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Molecular Simulation Study on CO: Separation of Two-dimensional

Supported Ionic Liquid Membrane

Wan Ting (Materials Engineering)
Directed by Prof. Yan Youguo

Abstract

The massive emissions of greenhouse gases, such as CO., have caused a series of
environmental problems. On the other hand, CO> has been widely used in industrial production
due to its special properties. Therefore, the efficient capture and storage of CO> (CSC) has
become a research hotspot. Among them, the separation of CO: is one of the key steps of CSC,
which has attracted much attention. Then, many separation technologies have also emerged.
Among the many separation methods, membrane separation method is considered to be the
most promising separation technology due to its advantages, such as simple operation and
excellent performance. Recent studies have shown that a new type of two-dimensional
supported ionic liquid membrane (2D-SILM) exhibits excellent CO» separation performance
for CO2 mixed gas. However, the research about 2D-SILM is still in its infancy. Understanding
the separation performance and microscopic separation mechanism of CO> mixed gas in 2D-
SILM is of great significance to improve the CSC. In this thesis, by means of molecular
dynamics simulation methods, the, interlayer spacing and surface structure of supporting
membrane on the CO2/N: separation performance in 2D-SILM are studied. The specific
research content is as follows:

(1) Three kinds of imidazole ionic liquids with strong COz solubility are compounded with
two-dimensional molybdenum disulfide (MoS:) to form MoS,-SILM, and the effect of ionic
liquid type on separation performance is studied. The results show that interlayer [BMIM][BF4]
has better CO>/N> separation performance at room temperature, which is attributed to the
important effects of multiple interactions and layered structure. Among them, the gas/IL
interaction determines the solubility and selectivity of the gas; the anion/cation interaction and
the IL/supporting membrane interaction jointly promote the formation of the IL layered
structure.

(2) The important effect of the interlayer spacing of MoS2-SILM is further studied. Five
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models with different interlayer spacing are designed, and the results show that with the increase
of interlayer spacing, the CO» permeability gradually increases, while the selectivity gradually
decreases. In addition, suitable interlayer spacing is beneficial to form multiple ionic liquid
adsorption layers, maintain low ionic liquid viscosity, and provide stronger CO transport
capacity, thereby achieving efficient gas separation.

(3) Based on the surface properties of graphene oxide (GO), GO-SILM models with
different GO oxidation degree are designed, and the crucial effect of the GO surface on the
separation performance is studied. The results show that with the increase of the GO oxidation
degree, the layered structure of ionic liquid is more prominent, and the solubility and diffusion
properties of the two gases are improved to varying degrees, which further lead to the

enhancement of the gas permeability and the decrease of the CO2/N> selectivity.

Key words: 2D-SILM, CO; separation, interaction, molecular dynamics simulation
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FEHN TR RBURE B BAE

BRHRATVE N B2 (1 SILM il 5 73k, 1% VE SRV 187 5 HLSE MR 7EAX
Z BT, Fortunato®I 55 Hy TABATT M GdE Jr i 5, SR E T 1M
T /NI, SR G PR S SR B TR S0 B S R I, B R BON AR R
THI 5% A B TR R AR B, AR S 00 A S 1) B R AR AbOR VR B TR I U . kAL,
Baltus! V& FHRRAS HEAT IR, IX R VA4S B8 IR o0 A T S0 38 50 . AR A
2R FH (K12 s B B8 IO 8 ) 4% SE AP I e RL |, IR BRI =K 5, RAUE
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AP EERZ RN T, TES TRE S SRR A, AT DURIUE T A B4
BN HEN T YEliE 2. A SR SR A A AT A AT LR A R
FRIR I B B 1 T RAAT SR, XM E SRR BRI T i AN T RS BEAR R 8
PRI, i HL I RAAIRBT RN a2, X DA & 2 50 B8 SILML. T I Z2 VR A B a3 ik
FEAE HINR B TR T, BEATAMIINEIEIR B, BAFRAE AR 2%, AR THREERCR
AT TR HE N ST o, (ER A AT RER MR IS DR B S5 4, SRR R 70 B 2 R 2.
BbAt, 3 L A R BE 2, B RS B, A HLERIERETA, & COn Al
SERTCE AR MEA S E . BR 1 LR A — S Gl 2 Uik, ISR ATAE T2
M) 25 735, BIEN Vangeli SEUCR A& A b ek A ) 8 7V 5 M e il 46 SILM, 3222
A T RE R 5 R TR 5 R AR AR TR RS € B2 S5 o 57— TR Skigs A& 18 B 1
PRI SRR ] 3% B R B iR, AT SILML P REAN ] 25 A

-

[BMIM][BF,] § ﬁ»
2 WL & (
< Wi "

Selective CO, transport MoS, SILM  [BMIM] [BF,]

B 1-5 MoS;-SILM #i&df& 162
Fig.1-5 Preparation process of MoS,-SILM!¢2I

Bl 1-6 HAEREE SILMI
Fig.1-6 Alumina ceramic tube SILM!!
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LR EPTIR, YR SCEE B TR B AR S AR ] BRI IR R A
s FFHBERERRKEY, #& TZEMARHA S, mTRCRARInANE, 25
WS4 B T BOIN R ] & IR . 22 T0RE ), M R il 2 T HESh# B R0 AT 32

Fi.
L5 RRMHMEATMEX

COx ME NI & AR T ZE oy, RN Dy — Mol AN B0 N FH 2 A, 0 AT i
RO ) B AT AT R 2 — o SRT, AE N — B @ R IR EOR, 2D-SILM (1)
R ORI FEATIORAL TR B B, T ) V82 P T SR AR AE 15 22 B2 [ VA A A e o el £
SIIR 5 R TV PRI Hh ) 6 H B (R i MR B C O 3 B8 52— T3 76 JF8 I PO M A o AT PO AT
FORZ B T TR F B G e A 46 AR, AR/ H B IR 4 B LI AR A SR, 1K
R 7k RE 2D-SILM BT A 2% o 1T 20 T RN BORFENLE B S AL AL Be it
S A5 MBS 7 T B LR R (A 3

VA AR 73R B, 2D-SILM HH 88— Y 1A S M3 R ot 46 2 0 143 B R ) 1k e 350
BEIEMW ., Hh, BB T UM T COo VA AR B i ke 3] v e VA
U770, TN, S RRAL) P 2 IR 725 1) R S 6 1) 26 T P o 5 M8 0 B P e 2 T A 2 5 R TG
RS BT, ASCh AR 7 TR J7 200 2D-SILM [ Bk =ANJ7 P 721
WHEF, FEFRARLT:

(1) AFEEFRAE S Z4EMEHE COo/N2 7 B A

HIT ST Ak 22 SRR B R e B 88 1 AR BAT B 1K) COn TRV RE . HL B8 TR A I ]
B0 COx HITE MR BT B SE A R R o BRI, T3 Ui P B B O B2
W, FRATTEE A T T R R =R B RCER COo VA M AE A K e R B A
([BMIM][BF4], [BMIM][PF¢], [BMIM][TE:N]), K 5 = 4id Kl MoS, TR A&, XS
RGBSR AN S BLAI AT TR . BRI T AR RS RS FIRA R A . AUk
BB RGN E S, W T B TR S 2D-SILM 1) CO2 43 B VEREZ [H] )R 2R
RNTZHR T =AM = 28070 B COx DML o

(2) 2D-SILM H 3 3 55 22 B R % CO2/N2 3 85 1 RE 1A 52 T

ARAEFRATT AT RO T2 1290, 22 1) 14 85— VR A 45 0 43 A AP e 5 4 v 1R B8 Ak 2 )
BRI ZES:, 2R T AERBERNZ RN, XA LUE BT 4852 B2 A 1)
FAE. —J7 T, ZHESCHEMEEIRI PR AR /N B e 4 2 PR (R I 450, 2 IRIBE AR Ak
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W] et — 2D S0 2 18] S 5 (R PR RE AT S5 R AL, 3 17 3 B AR 70 B PR RE AR AR
PR, A SO IRATIR H 431 30 1 A0 T VRN Z4ESCHE IR (MoSy) ()= AR 5 2D-SILM
170 8 PR RE 8] IR R R BEAT T E . AR T A AR S0 A SO, Beit 17— &5
R, BT EAREE. TR A, SRNmrERe . MEFEHRESES
B 72 EEEXS 2D-SILM [ CO2 73 B 1t BE RS2 M AL o

(3) CHEFRRTNT CO/Na 73 B 1 B 5

JRATHI ST IF 5T 2% B S AR T 8 e xof 1 J2 T) J8 VAA R R o o SR, Rt
IR AR AR T RE o XU SCHE IR T (10 LA DX 88 Y i B B 8 AR
BY CHERS ) AERIB, TfEAR 2 1) — 4ESCER AT R, S S8 4% (graphene oxide, GO)
RO B IERE, HET MoS: SZHEE, GO HIRMAARZ KR (FR
e, MESL), JFHRMRIAE R R AR ROHE, TR B RE A A A R U,
Bl ASCH AT GO RIS MBEAT 7 icit, a7 ARSEIRRER GO #k, il
M AREER. HED A LAERGEESER R 1 GO SRR I AL XS 2D-
SILM [1) CO» 73 15 11 e 1) B ZE5E M

L FRERTHRIE SR (CO/N2) HITORIEFL, FATE B RO E k47 7R 2D-SILM
FAAE IR RO R LR, ysicds B mPE e 2D-SILM S fit— R AL sk,
WS N COx B3R B DTwk— 1 /1

B
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BE BRSNS 2D-SILM [1) CO» 73 B L RE (151

BT BERREERITT 2D-SILM 89 CO, S EE Mt ey E2N

it

2.1 5

B TWAARHT CO2 Zr B sl LUE IR 20 2RI, 1999 4, £EFEFAE
Nature bR LA AR, F2HKE B TR T COr S8R = AR AL 3 R 24 51,
HIbZ 5, BT ATFIEE T S AR 2R B U I 7 2 b o ARk, AR
BRI R S8, BTN E G EUR T2 6. Hr, 2D-SILM ## A
T B TR AR e R, 7R 5 B AU I BRI R 7T, O TR
TR L—

FECH MBS, BRI B AR R I AR 1) COL WA AR PERE, I HLIYTE ¥tk
JERE T CO2 RV AR R AR AL 2 DG HEAE FHUT,  3X % T 2D-SILM ARG BETH A B B2 (1)
18T E L SR, AE NP B RS S B, 2D-SILM (AR SGH ST SR Ak T2 D B
B b, KT BRI TRIEA R TAED) T S8, 3T AL A AR B 2 B
Z o T 53 F AN BARTENL B 7 7 T B A MR 1 O 35, vT DAy St b oy sl #& A1 g 1 2D-
SILM $ i FH 1% FEfilh .

7T, ESWHL R8N U A S BT, MoSa. WSy 55 —4Ep k)

E B TR JE BRI s U SR B v R . BRI, BT IOR R B A (R S 1 e
FIHTIIOS T 4RO A LA, FEAS & R H 2013 ) SN T 16 MoSa 52 R % 1]
HH PR IR IR 2R B85 VAR T J T X U TS o IR AR T B PR R A0 2D-SILM. H A 44
WAL FE R E B, JEXT 2D-SILM Sk S L T 7 it — 25 it
22 RBEIRIRMAE
22.1 RWTE

AREEHETRA T 57l 1RO % (MDD, %53 T 97 1R A RS
SERMELALK, MBS 2EE R, B0 T ik o TR Ao
TEMRRI DT s MATAEh FZRA T OPLS-AA, CVFF Jj¥. OPLS-AA
711 William 1R, FET 1996 5 R RAEZE 24 I JACS EPL 554t 1 A

LM ZHASHNRZAFRSE, mEmMmEkSEReas T Hehpr. ad%
TR IE, OPLS-AA J13pEZ N ARG B MR R, WaPLERIR R, A6k R
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%5, 1M CVFF J13%i@ % H T EATUA RS W EN/N T 250, Sudt)E T R T3tk
THLRFHIEAN, A& D TEEP N HS IR AT ERE . MD BJHEAE Bl 5 ]
SIRCARIUANER Sy (1) IR e, RIBEWH R, @8 shor T,
FLan# FH ) Lennard-Jones % pR % (20 2@ WIR&AE, HIaGAr BRI A6 5 A] LB AL L
FEBEHE: (3) BUERMRIZN TR R BT P4, HHMEEG Verlet ik, i
BRI HEE Verlet 5k (4) WHERFRZEMZUYE R, I 513 1 # 3R
MRER. T ERRBAUD IR, A SCrh R A TR 09 Materials Studio, H 1%
FENZ KA EARS, W Discover. Equilibria. DMol3 %5, W T¥JAEE. IRF /)
W s 1A R T A SRR . EENE O T E N LAMMPS. VMD.
MATLAB 28365, Hr, LAMMPS FZ 8 H T3 )% A7 1 HE AU K3 1) 5% 2
¥ VMD H LRI SN ) Z B AR HGE 73 280 MATLAB H DL Al (ALSF T 25449 . 06
A, NT GRS TR B, K TCL SMAESME 1R TSR bl 5
IR o SRS E T BT B 431 3 ) P IR S AR B AR — 5

