

‘ = Metal coordination

B 2-3 PG RSEEENRIER: () SERELRPREELE R HRKIAKES LA RIBK,

G FMEEREE R H R R STl R E EE R REIM, (b)) BB GO BRBHEE,

FEHBK GO B, FLKAR/PNEER ZFKZEEERRE, BT RIHBRASEMEEERS, GO
FREIEFEMEBIR TR T GO R IR ff 150!

Fig. 2-3 Schematic representation of the two types of graphene-based membranes. (a) Nanoporous
graphene membranes consist of a single layer of graphene with nanopores of defined pore size.
Selectivity is achieved by size exclusion and electrostatic repulsion between charged species and the
pores. (b) Membranes composed of stacked GO sheets. In stacked GO membranes, the size of the
pores is determined by the interlayer distance between the sheets. In addition to size exclusion and
electrostatic interaction, selectivity in stacked GO membranes also results from adsorption of ionic
species to the GO sheets!3

Pressurization

Vacuum Evaporation
p—
Tl R
highly ordered R(?ndor)n h;i:x rlzr;(:i;n
laminate) 0osé
—y———— Tt /\\\/b\// \‘\{/a\\ S
b - — ——— Sl _" E\HS/5 4\\3’,\;\?
o) | VTR FTU T YU ZHTGT YTET7HR

B 2-4 @ =FIRF) 15 S GO/mPAN H &R & E 51
Fig. 2-4 Schematic diagrams of composite GO/mPAN membranes fabricated through three types of
driven forcests!l
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Ry HERTHRAFEMIEFH 100 HCKE GO BIRE (BED, (O E o Hinic KR EHHE5R
B, %ER: 1um (e-h) GO/FLG (few-layered graphene) ] %&61. (o) LILEMEE () 7R
JE LT PVA B (), (g) ABSETIR GO/FLG B (h) E&1, H GO M FLG KT
TREHA, G-k MLXPIEFEHK GO BKZEREEES: () KT GO BEHWfE €=
FIEEMAEE, CMEFESUKTT A ZR B THRIMEERE T, () RAELKEEF 0.25 mol L
R P GOMs HEREEE, (k) RAKMEB S, RERAEMZBEBR T GOMs EH
[FIEE, IRELRFEM=AF SRR E
Fig. 2-5 (a-d) Physically confined GO membranes'S! (a) Schematic illustrating the direction of
ion/water permeation along graphene planes. (b) Photograph of a PCGO membrane glued into a
rectangular slot within a plastic disk of 5 cm in diameter. Scale bar, 5 mm. (c) Optical micrograph of
the cross-sectional area marked by a red rectangle in b, which shows 100-pm-thick GO laminates
(black) embedded in epoxy. (d) Scanning electron microscopy image from the marked region in c.
Scale bar, 1 pm. (e-h) GO/FLG membrane preparation!¢!l (e) Porous polysulfone substrate. (f) PVA
coating on the substrate (blue). (g) The GO/FLG solution is deposited by spray-coating. (h) The
composite membrane, with the GO and FLG sheets oriented parallel to the surface. (i-k) Interlayer
spacings in freestanding cation-controlled GOMs!®? (i) A schematic of how K* ions in a GOM
determine and fix the interlayer spacing such that other cations are rejected while pure water can
penetrate. Yellow pillars between the graphene oxide sheets depict the fixation of interlayer spacing
by hydrated K*. (j) Interlayer spacings for GOMs immersed in pure water or in various 0.25 mol L
(0.25 M) salt solutions. (K) Interlayer spacings of GOMs that were soaked in KCI solution, followed
by immersion in various salt solutions
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RO (2R TRE 2185

BT GO i, HERZ RN B RE S ok, 41 TMDs. MXenes A1 J7 44
W SBASE . IR BUREUR-RART IR, REEAPRE AT DL % BUR R, K
WL AL FETT ORI FEIAE N R AT . BRIbZ O, IRZBAN. BSE&H
FLBR I R g & e R, HL ARG Bl 1K) 70 B PE REAB IEAE IR R

22 ZHEMRI BRI

TYEMPBL ) B RAR Y S R AN KRB N =38, BINRE SR YRR B
M AL L. K= 2K, 7 AR & A AR, HoVEFEsEZR. /]
SRS, T EEEEREM S iR R MRS AEE, KT AL
MIBHAS . £E 4R RAR B R, B P et P I i e, 7y 32 20 7 (8] @ 1 5
ITgidE, FEid 2 8 AR 1 R8I - 7 —4E 2 AU, 07 L LS iz v 3,
RIS 73 88 B T PR AL RS B, = Fh 7 BALEE LIRS 2-61°1, R, R T 3RAS N
PRI T o0 BV RE, BEFN RSO T —4e 90K 5 2R GV oL i A &4
BRI RS “EGOR R Z IR BB, BT A& S A& T N LR B 2 e 5L
Blo ®EHAE, KEOVIRTECEPTTE, it La) 4eiRft 2, £ATF, 3
e A LRI ) — 4R oK 7 B AN — 4 2 AL B

INPLANE
NANOFPORES

INTERFACIATE INTERGALLERY
RS B CHANNELS I

B 2-6 —ZERRIZR IRy B

Fig. 2-6 lllustration of separation mechanisms for 2DM-based membranes!63!

221 ZHBERDEIE
(1) A 24 R
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2012 4F, Nair 5 AfE Science 4% B &, ATl 1 T EFE A 0.1-10 mm GO
RIS (B 2-7) 0 RS EIERS, AR GO IR ANEMAR, ZRFE, &
TR, HHARERVIKILHFZE (H0 BERED He t 10145, Nair 25 A3E
TX P 7K I v A B VA R T 2 K I E R AR AT R SR T R 4 T A (I E
PEUREN o 10 FCAR 239 OO0 2 Bl AR B2 T AN/BiF 7K 3 2E B 4B 1R 78 A5 SR BHLAE  H I,
FLIT 70 GO JEZ B Ui AT it e 07 %

2013 4, Kim 1 Li S AWFAEY GO IEHA REFIUA BPERE. Kim 558 AR I
651, FT LA F S M P A 380 (GO Z I HE SR s 7 ok SELA 757 S 20 25 (&
2-8). X TR GO i (3-10 nmD, AARE AT iR R F GO HEB 451 A 1) |
BFERE . fE R AGHERE T, B R B8N GO BESEIL T i A A A TR, X8
ST IR G A 3R . Li 55 N5 1R BEOAPK ) GO i (1.8 nm - 18 nm),
FHHETT T HIHR AR B EGE, RIXT Ho/CO2 A1 Ho/Na (3% 35644 43 73 AT UL F) 3400
1900, LB 1-2 MEERC. GO IR E AR SR VAT RE R
ZRVE, ERER— RABE R, #SE TROUNER, Bl TR ERLSS
TEKBT BB AR h 2 R AR, B, 8O R m IR A — BE T .

a

=
e H,0 through d water 9580600 0.08o
0.9 GO . SHBE 68 S bg
\ & 107 0/‘4‘-‘-".-‘4&'-3—. i
,0 through 2 o::::l‘& o.:,g. o e
o & 8 I bol i
Syl OPen aperture £ st ewyy ""“:,.
@ -3 R et
= Z10- 1}
5 E —
g 0.3 H,0 through > L
reduced GO  ethanol 3 acetone -
hexane 3 -15 noxano
£107"°F ethanol argon
B decane hydrogen
0 Q ) propanol nitrogen [
0 10 20 H,0 He

time (h)
B 27 (a) NS ERER 1 2KE GO BRI /T, (b) GO IR SEM &M E, (o) B GO
MR B E RN RARLE, (4 KEEFMSMEADASTEL GO ERBER
Fig. 2-7 (a) Photo of a 1-mm-thick GO film peeled off of a Cu foil. (b) Electron micrograph of the
film’s cross section. (c) Weight loss for a container sealed with a GO film. (d) Permeability of GO

paper with respect to water and various small molecules!®4!
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H, He CH, N,0,CO

