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Abstract

With the rapid development of global industry, the emission of a great quantity of greenhouse
gases, such as CO», causes global warming and other climate problems. CO; capture and storage
(CCS) is extensively seen as the most effective means to reduce the CO, content in the
atmosphere, and it is also one of the hot spots of research in the recent years. The separation of
CO: is the first step to realize CCS. At present, there are many methods to separate carbon
dioxide in industry. Among them, membrane separation is the most promising method for CO>
separation because of its simple operation and low energy consumption. In the membrane
separation method, the separation performance of CO> depends on the performance of the
separation membrane. A great number of new membrane materials have been produced and
developed continuously to solve this urgent issue.

Using the method of molecular dynamics simulation, the CO; separation performance of a
recently synthesized two-dimensional materials supported ionic liquids membrane is detailed
studied in this paper. The influence of the structure parameters of the composite membrane and
the external electric field (EEF) on its gas separation performance is studied too. The specific
research contents are as follows:

Firstly, the CO> separation performance of 2D-SILM membrane, the permeance and
selectivity, is studied. The influence of ionic liquid concentration and the interaction energy of
gas and ionic liquids is investigated. In the simulation, the structural parameters of the interlayer
ionic liquid, such as density distribution profile, free volume and so on, and the interaction
energy are studied in detail. The results show that the interaction energy between ionic liquid
and carbon dioxide is higher than the interaction energy between ionic liquid and nitrogen. In



2D-SILM, the ionic liquid plays the role of separating carbon dioxide. The higher the
concentration of ionic liquid is, the higher the separation ratio of CO; / N2 is. The adsorption of
two-dimensional materials makes the ionic liquid form an orderly spatial structure, effectively
reduces the interaction energy of cations and anions, which improves the permeability of carbon
dioxide.

Then, the effect of external electric field (EEF) on the gas separation performance of 2D-
SILM is studied. The simulation results show that the EEF can make the positive and negative
ions suffer the opposite electric field force at the same time, the average distance between the
positive and negative ions is increased, the cations-anions interaction is reduced, the free
volume is increased, so the permeability of carbon dioxide is improved. What’s more the
permeability of CO2 increases more in the positive electric field. This is because the interaction
energy between carbon dioxide and anions is higher than it to cations, which makes anion more
easily to move to the feed side of the membrane.

The results of this paper detailed explain the microcosmic mechanism of efficient CO;
separation performance in 2D-SILM, and study the influence of ionic liquids concentration,
two-dimensional material layer spacing and external electric field on the separation
performance of COz in 2D-SILM, which can provide theoretical basis for the structure design

of 2D-SILM both in experiment and industry.

Keywords: 2D-SILM, CO; separation, molecular dynamic simulation
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o
d(A) d(A)

2-3 S THERMEE, Hb 6 M TFFETLK MXene (a, ¢) BE7K MXene (b, d) 3"
. &. & 4ETF/IBERLE. Bl BR. SRR KO TRERLENEEAKE.
(e; ) RNFEZMBEBERTK MXene FE7K MXene # B4 B R %K
Fig. 2-3 Snapshot of simulation systems, where 6 He molecules diffuse in anhydrous MXene (a, c) or
hydrous MXene (b, d, also referred to as MXene). He, O, Ti, C atoms are drawn as red, blue, orange,
green balls respectively; water molecules are drawn as red and white lines. (e, f) Gas diffusion
coefficient, D, in anhydrous MXene (¢) or MXene (f) with different interlayer distance.

gi LTk, KERFEIR ML TARARRE, o 4B RHR] 5 0 SR 7 B A R}
T RIFH COr 7 B PERE, TFEA MM B IE: — MR 4uM BRI 3T, 55—
& R — € R R BE R AR e AR, i BRI HEAT 05, SRR T R
KREAE3~6A, FIUIAE HIMA I ZEAR G BRI TR KEIP, —4EprRiiia e
PR 75 B R B SR B R R 2 —, R 4P REBEAT SR 7 B 1) AR T 75 255