222 BRI

BSFWAAR: F-AE ] Materials Studio (MS) ) Visual AHA4EE 7 =Fh A H
HARRI) COy Vil 1 AR RSB Ak, 4330 1-7T -3- Y Bk i Y gt 12 56
([BMIM][BF4]), 1-T 5&-3-HIIEBKME NG RR 5 ([BMIM][PFe]) DA% 1-7T %:-3-Fi ALk
MR = S R R W i 2 ([ BMIM[TEND . A I A3 B B AR CO FI5E 10
YEFE SIS AR, MR RATE R EERE. E£=ME RS, ST
M 7R EAERE T, XERT COL MIEMRM . BIBHE 4 2-1 fis.

[(BMIM] [BE,] [PFs] [TENT

B 2-1 B/HEETEErEE

Fig.2-1 Schematic diagram of anion/cation structure!®*!

MoS2-SILM: S5 H R I 42 J5 70 5 Bl T S UL U7 iR ek 7T, A 2R 11 1 8
K 2-2 . HISJZ MoS 48K Fr AT TR 2 & I I 4G 2D-SILM £5#4, MoS: JZ 18]
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BB BTRIERINGT 2D-SILM [¥) CO2 7 58 1 fE 1 52

BEA 23 Ao R SILM AR IR 7 K B TR H $58 63 X% (43 7378 [BMIM][BFy],
[BMIM][PFs], [BMIM][TE:ND, #TRAN A &AL (B B & TR A EAE S . ik, 78
AR T EEERBEE, LMBET R CO I N AE MR . £ RGN &
FEATV R S A M TS0 I SR (B AR ELAE D F DAORAIE [ e A AR, AR B AR A PR 3
TS, HERIS YIRS R ESRZN 4.9 Mpa, TEEZYIMAETEN 0 Mpa. AR
Gi R 32 A x 80 A x 330 A, TEIAFHI=ATJ7 1 R E AR AL
B, BT 1R MoSy FIVZARIAI[E 5E o BRIk 2 A1, A4 AR B -0 PR R4 2 2 K MoS2 A SILM
HIRR, FEHLTE ST AN B FRAIE B P 2 5, R IR & U IF6 B A 22 )
IR, HRZSHUIRTF— 3

Bl 22 MoS;-SILM S a4 BHEAE, Hhaf, K, 46, B, RemRa RyHIRE
fRET, WET, fRET, RET, HETHRET: PIERRKR
Fig.2-2 MoS;-SILM gas separation model diagram, where the white, gray, red, blue, pink and
yellow balls represent hydrogen, carbon, oxygen, nitrogen, molybdenum and sulfur atoms
respectively, as well as the helium plates are fixed on both sides

223 RiUSHIRE

AU E R 1 LAMMPS 8480475y 13 2t 5, T VMD ATAL 7y 118 3)
B UL SRR RIS B AE &M, KA Lennard-Jones (LI) #BERHAR T T
AR EAER . ARFEFRBMACSHUE BT USRI E BET RS, Rt
B FIRACK I S5 2500 T 225 SCRREY, gkah, COx A Ny SR A 1 = A fiAs A,
Horp, BT S0 TraPPE /137, 76 No O S N LR T Q, & N BA s AN B i &
I SHEE PR T MoS2, HATRAT MS H 5 ah 7R B A S 1) J5 i
A, AL T A HATE MoS: K, A8 H s Al A MoS #EAT T J LA S5 F Ak
AR, f8H MS ) DMol3 #5875 far, iz iR A B3LYP JER, 4Lk
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M 6-31G. XTAFEE T80 LI 28, JA4E 1 7% A Lorentz-Berthelot Vi &
TN BEAT VBRI X THRARE AR AR R, SRR F-R F- W kg 2 (PPPMD 14T
WoFR . FIREBS IR SARFT MoS, MBS H O AR AER 2-1 Kb, LR,
WEMAHEWN A 12 A, AT REFREREY 12 A SFAHEEER . BRI
FETE NVT REHEHT, BERIEEEE KON 1 fs, &R 1 ps HEAT—RBIE L, BHE
FEREE N 298 K, AR (RS I KON 12 ns, R EIRAS [ 10 ns #EAT Bodh K4 5F
RS EARTE BUEAT GE TSP o Ak, B RE AR IEIE T A A T SR B AR LA
LB A TR AR B REAT, A T DFT Hr S B R (IGM) 5 %27) 18] 5541
HAEH @R Multiwfn £2 737221821,
& 2-1 BERMERBEFH LI SEOR R 43

Table 2-1 The LJ parameters and charge distribution for simulation model

Element € (kcal/mol) o (A) q/le|
C (COy) 0.0559 2.7570 0.6500
0 (C0O2) 0.1600 2.5650 -0.3250
N (N2) 0.0728 3.3180 -0.4040
Q (N2) 0.0000 0.0000 0.8080
Mo (MoSz) 0.0670 3.0690 0.7600
S (MoS>) 0.2740 4.0350 -0.3800
N ([BMIM]") 0.1700 3.2500 -0.0690
C5 ([BMIM]") 0.0860 3.4000 -0.1230
C3 ([BMIM]") 0.0110 3.4000 -0.2780
C2 ([BMIM]") 0.0110 3.4000 -0.0580
HI1 ([BMIM]") 0.0150 2.4500 0.2380
H2 ([BMIM]") 0.0150 2.6500 0.1420
H3 ([BMIM]") 0.0150 2.5000 0.1680
B ([BF4]) 0.0950 3.5810 1.1520
F ([BF4]) 0.0610 3.1180 -0.5380
P ([PF¢]) 0.2000 3.7420 0.7580

F ([PFs¢]) 0.0610 3.1180 -0.2930
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BT AL 2D-SILM f#) CO2 23 &5 1 BE 520

x® 2-1 BRERDRTH LI SERER A (82

Table 2-1 The LJ parameters and charge distribution for simulation model (continued)

Element g (kcal/mol) o (A) q/ el
C ([THENT) 0.0660 3.5000 0.3630
F ([THNT) 0.0530 2.9500 20.1470
S ([TENT) 0.2500 3.5500 1.0330
N ([TE:NT) 0.1700 3.2500 20.6470
O ([TEN]) 0.2100 2.9600 -0.5170

23 HR5THL

23.1

MoS>-SILM B CO»/N, 5 B &E

HYIIRIBIE T 45 R e, DRI B AR R e SRR B AL 57 (0 <k &
PERE, 1A [F BRI R ES UR B AR T 20k, BATR B =P A [H]
ZERIIR S TR/ MoSy BEATRUTH AL, THENBIE R AL FE QT B 2-3 Fror.