10* 2 10' 10°
A . /~Uncoated PES OB<§ & 8— .,‘;,_ : 30
~40k & Ty ° 0 T = Iy
5 S e 2 I 2 {25 0
o < © © s
o SR 108 S0k &
@ 10° e < 8 20 %
2 { Dry state R~a < € o s
o L \ = H <
@ 25 .- S F) ] =
E 10} a —O—0 5 = 15T
: ST 0's S} % g
: s o ° @ Ke]
[ a4\ g & = 10"
O 10°F Hydrated state (85%) Ay - A 5 ) o
o Cco,
45
2 10" e
0 1 10 19 0 1 2 3
Molecular weight (amu) Time (hour)
10° He H, CO, 0, N, CH, 10
Cc D
Upper bound of polymer membrane
2 10k SONCORMSIPES =y, e} GO(hydrate state 85%)
o = 402k O(hydrate state 68%) /
E o 8 1o cms &
c - Po 5({ oD,
g 10°F Dry state— ? = g
E A § g o &
5 —a )/ \ 210k
7 \ o »n
3 10' = : ,_ﬂ/“
A\ )3 A
Hydrated state (85%) — ™\~
Ol 1 L 1 1 L I °
26 28 30 32 34 36 38 10' 10° 10 10
Kinetic diameters of gases (A) CO, permeability (Barrer)

B 2-8 (a) @il GO EMEMSBHIBER, (b) HKE 1 1 GO JRF H, Ml CO, FBBERFERME,
() TP T UEFERE 2 K1 GO JRFZEE, (d)RE 2 1 GO R CO BZEHEM CO/N;
bt =3 a2l
Fig. 2-8 (a) Gas permeances of GO membranes as a function of molecular weight (method one;
dashed line represents the ideal Knudsen selectivity) under dry and humidified conditions. amu,
atomic mass unit. (b) H, and CO; permeances and H,/CO; selectivity of method one GO membranes
as a function of permeation time. (c¢) Gas permeances of GO membranes as a function of Kkinetic
diameter (method two) under dry and humidified conditions. (d) Relation between CO; permeability
and CO>/N; selectivity of method two GO membranes under dry and humidified conditions!¢s!

(2) dEEEmEIY) (TMDs)

FAUT A SRR, TMDs FOIR BT OS1 i 1 Yo A ) o 22> B 2 B HE R T T B
e A2 08 MX,, Hih MARERS SR TR, X 2Kt ER (S, Se 2L Te).
FLZ TMD Je =B 2l W68 5 7 E i MR 1 B AT GO i,
TMDs HA M FHRHE7: (a) BT TMDs Z [MAFEIR SR TE 4L )y, FLRe/E RVEH PH
R PR R R B A iR () BT H=JE7 2454, 82 TMD FNITEE T GO Fro
(¢) M& GO BRAFESEALIX, (RALKEEE () TMDs R S5/K MR AERL, KitdL ey
K FAEIE R B AL . teAh, MoS, B = BAAMREF bt e, JFH s, RéEds
TR

Peng 25 NI3VE8 — T 4125 JR 1 2 MoS: H R E R (B 2-9). o Hidk4ri5iE
W, KU MoS: 2RI A S /KIBESR (245 LMH bar'!), X2 R85 3R AH A S0 8
AR GO MY 3-5 fi5. FEHHT MoSo 9K A BRI A RIPE, ZIEEESE Al K 2
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FIA 1.0MPa (R R . 300 FE R, 75 WS ZARME 51 AGK A AL BURI, AT LA
AR RJZEE . TEFAF AR [F) 237 B 2 (R R, 7207 28 vy HA s s i A 4L
B4 (730 LMH bar'). B [ /KAEHESL, KA MoSy BBEHEAT SA 7 B th— B2 3560 .
Eswaramorthy %5 AN RIE 7 —Ff 1 T MoSy BRI # J7VEUS), Z BT Ha (2@ M Alik 1175
barrer, %} Ho/CO2 HIZEHFEIE A 8.29 (& 1-10 (a)). Wang 25 A\ il % 1 T 1) MoS, ik,

W FE R B I B i HA ) Hao/CO2 7 B PEREAIIR i Ho 12351 « Ho/CO2 7 I PERE RIS
T REYFITHUE] Robesen FRR (B 1-10 (b))o 4HT% TMDs 55y 55 P R A 7838

FERERET, FEARKE 20571 RE 00 2 45 )

- a 2 theta (degree)
& 2-9 (a) MoS; EREET, (b) WA, () FEN 1.7 m£60 nm /] MoS; K= 5% SEM £
BHEE, () XRD E™
Fig. 2-9 (a) Cross-section, (b) top-view, and (c) high-magnification cross-sectional SEM images of a
MoS; membrane with a thickness of 1.7 pm + 60 nm, (d) XRD pattern recorded from the sample as
shown in (a)/”3!

4
a. Si600 b1 0 ‘ GO membrane

’& |

5.l S | MO et

= CMs 5 B

= S 102 i

> $id00 4 10 S

s o) ! (1r <(2)

b (Earlier report) Q 101 work

%’ 14+ UpperBound S = ‘ ™ 17 nm

(2] (2008) CMs / zeolites s [ o I :k «

. . ’ . 100 rGO men'1b ane !
10" 1 10 10° 10" 10* 10 10" 10 10° 10° 10°
H, Permeability / Barrer H, Permeance/GPU
&l 2-10 (a) 1T 871 2H #H MoS; JEERHEH BERRSAES B LR, (b) MoS: [EEREWE
AL S 7y B g E g el

Fig. 2-10 (a) Comparison of ideal H./CO; gas separation performance of the as-prepared MoS;
membrane (1T) and MoS; membrane heated at 160 <C (2H) with other membranes reported in the
literature!™! (b) Comparison of MoS, membranes with polymeric membranes and inorganic

microporous membranes for H2/CO,separation, assuming the membrane thickness is 0.1 pm!7!
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222 ZHZINEE

(1) 9Kk Z LA 2= (nanoporous graphene, NPG)

TEREMA BB BRA RV TBIE RN 1, RETEIRETE B GKRALA Re s 521
Gr TSI ) B . Surwade 45 NI %55 B T ZI Bk K 7 EH 4 7 S A 9K FL oA v
B SIEE (B 2-11 (a)), JEF7 7 HlKiR el 45 R IIZ A A &
kb3 (T 100%), 1 HEARTRAIZKZIER (10° g m? s, BEIRRMER X L5
P RBN TR, AR TGk IR 78 DRI T 9K 2 AL A0 S IR TE /K IR A H 1 S TV
7. Boutilier & NAER H B T 2 i AR5 B TR Z0 i 7 s AT X f SR EAT “H4T9L” 2
B, EEN B T IS (AAO) #H4T T, DURER/D 4 B P E
BRBRFAA MR . SABE S R R, WSS S8R/ SR TR &)
Sy B Robeson LR (B 2-11 (b)). iZHFFLE I NPG JEAE S N TS 4K 5 25 4 .