O MR TR Y B CO I TEILIR

2.2 BFRIAECO, TEFMNA
22.1 BFRENMERRE CO P EMREMR

B AR — MR AORES K, e REA PR 5 A SARER, AR
ANZE IR R AE iR A I 52 A8 RS TR, il NaCl, 7E 801 °C Rk sk, JF
HRSEH Nafl Clo ST B 1456 0B A TIoplae SRt n sz 1], Btk
Wy BRI ST A T i A i, (HR A — S b, 7R IR & EARMIEE TR R
RS, Bl 1-2.28-3-F 2k (BMIMD fHE T &4, [BMIMT[CI{E 21 °C
RALBY, T 1T RR-3,5- R BRI e IR A I B R A AR U R L AR T 24 °CB iX —F
B IR GRR N F I B FIA  (room temperature ionic liquids, RTILs), ‘&4 1#IFH &5
TIE SRR HAXS TR A LB T, 1B B 7 (R ya B Lz, R4 1 58 g A 4 LA
J RSB 7 Can DU SRR B A S SRR 4D, KBRS 7 (s = BkfL . =5k
PR Bl R AR ) S5 053-341, T R DA BH B 1 B0 B B8 - IR AN W B PEASE 45 L 2 B TR 45
e, DR SR N ARARAE R RS, 1B 2-4 R A 1 SIS T A LI B S 1 DA
B 71530,

CATIONS ANIONS

X BF, PFe cl Br I”
| . + Tetrafluoroborate  Hexafluarophosphate Halides
N N

é 2

NO; R—S0O; R—COO  R,PO;

I Pyrrolidinium Nitrate  Sulfonate Carboxylate Phosphate
Pyridinium R
! 0 - 0 o) - 0
[\ N N N N
NN Ry TR S SUA
R~ N~ YR, 2 3 F \é) g F FsC \l}) g CF3
Imidazolium Sulfonium Bis(fluorasulfonyllimide Bis(trifluoromethanesulfonyl)imide
R4 Ry 6]
I+ |+ H - -
Rg_';l_Rq, RZ_T_R“ HzN_Cl;_COO O_S\=O
R3 R3 R CF3
Ammonium Phosphonium Amino acid Trifluoromethanesulfonate

B 2-4 EAKNEEETHRARHETULHAET

Fig. 2-4 Common cations and anions for RTILs
FIRE TR E V2R 2B, BIINgE 0~300 °C MEARIRIFIRE,
H RTIL A& WARR LR, XA 8 TR RENS Oy R AT CO2 i), B 5B
TR TAGIERA TR, AESLER AV N A F 8 AR et 1R, Hk
PAR A 2B 2 FEAR COo SR HX LU ) B AL I A BE AR A1 2 BT SRA R
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W, A 1-77 36-3-F JEBR MBS IR £ [BMIM[Ac]fE NIEFIR L COyy 5Tk Ef B 21
ffZ (MEA) ML, Refgiib 20 16%MREREAFE, P8 1% T2 &%, ARt
Bilb 12% 008 5 AR AR AR, ARAR B0 60% I B TR A/KIEFIH T CO,
IR AL E TR T MEA 77, ATLAFT4) 12%3] 16% A8 R, B it T oy
IPERT, $RAE T —PhERZ G X REM 70 B TR CO2 757

i = IR TR B COx BT LB IR 1999 4, Blanchard %5 IXHRIE |
CO2 7E 1- 7] JE-3-F LK N JRUBERE ([BMIM][PFe]) HITEMARELE 40 °C A1 93 bar I &k
0.72 BEJR 34050, M2 J5, RS FRUMA o 18 — S A i i O TR LA, I Bt
FORASEEEIE M, AR FEERELL T UM (1D Bih& BUHRh 2808 ik,
TR IR B PR (task-specific ionic liquids, TSIL), HT5IN T3 COs )
B, WEIE, XETRLE TIAAN COy BIMF 8 11 R KRR TS 90 (2)
OB TR I B TR S A Al A R S SO HE B TR (supported ionic liquids
membrane, SILM) MM X &5 AR HEAT 2ok, SOk B R ARHERR IR I S F5 oK,
BRI R, DA IL CO 2y B PERE, B 5 LA A SRR & L6,
TE CO2 3B, X B FRUMAEAT SO 1 H IR 3 28 IR CO IRV i R 70 Rl 3%
Y, BRI IR IR E, DMERRR COL TERE N AEIIBE J1: (3D X E A B Filik, —
AR DA S FLAR2H 3 22 J0 A R B ERAL S M ST PPN RO TIOR8 57, 22 Je ik R
SRS T (4) BT IR B — S ARG R R R AR AR T, R B 2 g AT 5 DA R Tk
o S IR 3R SRR (8 AR R RERE VT A LA 5 B L2 B 274, (5) B
AT LA S PR 5 1 1) UG PPAG 777