(a)SO 50 50
) 1 -
—— CO,/[BMIM][BF,] /\ \’_j\/v ——COy[BMIM][PF] [\'v"ﬁ —— CO,/[BMIM][TT,N]
2 wp - - = - N/[BMIM][BF,] /Nw\; g wp - - -+ Ny/[BMIM][PF] | 2 wf === = Ny/[BMIM][TE;N]
i W
5 w0} '\Jh 5 w0t \A//j s w} AN
z g y 3 | VY
g /v’ I Y £ Y
z 0} ﬂf\ Z b /‘/\, 77777 - Z /V
A v\/ F,j’
0 79"“"“; oo 0 I,_/" ) ) 0 - L,C;':,“,--I """"""
] 2 4 6 8 10 0 2 4 6 8 10 0 4 6 ] 10
(b) Time (ns) Time (ns) Time (ns)
30 ..
[} [BMIM][BE,] Good Sefecnwty
Z = — [BMIM][T£,N]
) e
3 —__ [BMIM][PF] e
g o
F

K 2-3

(a) N[BMIM][BFs], [BMIM][PFs], [BMIM][Tf;N]E & MoS, /5H CO; (N,) B&EH:,

BAREK COMBEME, BRRR N KBER; (b) AN LR=FE TS HBIN B Sk
Fig.2-3 (a) is the CO; (N2) permeability of [ BMIM][BF4], [BMIM][PFs], and [BMIM][Tf;N]
compounded with MoS,, the solid line represents the CO; permeability, and the dashed line
represents the N, permeability; (b) is the gas selectivity corresponding to the above three supported

ionic liquid membranes

PR 2-3 (a) BIZER AN, 1E MoS: PR Z*[E] 7, [BMIM][BF4]f1[BMIM][PFs]E:
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EA R (RZR) TR 22 A i S

AHEER CO2 &R, MBMIM][TEN]T ) CO2 BFERBAC. ML A Xk 4T
TR AT LIAZ 383, [BMIM][BF4]H 1) CO, BiE 20153 4.33 x 10° GPU  (GPU NS {4
BIERAL, 1GPU=3.35x10""mol-m?-s-Pa!), [BMIM][PFs]+ CO, [i5i%E K ik 3.84
x 10° GPU, IXPFlE P4 SRR RS COL BB M BB I /3 T 24 Wi Tl 37 L A0 7o Ml e o
RIS, SR, [BMIM][TEN]HZZE M R GEEE] 1.98 x 10° GPU,  HLH Pl S ## B 1A
JRIEE AL T 1 MR

A5, IR 2-3 Ca) I HE £k AR 4k 35 AT DL R B AE [BMIM][BF4] A1
[BMIM][TEN]H No SIS RAK, ME[BMIM][PFe]H No FIBEMEH B ¥ & . HRE
CO, HIBEH H A Ny 2B H aT DR IR R ek, anlsl 2-3 (b)) PioR. SR
WA =S 5 B TS 2 LA U ) COo/N i B (o BB KT 1D, o, [BMIM][BF4]
FI[BMIM][THN] A& #5285 T [BNIM][PFs] H.[BMIM][BE4JiE £ 14: S i, BT 45 R
W3 2-20 3T FRATT FIRKT COo/Na 7 BS BRI T 45 5, W] LR IAEAH 5] iR 2% A0 T
[BMIM][BF4]/MoS: B A 5 & B d M A 6t , & —Fhor Btk e Ut i At k) o (4593
B, FEARTAERRAIPERER RSB CO/Ny HIBTBL,  BIAAEA BRI
KAFAT IR, IRREURR S B I e o R e B BUSEAT 20 . AR J5 2Rt se 4 1
RIVABHU K AEK, 538 = WA MARLE SILM (1SR TR FE S KR B FRA, kT
SHBBIEE TR, BB EREARIEM . ESLPrIRd, #E w] DR A ek
AN A1 P T BOR AR e A VA ] 7L

R 22 EMTERETRIBSHRBET K COYN, M
Table 2-2 The CQO/N; selectivity of three 2D-SILM

IL [BMIM][BFs] [BMIM][PFs] [BMIM][T£:N]

Selectivity (a) 28.79 4.16 21.12

232 MoS:-SILM A CO2/N, 43 EH1HI

=P TR/ MoS, A B SRS E SRR BE R E ESCh TR, N T
AR =T MoS,-SILM H A AL S LI IR 22 57, LA BHAS8 26 R IE B PE IR H K
A% = Fh MoS-SILM H COo/N, HIAEHAT NIEAT 2047 -

AT AR TAE E 4R B MoS,-SILM AT CO/N, 4 B 1 FE T, 17AEE LA AE
HAER, B35S T 58 A R A BAE T, 2578 A B BE 25 1] A LA
FICA B SCPE RS B8 W AR 2 TR AR EAE T, 9 LKk AR F TR B 70 i A B A
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BB BTRIERINGT 2D-SILM [¥) CO2 7 58 1 fE 1 52

HEFUM . R, RSO =R AR R RS RLEE R CO/No IR HAIARFAE FH 23 25 AL
JEIT 1 PR
HAE, WARS BT ] AR AR REREAT 1S, AR NIE 2-4 (a) ProR.
HORUL, RSB TR Z 1R B KA BAT 2 S B0 T AR BRI AR T, S
RSN T B SR A R A A AE 1 7V TP ROV A o UIRAE 8 TV o R
JEE TR i SRS A R ) B LD 3, ORI MR T P mT DU AR 2 08 S A 1A S
PERBL T AR 22, BEMTIE BRAC A S, TR A 38R RS A S 12 SR B 7

(@)-10 (b) 1s0
—— CO,/[BMIMJ[BF,]