#EAh, Kidambi 55 ANUVSHRGE | —Fhifil s KA. 7 EH) NPG ERTE. fifise
TE P LEGINRIGEE, SRJEH A G S TR 2R A 520 B ARk sl RGEb
T 1nm, K 2-12 (a)). SIS R EIRMLTREENTE, NPG EBEMERS T 12 4
HER. BT ASE AR, Wang 5 NBE T — P NPG BT, AT 78 =
IR~ & 8 A GO BRI £ 1 3 22 BRAR 5 7, SRAS40KFL. T3 NPG LR 4
950 nm, fLEEN 1.0 X 107 cm. 7E 0.2 bar (54T, HiBENE 4600 LMH, LA
A FLAR I AL BRI AN PC R AE &K 40-400 5 (B 2-12 (b))o /KIE S 38 n 3= B T
IR F AR 4R R . BRI & PURFLIIA T EA W R B, (RESEI 5. &
2P IR AR AL AR (0 B

14F \ 10°
> \ o
> 12F \
> \ 10° §
= 1wf ) 02 N\
8 S \\ 10‘___\%‘,’_
EO 8 \ © 10° S y
nO \ o 0"  10%  10°
o \ B
Sxrsf :
\ vV ™
S SR SN
hd \
o 4t \
\
\ ¢+
d it il

10°® 10° 10* 102 10°
Graphene H, permeance
[mol/m2-s-Pa]

B 2-11 (a) ZFAEME STEM BEIM, (b) ZIARBIREHLERKSES B R ILE
Fig. 2-11 (a) Aberration-corrected STEM images of graphene after 1.5 s exposure to oxygen plasmal!l
(b) Performance comparison of the graphene membrane with results from the literature!”!
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a . b Graphene
“=4000-
K=
3000 -
b (/]
= 2000 &
= @ 9
g § § ¢
<1000 S AN
= > § q

&

0-
B 2-12 (a) ZFARE STEM BE, (b) AMEIBIERIKRE™
Fig. 2-12 (a) High resolution scanning transmission electron microscopy (STEM) images!”®! (b) Water
fluxes of five ultrafiltration membranes!”!

(2) M EHE SR (COFs)

COFs & WA N F i@ o id St sy U 2GR G, T idih—k
HEEeRmE. . k. BMESEMR. B Yaghi 5\ B HRIE COFs 14 R LASKEY,
#Hh COFs BiFhsk& Rt K. COFs T HARHMILEH, I HSREWAE R
A, AE AT AT O S SRR 0 2 B IR A TSk BR T RAE . T AR S S
KA VA S, HAl& I K24 COFs I 4 R MBI, R4 &
BRI O AEAH FAE ], DRI B 250 8 4 5 B R

a b o, cm qo,_

[®]
AN Y AN .QO&': o

O & &)
7 1.2nm ‘ X Vacuum
z I D Sfiltration

@] (@] @] (@] CTF-1 ultrathin membrane
N N ~N N
5/
; S b & CTF-1 =58
O\(\ A VNN AN /\/Q
LA AN/ LA AN/ LA AN/ GOT=r=

O O O e
2528 N2 2000

..Lg:.:‘."' s
A e
—
Laminar COF-1 particle icrop COF-1 2D COF-1 membrane
/*'\} / A\,; : .
N Exfoliation [ -=te ‘ Assembly
. [ -_—) -_—)
] -/ )

B 2-13 (a) CTF-1 RAELEHIB, (b) #@ 2D-CTF-1 BURREBY, (¢) COF-1 R Ess
Fig. 2-13 (a) Crystalline structure of CTF-1 viewed along the z direction (C, gray; N, blue; H atoms
are omitted for clarity)®¥, (b) schematic of the preparation of ultrathin 2D-CTF-1 membranes with
the assistance of GO acting as a “magnetic sheet”®4, (c) Schematic illustration of the preparation of

a COF-1 membrane via the assembly of exfoliated COF-1 nanosheets!®s!
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Ying % N KH GO FiBhJ2-Z L SRS M2 1 88 1Y) CTF-1(covalent triazinebased
framework-1) JEHEATAAS B (B 2-13 (a-b)), KRB AV H HEPGEER. I H b
TAK A HES, JZEAENBER %, 774 70K Ho/CO2 43 BStL. Hir Bkt
i1 Robesen b fR . Li & N KRB K COF Jv /2 HAE R 1 R COF JELHEAT k70 2 (K]
2-13 (), [AFERBIILARVFRAE (Hoo He N2 58D mdliziE™). COFs JERR 1 H T
A5y BE41, 3R] LA T 7K AL 3. Lin %5 AR AL 775000, 5 1 CTF (covalent triazine
frameworks) FE[FI2h/7K 73 25 RE, I RERETE SCIL A ER I RIS, Aa /K 3Pkt
BB, KBEFEHEWBEERAN RS . Bl O A KT COFs FIZROAIRE, (HiH
TRRMAAL AT, &S TR AKRNBRE S S RIMEER A . 4ETX 8L COFs & )
IR LT 4RI, BT IE AW E IR & & T A R AT A 23 B IR L
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S =5 2D-CAP JBEER//K 7> B TERE R 70 TR 7T

F=EF 2D-CAP EZ /K5 B 77 FIEHAR
3.151§

ATH Sy, WOKBERA KRGS, SN DB, 5 H AR 5K 7 SR A
15 NATASBIR BT 142 AR T 92 K6 S X R 7K BEUR R BL S o Mg KR A AR BN A 2
—MATZ BT BHA, RBE (RO 2 2 RARBKENTE
B79), T H, N T IRESEERERRE, FEAIAT T RERTE. A E
FEAEYERF AR BEAE AIC A K RN, 85 0 KB @ S AR ER R0 T i 43
BRSO RL TR S B2 B AR 1) BRI 2

4 2D) MRL gk ZALARE. DIES R Y (TMDs). £
WAL G HLE ZEM B (COP) S A 2 R — PR 2 AU ikt kL. B AT,
FESEIG S R ATV R R B, bR TR TR . gk oL
RTFI5Z BRI 38, AT DUE A B 1 HE R 2 i [F) i, SEalse i (Kl &
BAEGEGYESE S T AN R, EGHNA T Tt FEIF R &R
(R 75 vkl 4 BT v B LMK AL AR R IHAR — 4B . Rk, WF2 2B EX
JTHHEAT TR Z AR

) £ 9K 22 FLIE 0 & BRORIS 200 B BT R AT E R T B PR AR BTN
7590, SR B - MR A 2 35 B AR 2 ) T VRAE R B SN T AR AL
IXEETTVE M F BGOSR DURS R R UK AL RS 0, et
SRR A= MR, fEE N ERfbE S s, ZHMREIn 4% 4
Y. COF Mgy sl L AR KSR &t /NGy TR B LA BT ) o IR R RE BN R
W, ORI 4 A @St AT A B AR RS TE, AT DAE e 5] AR [E
FUAR KANFITRE . X T &, BT ME FIRRSEBUN, FLRS 70 R
/NT 6 AP, SR, fEIRZ A R 4 2 FLIE A, IR MEFATIX PP 40K FLAZ

BT, SRTINEE SR Loh R BIBAG B 1 — M E A w5144
KAL) =Y ILYa D5 K G (2D-CAP) JBE, HALEEEH 4.827X108% em™, AR
FLIHAAN 5.04<9.98 A2, iX L) A 57 A SR T 43 BV R ) — A B8 7 (Na™
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7.16 A, CI': 6.64 A) [MAE 1, B RVF /Koy T2 Ed, SEIEh/ /K& . Ak,
L2, S E (LA 3-2 (b)) #—5/N T 1-D BRI R (3.64
X 8.98 A?). 2D-CAP Rt (L HE77 & kB il C-C FLmrididse, XM
2D-CAP JEBA & N A R e v, AR AE J i MR B i R, JF L
REWE RS2 R K IS 7. HIT 2D-CAP 808y — 4t AR HES, R, =B
J5 ERY I Hh A AR A S TE B AN B2 Y 22 5, DR L A () J5E 2 ) T e A AN T £
ST HETBEER R, AT T, TATEHETL 2D-CAP & 1R AARIE AT A,
DAPPAG AR g i 3 5 1 2 44

32 BB L
3.2.1 #ERIF)5E

2D-CAP JI&: R4 Loh 2 LT TAERkiEL 1) 2D-CAP JUfT45H, AT
i Materials Studio (MS) #fFH ) Visual fERME T 2D-CAP i, 4R )5ilit
Gaussian 09 BAFMRAL T JLAAGES, Jf BUHE 7 BR-7 g, AR B3LYP iZ i
R, BN 6-31G. N T AT AR E I RLARE B 10 J5 7 Hoter, FRATEESE T H
JUASJE A a2 OB R SR SR BB (1 3-1) . BbUS, JEEUA] 3-1 dbmiE i 3
BT E b e T, DL BRI SN . FERE J5 It A, JRATSE X AN
LG B B 3 ST T — AN B ISR 3RS 2D-CAP 5. % T8 25, RSN~ N 7.44
x 1238 A? (XY), fEREAABESRE FRGEERSE (12A) 5, ARIELR
N 5.04 %998 A2 X THE A-B-A-B HEMREE M 2 2K, R FLAN 6.04 x 11.38
A2 (XY), BHILEN 3.64 x8.98 A% (JLE 3-2 (a-b)).