N T R IR COL TR RE T, VF 2 0B 1E B IR 1) 7y 1 2544 Hh
FINSR CO IR (nadt), Wit TIRZ IhREE Tk, CO. BE 5 RTILs LK)
BRI BN G, KRR T8 TS COx BIEMRRE )1, HiRe T B Tk niE %
Y. Bates T {XA R T — ol E IR P2 B 29 2H P Th BB A 25 7 VR M4 [NHop-bim][BFs],  H
FE R SRS T3 iERE, I HARE T — MR i B R 5 0B 1) S RN,
X SN R ABL T ML SRR IR RS o 223K CO2 7E[NHap-bim][BFs] 7 i FE 2
IR KAE (0.5 mol CO2/mol IL) SREERZRXT CO» HIE MR FEAH 48, K 1% FH & it AT
B 14 T B A B A S8 A — Ff 99 28 oSO 1) T e AL B VA DD T 1 R i R
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BE HEMRLGE TR B CO B TEELIR

[P(Ca)a][AA], IXFhE TN CO ¥ A 5 [NHap-bim][BF.JAH 4101, AT i — 04
CO TE B TR IRV RE, AT SCBTE T FIBH 257 R S i ThRe A 28 ik, &
IR [Poss1a][Met] M ZMR [Pocsia][Pro], IXFNES U IA LML AR EE )y 1:1 B LG
CO2, 3T 15 T 1 W Pl T B A0 8 7 Ak A B Tk b B B G RAT WL 77, BSR4y
T BN AL HRUE B 11X — A2t E L0, SR D B A B A A R v
KSR, TSILs AEEZ LI G (80 ~ 100 °C) M4 FMRA G HA, XA IREILE
TR T — PR B AT S Lol CO2 RIS .
222 BT RAZERIRE CO, EHINA

B FAAR 3R (support ionic liquids membranes, STLMs) A& 4845 B 7A@ i i 48
6 77 LA R L 7055 431 (B0 AR O3 [ T 22 FLARE R 380 1 B G U R AR . S
PN RS - VRUAAS I P DA = 0 8 VRO T DL Th R AL 58 VA, SRR A B,
MR ZIEE (PVDE) . RIUR LM (PTFE). RERNAE (PES) SR AW,