9 F#— CO,/[BMIMJ[(BF,] —A— CO,[BMIM][PF,] —8— CO,/[BMIM][Tf,N] 160 [—— CO,IBMIM][PFy]
—m— Ny/[BMIM][BF,] —A— N,/[BMIM][PF] —— Ny[BMIM][Tf,N] COIBMIM][TEN]
- 2 : 2 ? 140 |~ - - Ny[BMIM][BF,]
- = Ny/[BMIM][PF,]

9

8

1F 120 —: - = Ny/[BMIM][TF,N]
4 W\**\ = ol

5 -

4 L

3

2

Interaction Energy (Kcal-mol™)
Gas solubility

No-o-27 S~a-" o e:.‘fe\e %
A-b-p-a-p AR ATNATTA

A/-\
-1 ) ""‘ ol
E_H\A_E/ E\E/! 5\5‘5 5’5‘5_5/5\ I | 1 1 ! 1
2 4 6 8 I() 0 2 4 6 8 10
Time (ns) Time (ns)

B 2-4 (a) Jy MoS: Z[A[BMIM][BF.], [BMIM][PF], [BMIM][Tf:N]55 CO: (N2) Z[AIHIF34H
HYERRE; (b) N CO; (N FEZFEE B FHAE MY ES E
Fig.2-4 (a) is the average interaction energy between [BMIM][BF4], [BMIM][PF¢], [BMIM][Tf;N]
and CO; (N2) in the MoS; layers; (b) is the dissolved number of CO: (N>) in three interlayer ionic
liquids
Kl 2-4 (a) WZ5R LY CO, 5[BMIM][THN]Z A A BAEFHAEE K, COy 5
[BMIM][PFq] 2 [E] I AH HAEH BEIR 2, T CO2 'EJ[BMIM] [BF4] 2 8] FIAH HAE H gE By, 1%
BIRE[BMIM|[THN] R iZ 2 A H R COL 6/ /1, X5 DA MsLmgse—, k1 L
RIFHEAEHZ A5, 3 NS SR A RE I R 2502 B IR AE 32 B 2= 18] N 1 E Ak
AR, JHEESRUL, B AR, SR R 2 (RO, FE A4 BE AT . SR F Material Studio
AT TR, PR RME 2-5 (a) Fin. 45 RERH[BMIM][BF]E 4k Z 0] B A &
K H BB, [BMIM][PFs]iXZ, [BMIM][THEN]ER /N £5E 75 R84/ BT BAK H] £ AH
HAERA G BRI A 2 K, [BMIM][PFe] A& i&E H H CO SEA1 T AIE F i JZ 7 5
AR, XEFTF CO, & Z M WIS M2, nT P2 K BB sl 1y, 3 28
MEEBIER . X—40AER 2-4 (b) 53] TiEL. & 2-4 (b) R CO /£ =M 2 E
TR T VA AR BETR IE KN &R - [BMIM][PFe]>[BMIM][BFs]>[BMIM][Tf2N], iX 53
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A1 EIR R TH SRS SRR KR — B

fE_ BT BT S R EEXT COx BFEIEN ), R =3 1ot SRR E (A
[BMIM][PFs]F1I[BMIM][BF4] o] LUE A 2 1) CO2, FAAERCK I COBEIRS) 7. SRT
FEAR S AR A R v R 1 3R 8) J I AFAE — € B S PE /y o IXFh b /g IR T4
RO SRS 15 )2 8 B TR Z T A AR, e A BLAE F R Rk 2 597 Hum <
5 IR STIERE B R — AR S SRR A 2. B 2-4 () HA[RLK
WAE[BMIM][BFa] A7 £ S /)N CO A% i BH /1 T AE[BMIM[Tf2N]H ) CO2 &% PH /5 E

W, WRELLTXRA: [BMIM][Tf.N]>[BMIM][PFs]>[BMIM][BFi]. Zi&%5E COx (E=

ot J2 18] B Y04 52 B 9203 BR 3 T AR B 7, 52 IR ~3 18] A I [BMIM][BF4 2 A 2 %
KERBEWREN J1 R B/ NI R 7, TR 2] T B CO2 3% M[BMIM][THN]E
FBARIEE RSN J7, 1R 52 B 5 R A% 4 BEL 2 T 3 B0 22 1) CO2 B & g - TR T
[BMIM][PFe], HH A 1L B K IRVEIZE R3] ) A b (AR SR T 7R e BAP= AR AR &) COa
B A XM IRE) A AP ) B IR = Fl MoS,-SILM Ht CO, BB 287 A 72 7k Y
BEAh, BT RS SRR W MoS,-SILM 1 Ny (358 R 5/ iz T COsx 115
#E#, H=Fh MoS»-SILM ] COo/Ny I FRMEAAER R ZE S BRIk, FRATTR H RIRER) 75
XF Ny HEAT T 4007. Wl 2-4 (2> FioR, No b5 =02 0185104 R i A ELAE FH e
PL R 5% & : [BMIM][THEN]>[BMIM][PEs]>[BMIM][BF], iX & M & 7E [BMIM][ THN] A7 E
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[BMIM][PF i fift (I8 2 o 2035 X BT IS [) P (VA AR BB AT Gt~ 330, 759 DL 4518
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J& No 75 =Hf 2 (8] B TR b 32 2 (2 1B WK 5 Sy M dai B 77, [BMIM][THN]FAFAE R K
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REHF 8, = MoSy-SILM 1) COx/Ny iE#HIE ] LIS B -G B AR, JFUESE T2
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2-5  (a) 4 MoS; ERIE TR H 148, Typel £[BMIM][BF4], Type2 &
[BMIM][PF¢], Type3 Z[BMIM][Tf:N]; (b) ARBEFHH F ETFE CO,FH C EFZRMZH
SATEE (RDF)
Fig.2-5 (a) is the free volume of the ionic liquid between MoS; layers, Typel is [BMIM][BF4], Type2
is [BMIM][PF¢], and Type3 is [BMIM][Tf:N]; (b) is the Radial distribution function (RDF) between
F(anion) and C(CO>)