B AR R il 3-2 (o) Fon, H— DS APPSR & FEMR LR, K
FAEMEESHIREAN 1 mol/L 1 NaCl ¥ . ¥4 NaCl K& & T K
(0.599mol/L), LAMEAEA BRI F G0 R RS0 S [a] 38 I eg -1 55 AL 8] i) Al
L5, PAF RS R . AR KRS R IEZENGEE K 7 F RS F o 1 NIl
(A SRR B A T WG o 20 0 F SR 7R ARG %, AR BV Z Fh
JInEF KL T, K shok e 2D-CAP =, i )05k 2T U578 £ = AP-A/ n,
e SR R RN IR TR0 £ ROMEFE 70, o A, n 0 R A SRS AR Y T AR A
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o5 =& 2D-CAP JiEEh//K 7 BVERE R 7 T AU TT

.............

.......

Ly A P Sy e

3-1 RAFAEMETARNEHREIE—FEIE, ol BT AR
TR H ] 2D-CAP &
Fig. 3-1 A structure composed of five periodic cells to implement the first principle
calculations, the central cell was selected as the standard periodic cell to build the 2D-CAP

membrane in our model

a “
.
4
7444 ¢ E
oy Y
?v L.I: "
12384
by -
C
Y

L. Raos ragl

B 32 (a) B2 2D-CAP JREHME, (b) XUZ 2D-CAP EEME, (o) ¥IHHEE, B CA

BIE): & K. BHE; BT 4; EBF: & &k 2D-CAP): F; & (F—B):
H; & (BB #

Fig. 3-2 (a) Topological scheme of a monolayer 2D-CAP membrane; (b) Topological scheme
of a typical bilayer 2D-CAP membrane; (c) Schematic of the box with two compartments
along with a bilayer 2D-CAP sheet. Atom color codes: carbon in the two sheets graphene at
the box edges, orange; water, transparent blue; Na*, red; CI, green; carbon in the 2D-CAP
membrane, cyan; H atoms are colored white in the first layer and ocher in the second layer

to clearly illustrate the mismatched overlapping layer structure
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HEBIRTEE, AP AFTTRIE S W TR RS, 0% 2R Jitin i
JE 1M 50 £ 200MPa 424K, 1A i ZERR LK AN S 7179 0.1 MPa, DAORHF
1.0 g/mL 7K Z B . FEARTEFH, RE XYZ RN 47.6X52.23 X160 A3, Al
T PUFAS [ JZ 4 2D-CAP 5 (LRI UM =R BEAIY 2D 72 DY ol
AFEES) (500 100 150 200 MPa) T E/7K 7 B94T A 2D-CAP JELEBE A5

PR AR R
R 31 FFETH L-J MAAFEH

Table. 3-1 The charges and Lennard-Jones parameters

Elements & (kcal/mol) o (A) q(e)
Cap-cap 0.0700 3.5500 From Calculation
Hap-car 0.0300 2.4200 From Calculation
Nop-cap 0.1700 3.2500 From Calculation

Hw 0.0000 0.0000 0.4238
Ow 0.1554 3.1656 -0.8476
Na® 0.3526 2.1600 1.0
Cr 0.0128 4.8305 -1.0

3.2.2 HRIUATS

K FRAY KRS B (extended simple point charge model,
SPC/E), H H R SHAKE S R4ERE K 5 (RIPE R I 328 m B 2 . XT3k
SEAHEAER, FRATRAREG N HAF BRI KR T Z [ Lennard-Jones 2
o LT BRERECR A 12-6 30, HA@WrEEN 12 A, BRI AR LT 34
.2 3-1. % particle — particle particle — mesh (PPPM)%Li: 3K 5K 5 [l 6 v A
HAERP . G =AN 5 I #R B R A S ok

Fr 5 1t R 548 ) LAMMPS (Large-scale Atomic/Molecular Massively
Parallel Simulator) FAFELFHATEION, X TR, B el TReE R/ ML,
SR 5 % A T 4H I & £ (constant pressure and temperature ensemble, NPT) #E4T 1
ns 154N, DU RGAE 1 atm 1298 k F-F4. i B 77437 Nosé-Hoover #4
W ITEHAT T . B TR, EARME FH#AT T 6 ns [ NVT (canonical
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ensemble) HALL, WEEKN 1 fs, [FIHIET 2D-CAP 17K 75 AT E 14K
&, HAHT 1 ns HTREKR, )55 ns A THIE M. BRI E ST T
b R s B OLIRIED SR mai R . (H 2 i T2 A7E LT L2
R, PR ASEADL Hh SR AT R K RN B8 R 5 R B0 AT SR T LGS N 3 SE s (1 R4 T
Ji: D) KIS REMERR (B 3-3 (), XREWH ZHEIER S
FE 77 R4S B T DA R BRSO T s i) 8 B K 70 m] LA g 3 58
TR HEF, BRI, AT AT K s ) N R B TR R R AR AR ARAR
o N TIHREEEIREREE, SRR PR — R BHUHE R A VMD
(Visual Molecular Dynamics) A #RALER AT 0 i FE ML 22

I

33H/ERE5TIR
3.3.1 KREMHERER
(1 K

K 3-3 (a) 7R [ AE 100MPa HJEKIE T, AR EEH 2D-CAP 5 K]
KT BER T ARG FR e I AT AR ), 2D-CAP I St V7K 731 tRid
o, BATE K E, HArtae s HoAl s FH SOS @ AT BOR B TR LA
K 3-4. @I 7K 73T RO A ALLIN [R) A n, et AT WS 2D-CAP R ZK
TURFGE N, 2 R CAA T REBAUIRE, Bl vl (5. tbsh, RATUES),
B E AR, KRR R (B3-3 (b)) ZE5 RS LART I TAE AT 45
W, WEEEKBERZIFERE KRR B 3-3 (o) ARFKENT, i
A Z R AR R, W E AT LG AR — R B, K S )
TRIFERMEIC R, RWINRAE L Br i E48AE  rh (RULIRIED B/ & P BARA 2%
RIPEAl o
(2) fdhz

R AL, BT HEF R TR PP AR A IV RE 0 53 — AN B ZE R AR . K
3-3 () VAR TARKEAT, REZEE 2D-CAP BEHHEE % . 871 %@
U A SR CER

22



EA R (RZR) TR 22 A i S

R(%)=(1- E—Z)XIOO (3-1

A (3-1) w1, Cp IR fiE L 1 5k & T B s Kk o 7 EH . Ceou el
JEE TG IR .