T Z TN, 0 Si0or Z4LEL, v-AlLO, Z fLIE, Tofr 2 fLi LI MOFs. ZIFs 48377

Z LR

SILMs (WA &2 B Scovazzo 553 B UCHE H RN, A AT K ok i S 85 1 W A
[BMIM][PFe it i 12 572 M B 31 PES J5 b g X il i 1 56 G W0 SCHE RS TR TR, o COo/Ny
WML 29, [FI CO2BERIAF] T 208 Bar, H CO /B HRECAH T URN AR
TrESIEARL . BEAE S ATTAS B BT 00T Y B TR DA 2 FLI R & T E R, TR
RSCHEIE COy 43 B VERE ARG kil m, 4 2B HT COoy 7%, rZ
SILMs ] CO 73 B tEReth il 7RSI DA FIR. —IH0L N, &3] COz 4
EEHRRIEA I E TR, ZAMBHERSCEREN, g iE SILMs FFaE M.
Scovazzo SEEHFHER [ R EMIEEW/MKMKE T STHERIER COx /- BN, S5
I CO2/Na LI COo/CHa SR A S M IR A JE PR PR AN AR IR PR M 2 I B AR S, X
B SILMs HHAEAE SR B 55 4 IR B P S 3 VR A i B PE AN R AR B 22 57, X SRR
BAMRIEIXLE SILMs P HRZENL By AL s, RS EF LR T COy 1E
[BMIM][BF4]F1[BMIM][PFs]H HIi23E R AL, 1X PR ES AR KT CO2 VAl FEARIT , {H2HY
FERHZEARK, LI 45 RR W PRl & AR A 1) CO2 8% REAHZEA K, X CO,
TEH A B BB IE AR LB, 2R R ASTE SRS 45 T [Naxe][maleate]/PES 1
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[N2224][malonate]/PES ZE I BEA B T-UASCHEREL, JH0T5T 7 H COx BN AbATA
W COp I LA B Tl R AE AT AL 7 OB, SILMs ) COo/Na [RIEFEEE 2] T 200
LA b, COx fERE P I IE LB A (R AL LR, VF 22 2 5 B TR S ) O,
BIEN R AR, 1R IR TR SRR T COa IR HLE 2 VA il SBOLEE, i
TEDN RS TR SO R COL BB A A L2

BRSNS 1 COo o B ERE, I th A R A e vk, &7
WA RRAR 1 287 DA S AN 22 L 2 TRV 1 43— (R0 A ELAR R, A0S B 1A E A P I A2
HARRERRAR, R AEfRIE SILMs HIFeEPE. Scovazzo 55358 — AR %1 SILMs {EIES: T.
TEfR R 106 K TN CO BB R FERENE, KI SILMs [FI5IE R AERENE R A B S 142
b, XU SILMs B A W o Fa e B4, Neves %K [BMIM][BF4]. [BMIM][TH:N]%
BT e BI5E K M PVDF B AR A SILMs, % 2H T et . M R4 E 7
1K %] 200 KPa I [BMIM][TEN]I#EF A 25%, [M[BMIM][BF4]135 25 RAUA 5%,
XA N[BMIMI[BF4] 5 2 LA R R K AR, Foor 7 I BAE I SE o, BRI
JEJIARE PERE 5, X T B B R AR (R 1 S U S 2 FLM L RE KIR#E =1 SILMs (1
FE IR, Park 652K [BMIM][BF4] 718 T PVDF Jr il Bl B 1l A SCHR e,
MR 7 o R AR 1, AT R IR IR 77 B 200 KPa 3% 0% 500 KPa B, HaS/CHa [1i%
PV 150 K2 250, X3 P BT 28 TR SCHBUBE B R AT R e IR AR E 1, 1T
KRR R AR HoS St SRS TLs 2 1A 45 % E ok M HAE A, 8RE i T
WL HoS HOWREEST, VP22 F W5t 1 SILMs fE/KHiASE M, Fortunato 45 H]
[BMIM][PFs]#! PVDF &% | SILMs, FlE 7 HAERA/K 2 5Bk %, Sk
KR, SILMs TEK — 50 B T A 2 5 AR R fe e (8T, X gl & 2% 3 A T
PES/[BMIM][BF.] {2 - A SCHEBUIE b B TR B /K 0 COn 4 BS R RE I SE M, SESR K
L, MEKEIEEI K, CO, VBB R WIRHTIGIN, X2 KB 257 IR A R kG R4
1K, CO2 W BUEZA FTIN. SR L3 — BRI Ak oK # i, 4N Coy g
BRI 2 PG, KRR K S S RS AR (1) COL ViR FE AR T 187, 1K SR 55 784y
R T B IR SR B 2% — 2 (B K VERE, B8 IR SRR S R 25 B e e, AT
Hopih 7 Tl SRR T Z 1) CO2 4 B it kL
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FZE WS-SILM & COz B 5T THETUR 5

3.1 518

AR I R B HE RS R TR R A PR I, s NI AEAE . A
BRI AT (CCS) BEUCHR PR KA COr R M BA BN 7%, CCS E—D
Hie AR, BT DA Y2 08 COx 7578, H B s R, B mAL
MR, 5 THRAE R A B AT S —EU B R, BT Dk 1 CO, 43 B JEAS
B2 NEREVMEL, N T 4R S e, R ERIZREERCRY, S8 Co, s
BRI, Wl £E 4R PP AR (LAt B4R S CO2 o BRI, & Tk 7 B v
ML —