FE_EIR I o SR 43 5 B IR 2 B AR ELAE FEEAT T AR . Btz b,
DMERIRE R BIES 15 CO2 8] W] BEAFAE 5 1 5y TR AR HLAE FH ), Jf H., IXFhAH A
VEF 550 I BE B A . Rk, 7R 2-5 (b) Wit E T COx i) C [T AP B 1
) F 572 [A] 4% ) 4> 4 B 50 (Radial Distribution Function, RDF), #—#75 T CO»
5 =B B T 2 A RO A AR o 1B 2-5 (b) AR AR B RS AR R EAR R F-C JR T
() VE RS, H =B i i b AP T NEAE , 11545 R W] [BMIM][BF4] 5 CO»
PRIV FH PR B L, 6 2 W R A ELAE P R . JLIR, X RDF VB X Sdb A7 # 4
THE, 45 R L WI[BMIM][PFe] (A8 X I5AR 3 A B OR, =R & [BMIM][PF 6] 2 A 5 & 1Y
SATIEARPERE, X5 2-4 (b) IS5 —E.
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Fig.2-6 (a) is the interaction energy between anion and cation in different confined ionic liquids; (b)

and (c) are the density distribution of ions
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B 2-7  (a) A MoS: 5B FZIEMAEERAR: (b) A MoS, 5HEFZIAMAHE/EHRE.
Typel fZ[BMIM]|[BF4], Type2 fRFE[BMIM]|[PFs|, Type3 fAFE[BMIM]|[TH;N]; IEFEHHIRE
HeF %51 4R

Fig.2-7 (a) is the interaction energy between MoS; and anions; (b) is the interaction energy between
MoS:; and cations. Typel represents [BMIM][BF4], Type2 represents [BMIM][PFs], Type3 represents
[BMIM][Tf:N]. positive (negative) values represent repulsion (attraction)

AT IR IR S = PR ELAE R MoSy SCHEIR S B TR Z M AR BAR . %A
SRS EIERE T, MoSy X T2 M 45 M Y CRAS 14 0B . 7EI 2-7 T4 iiH i T R
FABH 2S5 MoSa Z [EIMAHEAE R A Qi fTs, BIEF% MoS: RILHHRFIEM (4
524 2.21 Kcal/mol, 1.32 Kcal/mol, 2.72 Kcal/mol), T FH 575 MoS» R8I H B & (i
SIYEF (-15.45Kcal/mol, -14.78 Kcal/mol, -14.64 Kcal/mol), A LAKHI[THN] (Type3)
5 MoSy 8] B A g 5 R HE R AR H 1 B 25 7 [BMIM] (Typel) 5 MoSy Z Al 51 F H
% 78 o 1 T -5 B B 8 1 AR B (R S5 A7 0%, U] T BB IR R S5 TR 75 MoSs
Z A IAR EAE F 2 e — e s md . WP 2-7 (a) AT 2-7 (b) AT LRI MoS: X FH &5
TSI E %58, 1 MoSa X BB F IR AE 8RS . ERTEMZ, Sk
Hh B BH B ) AR AH ELAE F RE ]S 5 T IR BTk B B R S5 Mo [8) IAH FLAE F 6
IX TR B BH B8 1 8] (R AR ELAR FHLE 43 IR 5 A TR U R £ SRR, 31X T DUR I Hb fif
FEFABH 7oA RERS 45787 HBILESEUT MoSy I X 3T AS 2 4 B4 FF . 361 DA 1
SAHEAE L, B TR R E R R IE r] LIS 35 BN AR, 5—Jrm, ©f
YRI5 3 B B8 -0 rh B B I R o0 T A RS I PERE LA TR sz ma ™), Rk, 3R
ATT5EE— 25 X5 B B8 - ) R 5 44 1EAT 0 M, 7EIE] 2-8 il MATLAB i 7 =F4 Y]
BRI A 4R
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B 2-8 (a) N MoS; EE][BF4 DA E; (b) N MoS, EIA][PF¢| K2 E; (¢) A MoS; ZH
[ TN #1547 B
Fig.2-8 (a) is the density map of [BF4]; (b) is the density map of [PF¢]; (c) is the density map of
[Tf:N]; red region indicates the high probability of finding an anion and blue region indicates the
lower probability

[BMIM][BE,]/CO, [BMIM][PF¢]/CO, [BMIM][Tf,N]/CO,

[BMIM][BF,J/N,

- »
L 4

-
\

B 2-9 BIRRZETH IGM E3iH. KEOARBERSIER, BERRBERSIER, LORRHE
Fr1EH
Fig.2-9 IGM iso-surfaces of the studied systems. Weak attractions are showed by green isosurface,
strong attractions are showed by blue isosurface, and repulsion are showed by red isosurface

W 2-8 Pz, [BF]7EJZ 8] R HLH W 258 A P B TE S M (1 2-8 (a)), [PFel
752 A P I SOE AL BRIE Z5 4 (B 2-8 (b)), TIAEJZ [AI[THN] A7 2L IR EL I
BiEIEE (B 2-8 (a)). BN, BONEMAT 7 IFEIE 4547 F) T COa (115 5% fnid
o B, MWASMGBIERAT I A BETR T AR /R =M 1A TR IRE I B ) R %%
%6 [BF4]>[PFe]>[THN], XE5IAT Fil BBl 55 45 o — 8.
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BT T AR SR Mt e T 5 — 7T, AT E FRE RS No 58Tl
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PR PR I = PR B A 22 S e R A B, DR (R 8 VA R G5 AR AE , T Bl
A& G EUZ ARSI A T SR PR A R R . S — T, AT R ARG, 2 PR
(] 55 8 100 DA S S 43 2 e s SR (R S M A 55 20— B4R . BRI, JRATTIE R e
WA AL [BMIMI[BF.] 4514, KR 5 PR 1) MoSy SZBRAALHEAT X L, #RFTZ IR
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B2-10  (a), (b), (o) DAHABM/ZREFMNTHRSERBERE. SGBREE. BTHET
FAPH S T RIRAHEAERRE: () ARRFAT B THAES G

Fig.2-10 (a), (b) and (c) are the number of gas permeation, gas solubility, and interaction energy
between anions and cations in the bulk IL and confined IL, respectively; (d) is the number density of
ions in the bulk IL

Wt F45 S 3R BHTE A [R] 038 R 2% A T (298K, 4.9MPa), FHEL T AR S5 14 TR 1B iE 2,
5 BR8] P BB 5 TT BRI COn FBIE A5 50% (&1 2-10 (a)) TALA N2 )