M 3-3 (d) Fral LAY, UM ) 855 HE+ fE 70 BE I s js /s, B
JEJEL IR SE NI 3G K . #E /R (200MPa), RA TYJZEIAR] T 100% 0 & FH+ .
A5 IBEARE] 50 JRBERS, bR 7B RS, BUZ R = Z A DY 2 BRI 100%
W T HEFr o BIE, AT RATITH X = i A A E (S0MPa I 100% 855~ HE )
ALY B EARAI RSy JLIRIAD, 2RI E R m] LAV AT A5 AR ARG
UEAh, FATERBNS THRIZME, 27 200 2 50 JEIAREARR, &R MA
21 50%3Z H HE = 2L 70%. B85 Bl 132t — 20 BN EE SRR, 24 1 F7 % 3 Z) SMPa
I GXARLPR BRI PAE 7). SRR A E TR R R BB 2O
KT 1) 95% IR -

il
[=]
(=2

— monolayer
— bilayer
— trilayer
— tetralayer

s8]
th

b
(=]

F5] + N
T T T

>
T

T~

Water flux [10” ns”']
[SF]

Filtered water molecules [107]

10 ~—_
5+ 1 r
a b
0 . L ] 1 ! | 1
0 1 2 3 4 5 1 2 3 4
Time [ns] Membrane layers [#]
12 100+ = +
—=—monolayer g | s
_.—.10 r —— bilayer E 80 -
& sl ——trilayer . ‘g. [
k= —— tetralayer £ 60 \\'\
=gl 2 L
2] B 49l ——monolayer
f 4t / & L —— bilayer
2 S - % gL ——trilayer
= C S | ——tetralayer d
5
0 1 L L 1 &‘ 0 1 1 1 L
50 100 150 200 50 100 150 200
Pressure [MPa] Pressure [MPa]

B 3-3 KBEMHENHZEE: (a) 72 100MPa T, IE38&EE MR HI K 5740 B BB ]
RIZZALE, (b)) K718 100MPa i, KREREBEERHWZBURRE, (o) ENMES, K
NEMEAZURRE, (@) ENMESD, HHREEEINZREXRE
Fig. 3-3 Water permeation and salt rejection. (a) Number of water molecules filtered through
the four 2D-CAP membranes over the simulation time at 100 MPa pressure; (b) the water
flux as a function of the number of layers in the membrane (pressure=100 MPa); (c) water
flux as a function of applied pressure in the four membranes; (d) percentage of ion rejection

as a function of applied pressure for the four membranes
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Fig. 3-4 Performance of various membranes in terms of their ion rejection and water

permeation rate. The data for other membranes is taken from Aluru et al!'”!
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Fig. 3-5 Schematic showing the swelling of multilayer GO membrane (a) and bilayer
2D-CAP membrane (b) in water solution. Color codes: Oya¢: red, Huwae: white, Onyaroxy and

Ogpoxy: magenta, Huydroxyl and Hegge: cyan, C: iceblue, N: blue
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Fig. 3-6 The maps of water density (a) and velocity distribution along the Z axis (b) inside a
nanopore in a monolayer membrane at the hydrostatic pressure of 100 MPa. The high and

low values are shown in red and blue, respectively
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Fig. 3-7 The maps of water density in three membranes: (a) bilayer, (b) trilayer, (c) tetralayer.

The high and low values are shown in red and blue, respectively
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Fig. 3-8 The potential of mean force profiles for water and ions passing through 2D-CAP
membranes: (a) water; (b) Na*; (¢) CI. The dashed lines signed with number of 1, 2, 3 and 4
in B-C denote the positions of the sheets. Monolayer corresponds to line 1; bilayer
corresponds to lines 1 and 2; trilayer corresponds to lines 1, 2 and 3; tetralayer corresponds

to lines 1,2, 3 and 4
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43FF1 2D-CAP JER AR BR, B, HE. FEENLERNRIFHIRRE. &
BAER T, [Emim][BFRAR-BEER, HETLERAE L, AR TUEKRH
LLEARGEN TN
Fig. 4-2 A bichamber system for gas separation through the composite membrane; (b)
Topological scheme of a bilayer 2D-CAP membrane with an electronic density contour. (c)
Top view of the bilayer 2D-CAP membrane coated [emim][BF] with thickness of 8 A. Color
codes: the gas and 2D-CAP membrane were presented by ball. White, blue, tan, red balls
denote hydrogen, nitrogen, carbon, and oxygen, respectively. The [emim][BF4] was displayed

as stick and ball model. Cations are highlighted with cyan edge and anions with magenta

SMaBEEREL K 42 (a) BT HTHIR 2D-CAP 4% IL & (2D-CAP

supported IL membrane, 2D-CAP SILM) S A&7 B (AL . 2D-CAP AEN—NKil
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Yerr R EEE R TN, XY J7m RN 273008 47.6 A Rl 52.23 A KA R R
(1) IL JEIRBUAE 2D-CAP JiE |, 2 J5 AT K AL IR LASRAS P 4544 « SR J54% 50 4
TR TR 50 MRS (BUHED A TET RisE. MEREKE, £
REFLE 10 atm, BARTHEI AT RAEEESAREITIE PV = nRT, KV
NAEERL, PORETR, n AR TN E, R ASIEER, T A4HRE,
HAZ 53743 100 NTAR5FAE 10 atm A1 298K I, HAFLEMARFIR N ik
BETHE 100 A WESEE, USBEET NS, 5%, S
TR/ 47.6 A %5223 A x300 A, 76 =77 SR A IR 4% N T 1
IEASARAE JFURL 2 A5 1 % 2 A, JRAT e e b7 R B 77 CE. 1 PN ) A
SRR . FEREAMEIE R, WA SRR AR E AN
4.2.2 1REIUATS

Fi A 5 T3 J1 s A 4 8 . LAMMPS % 60 3k 47 . £E AR 0L 72
[Emim][BF4]#1 2D-CAP JERISEZSH. M. —MASHAAEILT —HASH
KA AL 4T OPLS-AA 713570, 2D-CAP JEH R FAT L — S it
Pt e XF T AR R 0 7, B R A 1 = AL SE Y (three-site models) .
Fhesr T RHER TR, Sks T 58 G AR Ee M EAEH KM 12-6
Lennard-Jones 34k, HBHINEK 4-1. £ 42 MK 4-3. FIFIBEICLE- VRS R
A H (Lorentz-Berthelot mixing rules) 3RAFA[FIZRM R 72 M) L-J 4. 4
A FAE I RO EE 250 12 A R PPPM BUATHE KRS AR EAE . A
FEITFUARAE BT B AL 6 UOMSTRRFME . P FIBUHE NVT 2R3
T, RH Nose-Hoover #WAVETIER . MR K A 1fs, & 1 ps RE—

EE, B F AL 8] 4 30 ns.

R 41 BEHFE TR L-J 2%
Table. 4-1 L-J parameters of IL employed in this work

Element N C5 C3 C2 H1 H2 H3 B F

€
0.170 0.086 0.011 0.011 0.015 0.0157 0.0157 0.095 0.061
(kcal/mol)

o (A) 3.250 3.400 3.400 3.400 2.450 2.650 2.500 3.581 3.118
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R 42 Bl 2D-CAP EERAH L-J 2%
Table. 4-2 L-J parameters for 2D-CAP

C N H
€ (kcal/mol) 0.0700 0.1700 0.0300
o (A) 3.550 3.250 2.420

R 43 B APSEDTHERFN L-J S5

Table. 4-3 Partial atomic charges and Lennard-Jones parameters for gas molecules

CO» No CH4
Center of
C O N C H
Mass
€ (kcal/mol)  0.0559 0.160 0.0728 0 0.0664  0.0300
c (A) 2.757 2.565 3.318 0 3.500 2.500
q/ e 0.6512 -0.3256 -0.4084 0.8096 -0.2400 0.0600