YA R, Bl fLA SR, A SR, MXene SN N HT B R AL COL 4 S
FEAPRE, —4EMRL R TR TR R, BE R RIS CO MBER, HHRMHIHE COo,
BB RSN RSV S I E R . BARZH fM RS RIFHIA)
SRaE D g R e, ARSI Tkt . AR 4 RHEEAT S ) B 7 A
YA R TR U 3 B B LRI S IR AL, R A U AR ] AR
(IR, SR AR H T AR KAk, M LSBT AR R R

T BB R 2 32 91 AR 2 R R R, 3 TR [BMIM][BF3E 72 3] WS,
JR AV T ZEADRL B IR SCHE I, JEINE T H CO B ERE . SRR R I BT i v 2
HIREAE SR COx 7 B MERE, HH COYN, IBIE 2 )y 50 GPU I #PEmL 120, 81t
TREGYENZ A LR HEERRXME SRR T ZE R, By s sERm
NIZRI B TR, AR B SCHEE R, TR R kG kA2 ] — AERDRL ) J2 ) B
R IR mi ) COL I BEVE o Pl 2% B BB B RT3 ) S Aa e v, 0
A HBGINR T 2 SRR E v, A 1R I WSa-SILM £E3ESE TAF 100 /N J5E151E R ik
B B AR B, WSp-SILM X Seft 34, AFHRCH T — Pl BN FH AT 51 CO,
Sr BB SRITIX PN E A B R B8 COL INLER AR, AR RANIE BT, A LAEEAT
BB L RE AL . TRIMPEAS 3 P IRAT TR VELB 7 WS2 2 ) B TR A )
ZERPRHE, I 5 AR RS IRUAEAT X L, AT #87 J2 1) 52 R 2 [ P9 88 -0 (i 4l R RS g
7~ H = 35S COx I TENLH : [F)BF iE— 2D 2 82 15 43 B S 4 1 5 52 & LI A LA
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Fi, 38T CO 3BV B IOMALE, B AR R N SZIGHE 7T Bt — & I PRSI 4
3.2 #ERIFGE
3.2.1 &R

BFAER: FAEH Materials Studio 2K Visual ABeA)E T 1-T 3E-3-H E0K
W U U R £ (1-Butyl-3-methylimidazolium Tetrafluoroborate, [BMIM][BF4]) & ¥R 14K,
JF H. F Canongia Lopes FTHF K I & FAk 4R -7 OPLS /13543 1% [BMIM][BF4] (1) 45 #)
BEAT T U AL DA S B fir 20 i, AR Bl Befa e A7, e 15 2 A RH = P AT 38 1 10 45
FLL R B B 3-1 B, PHES 7o — N IE AT, B S 1 — AN B 97 LT

3-1 BFRERFEET (B UEREETF B), KHEFrHEs, Xdhaa, K6, Be, B
BANFANRIHRRIET, BET, BET, BETFRRET
Fig. 3-1 The structure and atom charge of cation and anion, and the white, gray, blue, pink and
cyan spheres represent hydrogen, carbon, nitrogen, boron and fluorine atoms respectively
H SR DUE 3-2 4, FRATESL T E Fs 7 F Rk 55 4 i)
[ CO/N 7 BS1ERE, FPIZ WS JrFIIU v A s IE A R 1R 3 B, WSa B = TRIER
1.2 nm, AN 51.13 A x 41.47 A, N 7 L8 TR E A AN SR 7 B VERE R 52
M, FRATE WS2 2R BIBCE T 30, 40 F1 50 i B IR H IR L8 & A il dr 4 h
IL-30, IL-40, IL-50. fEAN[RIAGERL )2 flfis 55 vh 3 8 E 1 86 4> CO2 B Na 431 LA%
8 COL Fl Np (13535 2 ARFEBIARAOIRZS 7 12, 7z == SRR 46 R 58 20 1 MPa.
e T SERR LA R R, IX A AR R AR DA N 8] Y 3R A5 5 2 ) SR S 1 N AR R
EAETREE. SRR RE, SARR2IEEMIE L TROEL, BT U & 5
BB B AS BITE bR R R R 1B E B . A =N RAEBENAEEE, KEHN 90
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A, FERTL) B e AT B A N 2 BICE T 2 AN 8808 F KRB SR T, N TEBTRK
R AL R R A5 B B4 E R, = AN AR E T R A A, A
BRI RS A 5113 A x 41.47 A x 310 A,