AR IE AR, XA LA T A0 JUR A . B oG, RS2 BR8] N B 1 iR R 3L
H SR CO VA MRAE ST, MIECTHAIAEERTT 740 10% (& 2-10 (b)). HeF EARTAR
HFRA TR A FEE PR 70 A B o PR UAAR R A P2 T LU 3B i PR AR 328 X8 32 i o ik
RAE MoS, Z M BREEERE. FHIRk, WK 2-10 (o) AR, MoSy 2 R B4 i B BH
BT A EAEFHRE (Z974-31.50 Keal/mol) i T-44AH o B9 B B & 7 A AH AR I RE (4
N-40.23 Kcal/mol), IXEWRE JZ 8] B T BA E/ANRE L, AR TR 7 i it
REo J3— 7, I 52 IR A TR AVAAE o 8 5 WU A 254 70 AT EAT X EEWT 7T, 3RAT T B
A B TR S A 2 A A O BB & 5 Ao R gg (& 2-10 (d)), X
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24 AKREBINGE
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3.1 3

FERAT EBATRIRE T, YR SRR BTG RO 2 RS [0 2D-SILM (73 B 4
ReH G EEIEM, It H S5 MM R IE . Blas R, 2R A S TR
ARG A0 R B TR I AR TR AR B ORI 2 57, 552 B2 [A] o FR) B8 VU B
(173 45K L B8 /IN YT BH B9 11 A TELAF F e AN s 0 SR A i e, R SR B LR B
COx B MRE . 7y — 7T, SCPEREJZ IR /N B O B 2 IR S A a5 M v, 2 1]
PR (AR ] g 3l — D R 2 (8] B8 TR R SS A AP, E I S BSR4 B e R A
A . X TS CA SRR ER] TR IE . BRI BRI R
R 20 AN Z AR KT AR 2 RVERE R IT 7 R AT, JF4 H Bb 22757
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DR, AEAR T R F 23 18 0 AU T v, e i IR 1 BE AL 57 1 [BMIM][BF4]/MoS:
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i, FEINES TR AR 0 A B IR 1 ) o B 2 ) R AR A
32 RBIRAEMGE
3.2.1 RBIME

REMIR K 0 F 2 D15 7%, B 3-1 B T [BMIM][BF4]/MoS: iy, 3
B, d Fon 4 MoS, IJZIHIEE . 7F Material Studio H@E & T A4 AL 5=, X2
[IEE d HEAT NONTEE . 9 1RSI BB BT IT, A= P WG 28 TR iR MoS, 2
U EE . FPE MoSa 0K AN TR S A TE IR SILM £514, MoS, JZ1H]
PRAEWIURSER) 23 A (3Eat B, RIRIRE N 20A. 23A. 26A. 28A. 30A. &4 SILM
A IR AR IR B TR A [BMIMI[BF4 145 H 3554 63 %o Hoik, eI 12 i = AR s
B, LMBSERIREG SR CO/N MERIEREE (B 2-2). 15 RS0 A A
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JCE W SRR CAGR IR 2 AR, AR B AR SR R ATV, R =R SR R R Y
N 4.9 Mpa, MBEZEVIEEEN 0 Mpa. BEAMEINRFHIN A 32 A <80 A x330A,
TED I = AN T7 1) b B P 24

& 3-1 [BMIM][BF4]/MoS; ER&EHr=E
Fig.3-1 Schematic diagram of BMIM][BF4]/MoS; inter-layer structure

322 EHSHIRE
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PULFERAE NVT REFHEET . BMYIIEH B SELE Material Studio H1IZAT 2 ns 3 )45
A CLSEIAIEPEDIRAS, BT IS SR 5T . LAMMPS 731301 J) S S0 R B ) 25
N 1fs, BERG 1 ps AT — B USCEE , BEERE A 298 K, AN AL (B K 12 ns,
KR RS 10 ns #ATEAR M5 . R TCL MIAE SRS 740 75T
FEF AL B AT RERE,  Fi8IT MATLAB 4 5 JIASE & rl AL SR> T Bt St A

3.3 ZR517ie

3.3.1 AEZEEEE MoS,-SILM B CO/N, S B &L

fE EE IR AL CAUESE T B IR ISR S MoSy-SILM 143 B M Re A FE AL
il E B A TEN MoS2-SILM [ 55 —Fi2H 43 —MoS, TR 540 MoS2-SILM 43 25 14 R
OB EZE R R EATTEN TAET, S 2 mmet, &8 7T 5 ANAFE
B #E (20 AL 23 AL 26 AL 28 A, 30 A), FEANFEIMZHEL T, [BMIM][BF4]/MoS: ] CO2/N,
SEMERRIHENZES, THSRIE 3-2.
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Fig.3-2 (a) is the permeability of CO; under different interlayer spacing; (b) is the permeability of
N; under different interlayer spacing

MEFR, EARKZEEET, COyMBERAAPENZESR, JuH2 42 RIER
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£ 3-1 AFEZERFER MoS:-SILM H ] COL/N, EFEH:
Table 3-1 The CO»/N; selectivity of MoS,;-SILM with different layer spacing

Distance (A) 20 23 26 28 30

Selectivity (a) 28.87 16.92 16.46 6.70 0.89
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7 RIS, ARFEZREER MoS:-SILM 43 B8P At 2 B HH 1 28 1) 22 e bk,
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Fig.3-3 (a-e) are the distribution of interlayer ionic liquids with the interlayer space of 20 A, 23 A,
26 A, 28 A and 30 A. the red solid line represents anions [BF4], the black solid line represents the
cation [BMIM]; (f) is the schematic diagram of the anion and cation distribution between layers
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iR )1, R MATLAB 44 VMD Hiygh Je 0, Sk 7 /6% MK A COs 4
TFAHEA 2 B4 i 9 097 B, 2] 3-4 s,
(b,

344 (a-e) HKIKKH20A. 234, 26A. 28A. 30 A KRR CO,BERBR. AMREBEN
M, #ikRRBET R, HPFEBRRR CO 4 FARAMERY BB, BHPLIRHT R
ERFETFIE; (D AEE CO. BErERE
Fig.3-4 (a-e) show the CO; permeation of the MoS,-SILM with the interlayer space of 20 A, 23 A,
26 A, 28 A and 30 A. the right side is the permeation inlet, the arrow Represents the direction of
penetration and the darker color means that CO; molecules have a high probability of spreading
here. The abscissa and ordinate correspond to the position of the atom in the simulation system; (f) is
the schematic diagram of the interlayer CO; dissolution
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K 3-4 (¢)), R RHARNBIENERE. 10242 B EEHE— DK (d=28 A~30A), CO»
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[BMIM][BF417E B P A R R BT, BE (2 it 1 COo £E RS M M IR B9 AT v ST
By AWK MRS RS, COa L aE /W R 98, I H 2 KRB 5 30 i o
PRI TR TP AT S R A B

32



EA R (RZR) TR 22 A i S

(a). ' (b). L (©).
08 "', o o “ 08
7 3 !