43 R 5118
4.3.1 £ 2D-CAP J&EY CO, P B M REM R

X FHLZ 2D-CAP i, LN 7.44 A x 12.38 A, 1% T % )2 2D-CAP Ji,
HTfE4E A-B-A-B HEBEIE A, AL A 6.04 A x 11.38 Ao UL 1A
AR SE T WA RAT Ik 22 LRI G AL E ) vdW 242 (1.2 A). Ik, #Z 2D-CAP
JEF A ROEIE FLAA N 5.04 x 9.98 A2(E] 4-3), £ )24 3.64 x 8.98 A2(] 4-2(b)).
CO>. N2 Fll CH4 H3h J122 E AR5 5 3.30. 3.64 A1 3.80 A i@ XS AA 5115
T HAMILAEMIE, BATAANZE 2D-CAP A AT RESLIL COa 435, R
RV CO  FRIPGEES, RN RS N2 47/ CHs 43 Fi83%E . Rk, RATHE %
B TR GSME (CO 5 N2 IBESM CO, 5 CHAIRAS) it XZ 2D-CAP fi#
PEENG oL, SR E 4-4 () Fizr. ATRLEH, WUZE 2D-CAP EH uvF =Fh'S
B E R, R A B E EE AL R =M AR R B R ik 10
GPU (S ABIiEHAL; 1 GPU=3.35x 10" mol-m?-s!-Pa’), TESMAPIE LI
EFPAE R CRATE 0.3 ns WIERD, WA RILHE R —H 0 ik,
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Bk, XUZ 2D-CAP FEXIX =F SR 7 AR TR R . Oy 1 DR S 3RdT)
R, FRATRASHL BB A58/ 9 0.5 s, HEERR 0.5 ps i — IR P8,
RAPRMGT R E 4-5 Frox, CO2 7> T No 707 JL P B Z RS &,
CHa A B IE L, (HRZEN N, Toikal Ry Bkt 2R No Al CHa 3]
T ERA MR T A A, (IR SEENIE, AR H T N WK
T FEEERERAREE S AT AL R, BEEPUEE, CHa M IEDY A, &
BB AR RN EE S AR, HibTHEh e EE 5 AR ERNRD,
WEEMIMERL . X2 2 ONED B, i al 7RG . XL,
RY, 2D-CAP BEMIALARKRK, TN TR .

B 4-3 BrFRTEEREREE 2D-CAP BRHHEN, A, BENBARIRS
MERARET . BIRTAHRET
Fig. 4-3 Topological scheme of a monolayer 2D-CAP membrane with an electronic density

contour. White, blue, tan balls denote hydrogen, nitrogen and carbon, respectively.

b2
=

3 g
! a 23 b
o16r B30t
c | o b
= 12 S 25+
= = an
D o 20+
2 o 2" 1 ——Co,
é‘j —'—CO2 § ]5_— N2
I ——N L
S al 2 E 10 ——CH,
é | _'—CH4 _q.é St
s 0r =S 0
Z ! | | 1 1 1 Z | | ! 1 | 1 |
0 1 2 3 4 5 0 5 10 15 20 25 30
Time (ns) Time (ns)

B 44 (a) BERENE 2D-CAP RE A5 THEREN R MUK RE, (b) B
RE 8 A EETWARINE 2D-CAP RIS 5THEREARI N LR R K
Fig. 4-4 Number of gas molecules passed through bilayer 2D-CAP membrane without IL

layer (a) and with 8 A of IL coated on the top of 2D-CAP membrane (b)
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— —_
o [\ N
T T T T T

N
T T

—o—CH4

S
T T

Number of Passed Molecules

0.00 0.05 0.10 0.15 020 025 0.30
Time (ns)

B 4-5 BEXUZ 2D-CAP RIS 5i2E
Fig. 4-5 Gas permeation through bilayer 2D-CAP membrane without IL layer

432 IL 47 2D-CAP &R CO, D B HEEM R

TR, T IUARK, 2D-CAP AR A B CO,
M No #l CHa BRGS0 B . WAt — PR 145, 2D-CAP LKA B 5L
WA COr 8. — AN AT AT LA I 7 15 R AR IR R 7 — 2 Ak,
M SR LA I B A 7100, X R IR E AR B 3R, AT 3RA & 1<
B E VIR R E MR E . =R ES T4 (room temperature ion liquids, RTIL)
HA T ZBE VR 3R E MR A e PSSR s, TR PR R4 32 B
T A58, REARFREMEL. B, fEX BRI —NEFREE RS
TR TEAE 2D-CAP R b, RIWEFLE, DUHIAS R Pd i — &k fris

, M| CH/N BT 2 FLE A 5.

N T IR B TR 2D-CAP JREIFLIEFTRE ), T RAFHEAE ) COa 23 55
Phge, AT T 2D-CAP SCHFE TR (2D-CAP SILM) #4744 73 B 54U,
W5t. H4%, — 8 A JE[Emim][BF]/ZHIREEXZ 2D-CAP JE |, AR5 AT
IBKAH, MR- TSR (B 42 (o). “FTE, FATRBLIL Y5150 i fe
JRET, WA IL BB, B, IL GBS ARE M ORFF(E 2D-CAP L, FRATE
THZE A BREERE . KIFIE. X T8 b T g st Iz 52 & I & T i,
AW . B il s 1 2D-CAP #fJERJE, SRR IL RHAHE RIS, o
BE, BEATHRGL, )5 RFAVEFIRBOEIAT S SR TTRR, a8 28 i e e
YOS MR B AT A R R 4 6, FEIRA3 e IR BUE 5, &8 — B A,
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BAER G, WSS HE A8 JEFE ) 2D-CAP SILM.

A TZ G A AT T BRI 7T, R TR iE s R 4-4 (b) fr
Ny WG T AR B & #E AT S, DAVl 2D-CAP SILM XA A
SRS THNBIER . SEiHE, FATRIL 2D-CAP SILM JREILHE E ) CO2 &
EVE (4.824 x 10 GPU), XHIET g-CioNg IR (2.8 x 10° GPU) FlH ame-40
J6(7.2 x 10* GPUYH B — 4 2 FL R SV FIR T (1) CO2 B IE 24T, AT,
BT IL WJZIIAFATE, CHa Al No 1IE I 52 31 7 AR, 2353813 T 28
H132 ) CO2/N2 Fl COo/CHa i £ 1, 1X 5 4T Lok R I s @& R S5 ()
FEE RS (thermally rearranged polymers, TR polymers) Fl[E A AL E &
(polymers with intrinsic microporosity, PIMs)) {2, EATH CO2/N, B,
CO»/CHq [FIG FEVE H 7E 20~40 Z 18] [Fth, 2D-CAP SILM AMYBEME I & Tl
BT R, EHA R COy BIEMN, X—MRRIIMERERHILREE S
ENEIE COy Fr B, UbAh, X BWFE Bt AR —AENE & SRS BRI T R
PO T TR B

335 .

530_ a -E-loo-

5251 = 80}

= 3

=20} < 60l

2 >

S1s) &

2| 3 -40

< 10} it

wo s -20F

S st 2

& [ 31

oS 0F s 0r

E lllllllllllll 8 1 1 1 1 1 1 1
e 0 5 10 15 20 25 30 = 0 5 10 15 20 25 30

Time (ns) Time (ns)

B 4-6 (a) 8 A EETWHABRHRMS AL TFHEEERIN HRUKRRE, ¥ 2D-CAP E
R LT EREETBAR 10 A ARG TESCIRHGT, (b)) BTFBASSESFH
A ELAE A REA LI TR 03R4k I
Fig. 4-6 (a) The number of adsorbed molecules in 8 A thick IL as a function of simulation
time. The adsorbed gas was defined as these molecules with distance less than 10 A to IL

membrane. (b) Time evolution of interaction energies between IL and gas

2D-CAP SILM (Wil m — Az B AR T LR =AEER: Bk, B T
JELJE P W e VSR BRI s 55—, 2D-CAP JE AR ()i 25 B AL TR K18
B =, IL Z0TAPUEIK sk CO, (Bl 4-6 (a)), 7E IL EHIEMNE
KL COx ¥4 mnis i B AN EURL 2= 2 R A 2235 22, XA RT CO Pl Y Htk
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%o MRS, XMEIH 2D-CAP SILM Z5/EHE T A bRz iE .
2D-CAP SILM [{] COy %1 7] LA IL X CO, FF 5 35605 Al 2D-CAP LI
IEBALHPA TR . T IL 5 CO2. No 1 CH4 HISERT SR (B 4-6 (b)),
IL % CO 58 B A 580 COL PSR IR MR E N S IR S o, 7= A COn B 3
ME 4-5 (@) FA[HI, CO2v No Al CHy BEBEPUIRAE IL 2 ik 20N B 14,  2ik
PAET BOIRZS I, =M AR R B 2 H 20930 9 25.41 4.02 A1 5.04, IXHFAK 6.32
F15.04 1] CO2/N2 Fll CO2/CHa Wi BHEFE M , 7238 4-4 FH UL i FVE (IL Selectivity)
KRR o IL BT/ T 44 2D-CAP SILM £ . [, O L (E
4-4 (a) FIE 4-5) CLAEWIWZ 2D-CAP JERA CO ik, Ik, ATAN

FAE T — DR FORIE = AR £

R 4-4 HETHRERARERIN BF, T3 RPRALRTHF 5188 COo, m#FEtE
Table. 4-4 Contribution of CO; selectivity over N2/CH4 from preferential adsorption of IL and

size exclusion of BFs-gated nanopore.

Gas Pair CO2/N, CO,/CH4
Selectivity 28 32

IL Selectivity 6.32 5.04

Size Selectivity 4.43 6.55

B 4-72D-CAP i LR E IL M-S ENE, X FREEL L7, BEeAss: &,
wes ' e & a6 M Bt f F6
Fig. 4-7 Top view of the equilibration configuration that the anions suspend above the pore.
Color code: C, tan; N, blue; H, white; B, pink; F, cyan
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&l 4-8 2D-CAP JE LIRE IL K PE4 /AL E], B 0B AL d, BREAE.: k.
wi, B Hes & s W obes ® Fa
Fig. 4-8 Side view of the equilibration configuration that the anions partially enter the pore.

Color code: C, tan; N, blue; H, white; B, pink; F, cyan

2B KAL PR IL IR 2P 450 Ja , JRATHLEE 1 2D-CAP JI% b7 1 IL 730 Afi .
i 4-7 o, 2D-CAP JERREAFL ETTEVH T [BF &, MIRLE (&
4-8) AILAE Y, BAN[BF S ENILH, KR F NS E LA S SR 1
Fr IEF, XA A BB AR R RG] g, AT B EN . FERE S 1S
giEid g, WAISENE IL A K 2D-CAP FLAE W F2 € i 3K [BF.]
—— XA Rk 2D-CAP JEFLAE, T IS 77 R ik ae 77 . 34N
PRANIC T T IR B LR R, 4 4-9 BR, 156, AR > T4 [BFa]
W5 BIFLIA %%, SR)E, —AARRAE[BF] B, S0 [BFL LA O B
e FL WG 3, BRI, KA FLFLAR S fevr Ak pilad . 4 — ALRRE S 5 [BFa]
SEBFLHL, FIRBHZESL. FEREA GRS, A TR RN E], A
M= TR S ) CO B X TRSAMELE, BT 5[BF] MR sy, 3
TRAERNEFLIAZE, BEA DB N2 A1 CHy 20 7 RIEFLIN %, (EEAR AR [BFS]
MFLBE A CHERS, T A2 R R R FLRR A i I, DRI AE R AR Al I e AT 2
RS . N T RS B [BF] T 145490k FL (BF4s-gated nanopore) FJfE
EH 2, BALRHDREE (US) G E T =MA A TN PMF 4,
BARBE T AT =R ARSI —ANBFa] T T MK AL, K%
AR B N RRBAR, 19 ADNEE AN 1A E D, KA k=1 kecal/(mol-A?) i
TR T RIRH R 7, AT OB 2 ns, BJ5 KA WHAM K Hr3k15 PMF
k. Prigai KKl 4-10 Fm, KD T 2MEE — EIRALN, A MRE
— /N FRBEMRERRE, FILHART Cor #A, MESM LSS — AT
AE2e, ROKPHIEEATE . ARG R AU, R =R R DT
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[FIRE22, (H COx IIREZALL No 1 CH, BB 22/, XA/ A 45 5 2 tH . AL,
H1 T [BFa] % ZE 4K AL 51 AR I AN [R5 R A 220 77 AR AU #380E, BI R #34E
SR, L e R e B 3L RIVE - M€ 2D-CAP SILM Je 3t AR )
COp Ik 1 .

2.005ns  2.037ns
2.072ns  2.066ns “l/

4-9 CO, 43781 2D-CAP SILM FLEF A8 RZh 2R, BiEeflig: & (2D-CAP): 15
o, B B S At Wl Bf: & F6; K (Coy: K, &:. a4
Fig. 4-9 The typical dynamic process of one selected CO; passing through the 2D-CAP pore.
Color code: C (2D-CAP), tan; N, blue; H, white; B, pink; F, cyan; C (CO»), gray; O, red
2
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< -1F

e —CO,

2 5 — N
) —CH,

q |
155 . 1(%0 | 185 | 1%0 I 1%5 ‘ 180
Z-axis position (&)
B 4-10 S4B T IIESKTLE PMF B4R, B B&FER 2D-CAP JE, [BF
B REFL BT IR
Fig. 4-10 The PMF profiles for gas molecules passing through an anion-gated pore. The

dashed lines denote the position of 2D-CAP sheets. The [BF4] is trapped between the sheets
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4.3.3 2D-CAP B¥X IES FRIAFER CO» S B RERIFZNT

AR TIRE 8 AJEIL )=, WUZRAI/NJZE 2D-CAP I, K52 ExT
2D-CAP SILM U7 B RE I REN, &5 RN 4-11 Pos. BT g i &2 & T
SR T A B AR R, IR RS BRI, SIS R
NFE, Mk BT IR, PUEANIZNE 2D-CAP SILM B A B Hik
FENE, L2 2D-CAP SILM BA BUR AR SEENE  [FI, IYZA175)Z 2D-CAP SILM

M JLFAR TR, H CO2/Na Al COo/CHy iE AR T 40,
6 60

1 o 450

< — 140
E 5 I \
O 30
= 52
= 2
o = ——C0, ——CO/N, 12038
Q z G 7]
0.4 ——N, ——CO,/CH, o)
2 | — ——CH “ 7
302} ) 10

0.0

1 2 4 6
Membrane layers (#)
B 4-11 {WEE 8 A EETWAKAFEH 2D-CAP RK AL ER MG FEN

Fig. 4-11 Permeability and selectivity of the 8 A thick IL-coated 2D-CAP membrane with

different layer numbers

T [F) 2 H 2 G S S A A B IL, R IL SRR STk A ),
T IR 22 S5 0 RS B S 1 . R8N 9 B R FRATI S T [BFa] 193
fio XTHJZ 2D-CAP SILM, RARDH[BF]REFANFLS, I H[BF ] HARE
Fase e fL BT IR . Ik, RN IL B RER L Hh AT 2D-CAP ALK 4y
BORFE S5 F o ST VL ERZNZE 2D-CAP SILM,  H 4 [BFa] A7 58 51 i 5]
YEH, #efE 2D-CAP BT B — A BU% W [BEL] S o 33K K [BF4] 7T LLER 7
BEANFLIEREIRBIEFL 0o 1B 4-12 226 1 [BE)AEXUZ < DU RSN 2 AL A B M
oA WUEMZNZ 2D-CAP SILM o1, [BF4] P 7EREAFL A 1 73 A1 2 T X0
JZ 2D-CAP SILM, X751 5B M bl B 25 7 145, 3RS K b 1] P 41 /)N
FLIRZS, I3RS TR kBt FR, fEXHMES, [BR] 2 HE
e ZR, Bk, BAMCIR L.
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Ayniqeqoid ySry

A[iqeqoid mo]

E 4-12 [BF4] %EXSU% @)%%ﬂ/\)% 2D-CAP JEFLF E}‘Jiﬁiﬁﬁﬁ, @%ﬁéﬁ M, W
BRI R
Fig. 4-12 The probability distribution of [BF4] in pores of (a) bilayer, (b) tetralayer, and (c)
hexalayer of 2D-CAP membrane
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Bl 4-13 [BF47E (a) B2, (b) MR- (¢) WEM (d) /N2 2D-CAP JERH EHHFEHE,
BERR 2D-CAP JR5[BF ARG, LtaRysEMEHF
Fig. 4-13 The potential energy maps of [BF4]  on the (a) mono- (b) bi- (c) tetra- (d) hexa-layer
2D-CAP membrane. The blue indicates the attraction between 2D-CAP membrane and
[BF4]". The red means their exclusion
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H1 T B B AR R AL A 0 20 A 2 3R A RO e B i R s R 3, IR T H 3 T
2D-CAP ER [ [BF4 HI%AE R (potential energy maps), FHritH kiR #
REVARTEAR TLAE IS, RIYEEEARAE T (VAWD FIZESAE AT, R PLT
iR