(d)« . (D

35 (a-e) RICA20A. 234, 26A. 28A. 30 A B N, BIBIEN. GMABEBEAD, #k
REBETH, HPFEBE (WTHR) RE N THRARRY BB, SALTRXT N
Wk RFEFHAE; (O AERRE N B NRE
Fig.3-5 (a-e) show the N, permeation of the MoS,-SILM with the interlayer space of 20 A, 23 A, 26
A, 28 A, 30 A. the right side is the permeation inlet, the arrow Represents the direction of
penetration, where the darker color means that N; molecules have a high probability of spreading
here; (f) is the schematic diagram of the interlayer CO; dissolution
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AT RS BRI /3 A0 B A G, T2 R 2 45 M R TR SRod e IR iR
ZFUIHS MoSa-SILM (1143 B M RE .
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Fig.3-6 (a) is the interaction energy between CO; (N2) and [BMIM][BF,] under different interlayer

spacing; (b) is the interaction energy between [BMIM]* and [BFs]- under different interlayer spacing
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Kl 3-6 (b) PRGNS T IFHES 78] (A AR e A fb ey, 5 Bk e ik 5 Uk 1)
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422 EBHUSHEE
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KH PPPM BETHE IR T [ KA S AR, 20 718 LY 28U 4-1. BRI R 488
£ Nove-Hoover 1B &% /7242 H] ) 298 K RZx (NVT) Hightr. B aE KON 1 1S,
TR 1 ps AT —IREIERE . FEGMERER RN )15 P42 )5, AT 10 ns 50 F
B 1A T AR SR I, T B 8 = AR i . Bk4h, SRA TCL
RIEEWE T ARG TR T UL B AR 7, JFiEid MATLAB 4’5 BIATE 5
AR S ST AR S I R DL SR AE B 1A I 43 A

Bl 4-1 GO-SILM Sf&EEAE, Hpafd, Ke, ZeENEEPMROIRREET, KR
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Fig.4-1 The gas separation model diagram of GO-SILM, in which the white, gray, red and blue
balls represent hydrogen, carbon, oxygen and nitrogen atoms respectively; cyan is a graphene plate,

and the surface is modified with oxide groups
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Fig.4-2 (a), (b) and (c) are 0.2 GO, 0.3 GO, 0.4 GO, respectively; the red, white and gray balls
represent oxygen, hydrogen and carbon atoms, respectively

K41 MO REGHRSYEKER A

Table 4-1 The LJ parameters and charge distribution for graphene oxide

Element € (kcal/mol) o (A) q/ el
C, sp? carbon 0.0700 3.5500 0.0000
C, carbon in hydroxyl 0.0700 3.5500 0.1500
C, carbon in epoxide 0.0660 3.5000 0.1400
O, oxygen in hydroxyl 0.1700 3.0000 -0.5850
H, hydrogen in hydroxyl 0.4600 0.4000 0.4350
O, oxygen in epoxide 0.1400 2.9000 -0.2800
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0.3 GO-SILM H[1i2idE # 22 R/ (43 31%975 5.02 < 10° GPU, 5.10 x 10° GPUD, {H&
E 0.4 GO-SILM H' CO, BIER I RI AR (£925 6.10 x 10° GPUD. H—J51H, N2 7E 0.2
GO-SILM #1 0.3 GO-SILM H1&iE R WE AL, (H27E 0.4 GO-SILM H N, HiZiE %
KGR B (B 4-3 (b)), XX COo/Ny BB IE B R B SEI o AR 22 V2% = (1)
COLIBIEH H A No B1E 5 H ] LATHSE R AR BV o, THEFZE RN 4-2. 45 K8 O/C
EEA 0.2 39K %] 0.3 B, GO-SILM H' COo/No i3 BT B AR AT SR 4 RF 4 i R 7K 5
M4 O/C LA 0.3 ETFE] 0.4 IF, COo/Np EFEIE KA T HRIE (a (EFFAR T4 50%). 1X 7]
PAUEPE T N B8 R IBRFF I CO2 BB H /Mg E F Tt
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Fig.4-3 (a) is the CO; permeability of 0.2 GO-SILM, 0.3 GO-SILM, 0.4 GO-SILM; (b) is the N,
permeability of three GO-SILM
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Table 4-2 The selectivity of three GO-SILM
o/C 0.2 0.3 0.4
Selectivity (a) 7.50 7.25 3.25
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BRI R CLERY CO, (N HIEMERE S BAE R E AR, HAEA
BB YRS ) B A A B A il A . BRI, 721 4-4 RS T =F GO-SILM
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ZIXE B KD

@

b == (©)"

L s} ——CO,
—N, N: —N,
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— CO.
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B 4-4 (a-c) 454 0.2 GO-SILM, 0.3 GO-SILM, 0.4 GO-SILM H CO, f N, Fj¥A##% B
Fig.4-4 (a-c) are dissolved number of CO; and N; in 0.2 GO-SILM, 0.3 GO-SILM and 0.4 GO-
SILM, respectively
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11 EIR TS AT EI ) COo/No 73 B RCRARFE— 8. EATT S, CO2 Rl Ny VAR PERE B 4
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PEREIEAT TS . N T I R R AEAE GO-SILM H CO, & HiRE 11, X MATLAB
24 VMD HIEN 180, Gt 7 AN K N COp 7 F1E =Fl GO Z PR 7= [A)
g oL, bl 4-5 B .
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30
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B 4-5 (a), (), () KKK 0.2 GO-SILM, 0.3 GO-SILM, 0.4 GO-SILM H CO, BZEH;
(e), (d), (D) KIKFTR=F GO-SILM F N, BZFI; AMANBEAND, FAREETH,
HABesR (mTHR RESED TFERRERT HE A
Fig.4-5 (a), (b) and (c) show the CO; penetration of 0.2 GO-SILM, 0.3 GO-SILM and 0.4 GO-
SILM, respectively; (e), (d), (f) correspond to the N; permeation of three GO-SILM; the right side is
the permeation inlet, and the arrow represents the permeation direction. The darker color indicates
that the gas molecules have a high probability of spreading
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Fig.4-7 (a) is the interaction energy between GO and ILs in 0.2 GO-SILM, 0.3 GO-SILM and 0.4
GO-SILM; (b) is the interaction energy between anions and cations in ionic liquids
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