V=Y 4e; I(j—j)lz—(:—j>6l +Zj#:£u (4-1)
X G-, i fCR[BFJR T, j 183 2D-CAP JEJE 1. 55— T /& K Lenard-Jones
(LI AP VAW A EAER, 28 T R AR FLAE R o ¥ [BFa] BRI E XY
PR, ZHC1S A, 1 2D-CAP AL T Z=0 K)-F i b tFEAIR 1K 4-13
FiR, BAVEE]T BRI EAFZESM 2D-CAP B s aR, HplEafn
2D-CAP iR 5[BF] Z MW SIER, Rz, AR ENZHF. [BR]S
2D-CAP 2 [a) (W 51 1 F B 2 3G i3 i . X3 [BF BEA Gt N %
JERRAL, R A E B A (], RS ALY . BAh, BT [BF]
52 R R AR g, R SR IL 20 A oS0, oo <
EHaBE 77 . T BLREE R HUR R, AU BiRs AR K, B, AMBE R
P B 2 0 ) 18 T T /0N

- 100
10 | ]
2 6r oy
- ‘.IO.E
g .
g P p—
3 5| A
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[0}
A Or
1
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B 4-14 IWEH 3 MAREREETHRERZ 2D-CAP IREBEIEMIEEE
Fig. 4-14 Permeability and selectivity of tetralayer 2D-CAP membrane coated with
three different thickness of IL

434 1L BEENTIEEFRIEE CO, 7 EMRERNE N
TR IL BB o B Re psem, FRATE 4 AL 8 A F 16 A B IL ir7E
FEVY = 2D-CAP i B AT SR B . 45 R 4-14 P, BURR IL JZ38 00
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TRKKBERE, Wk T AREE, HRTRE IL ZIEE, BHEEa 7
Pew, WIPLEREE AT DR R 4 A B IL ARese 2B R, MImARE
RO T FL R SRBH IR S R e, 72 TARIILE Rk 4 8 AT 16 A &
IL $eiRamy, WAFLnr AR IL e s, B T35 JE 4R SLT Sk i RO ik %
PEAD IL B VR S 226 FE 1 7 SR ERAREK) COn B 70 PERE

4.4 KREBING

REEREATRA T30 1550 PR TERTL T 2D-CAP i) CO, 43 Btk
fE, BZE R B, 2D-CAP R SCVF AR T mndiziE , (R I COx 4 5,
X2 T RS 5 B RESE I T3l 1 BARAR AR, ToiE S HAT 20
PRES. BEJS, AT TSRS T 2D-CAP EALAE, DAHISRSEHLA 2401
CO2 4385 o FRATKI AN 2D-CAP SCHE B TR AT A 23 BRI 78, K I
HAYEA RN COBER (~10° GPU), i RIS M COx ik (>
400, Hrr, B CO BRI T IR TR @ BEAL Al IL X COa 1Y
W51 o T [BFa] % FLAR RO T 15ty SR 6 RS 12643 2 B8 F-3UAA S COn AT 56 I FiH5: 58
T CO2 % No M CHas BBt . Bt fEmEELKZME (2D-CAP)
IR R TR IL 22528 CO2/Na Fl COL/CH, 43 B IS RUSK I o 14 SR mE S AL
XA G T, BIEGPUK 2 AL BT IL =, BENS SEILAL IR O/ B 17,
BETT R AL COx 2 B RE ). BT RS SR 58 — 4E 2 FLAMP R
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&2 i

RS IA LR TR 2RI 1 e RER 54 (2D-CAP) Ji
Xf /7K 7 B RE S0 COL 7 B PERE . 7L H IIFE THR % 2D-CAP 2 fLIEAE
N R K IRAG B S 7 BT AT AT P R B AR 3 DL 451

18R &t RN T Eh D, RATIESE 2D-CAP RS =
BB EETHK T, & F—AREEERIEEMIEE . ok, AT TR
A R JSE 0T 4 B PR RR A REME , PRAG3RAS 1 BAEDIRL T 2D-CAP E 9ifEsKiR
PRI RE, HXUZ A AE 5 S0 100%HEEE, 1 H B &S /K@ E (11721
m? h! barD), & HMETEDLRIBER =AY . AT 2D-CAP 45 FIAL
%5 B e B A J7 T R A8 7 ot A fania S HE AT I sE e, R K 7T 128
2D-CAP JEAE AR T, AFERMAE R PER, —J5m, HT 2D-CAP )2 6]
P HEDE, H 88 2% S WA RIOR , JKAR B 880, 15— 771, T 2D-CAP
HRALJE [ oA i L U 7, KB TR mK T RIBEAE S, R, AR Py A
TERR, KSR R B2 R R I o 6T SRR, B 7513 B 2 5 5
H BRI RS D, TIRAS T L B B S AR Kl & o 3h B rEAR T
FE, BT LK SRS, @ BEILN, R KA R ZEH 50
KA, XIS HAL BN RE, FEFKE BN, SRAERIBI AN B AMEE K i
TR, WESEBERIKEE T BRRSTH RSN, BRI 8 5
TAEH . BT 5 FLIE A [ B RE T R A A SN, R S BT LS
173 ety LA P A [ED BN, e R R U BELAS L B5 8. 1 T 2D-CAP JEEAL I Bl 7 A
a7 IE FA IR EUR -, BRI 1T S8 - I N HE e B e 1 1A . (RIS, B
T AT AR, AE T ROEIE 52 R AR EIER, RUKEE T
PRIIER 73K o T2 R R TAME , IR B S8 ARl A A, PSS 7
PSR R, AR RS HE A B RO AR R, R HE R B8 Bl 2= 0 5
WN. TERATRIEEL G, XU 2D-CAP BETEFE KL )/ T S0MPa FHEREILH T
SERMHEERPERE (HEERA N 100%), TLILER/K T .

I AR N s B A AR 1 T SE RO IEEATRE . Ty HL I 4y B30 T B
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2. BT FIERERL, FATRIL 2D-CAP IR0 ¥F CO2v No Al CHa 2 T
HBIE, (HIESEB COy M5y, X2l T AL SR RS T8 1%
BHARMHZEAKR, TSN AR . 7 FE 2D-CAP BRI, Ff12%
BRI B AR B S LR, SEELN COp BI04 . FRATHG B3 T ik i
FITE 2D-CAP i b, ARG RIS S i A fE R T, % B A AR A
SEAFAE « FATHEAL GEIK 2D-CAP SCHE BT NE R TS 43 BRI, 45 SRR,
R B TR BOE B R REM CO 8%, HIRRBRES T No A1 CHa il I, SE
T COa TGy o IS TH B IR IR B ) SR o 72, BATRILE T CO,
58 TR EAEAE AR BRISERER, B FilAxt COy RAEMFH, My
KB TR . BRILZAb, SRR B TR AT it RILH
TALA G IE AR T 5 I8 AR BRG], B & L R 4 N
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R T e B . B PRI ROHE B SLEIEA N, 2D-CAP B FilliASZ
BRI R T 1) COLIERNE (>40). [N, TR R 195 A m %
4L, 2D-CAP & TR R L = ) CO BiER (~10° GPUD. )51
— BN, 2D-CAP JEZHO B -1 J5 B 5245 R0y B 1tk g AT B 250
U ELASE R, RIEDYZ 2D-CAP JERHRTE 8 A BB Filik 26k
AR COp 23 B R
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R E, BIEEGPRZ LR BT IL 2. 852 FURILBR R 15 3)
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