B 3-2 WSSILM S BERE, Hdat, Ke, 46, HeNga RyaREREET,
WET, 8ET, SETNHRET
Fig. 3-2 The gas separation model of WS,-SILM and the white, green, red, pink and yellow balls

denote hydrogen, carbon, oxygen, tungsten and sulfur atoms respectively
3.2.2 RUAET

A R A Lennard-Jones (LI) AR A JE 7 HAREAM EAF A, H¥rekiksn

L GREI

Hep r NEFRIEES ¢ 5o RS, o RIVJEFHIPEE R e RN T 68
MR, ARIREFAARKARSE, AR50 ERE T 135S 8 A s
BRI, HPE P RSEERH OPLS-AA J1l7fiik, BARBEESEIENE 3-1.
CO2 1 Na, BLAe WS, IS RES B JE T HiLm IR 3-2, XFT WSy, FRAITKRA T Materials
Project H i A 7 AR R 382 57 1 FIIIME ) WS dfvfA, 4R J5 18 ] Gaussian 09 X 2E%T WS,
1T 7 UL Ak, F B MS K DMol3 Bkt 8 7 R 7 rgar, iz Bk
B3LYP B, HHiEM 6-31G, FATEAL T B LA SR IC AL sy WSy SRS Se Bl v 4
P DAAS 38 RS HE (1 BT

SFFAEE T2 8 # L-J 3341k T Lorentz-Berthelot mixing F0wnsX 3-2 fr
N NTELHERIE, ARBEAR TR AR E Y 12 A, ATFEERET 12 A
Fy J5 5 1) ) AR B A ELAE A
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& = O. =

i 6 5 » Uy
: ol +0] :

V2, o, 6 6 1
CR TP, o)

St B TR EIM][BES 8K . B8 A7, —TH F AN AR IR 3 18 M 240 R AR AL
4 ]8T 713 OPLS-AA 11 /1330, COx Fl No #8547 7 (three-site models),
Forp No il J8 7 RAR s g, BERA T E WA S H AR 7 R AEMEAEH, B Q R
Ny HUL B ELE T CO2 F1 N BHLGT AR I3 S 80k B T Jiang HUSCED, X TKAE
He A HAEH, KA particle — particle particle — mesh (PPPM)&1iZ:, 4 R4 9 NVT %
g5, WK N 1fs, B 1ps RE—KEHE . AR LI 8 30ns, AT FEAKAE
SRVEXTRLALL S5 R REm, BT IR R 3 3 IRBU I S i P 341E .

R 31 BTHERHESH
Table. 3-1 L-J parameters of [BMIM][BF.]

Element N C5 C3 C2 H1 H2 H3 B F

¢ (Kcal/mol) 0.170 0.086 0.011 0.011 0.015 0.016 0.016 0.095 0.061
o (A) 3.250 3.400 3.400 3.400 2.450 2.650 2.500 3.581 3.118

R 32 "MEGTUUK MoS; I BEFMAESH
Table. 3-2 L-J parameters of gas molecules

CO; N2 WS
C 0 N Q W S
¢ (kcal/mol)  0.0559 0.1600 0.0728 0.0000 0.0670 0.2740

o (A) 2.7570 2.5650 3.3180 0.0000  3.0690 4.0350
q/lel 0.6512 -0.3256  -0.4084 0.8096 0.7600  -0.3800

3.3 FRE5R
3.3.1 BFRIEREST CO HEtaRI#m

AT RIS FHARTE P 25 —E B PR 2 e, BA1 5%t T SILM-30,
SILM-40 & SILM-50 [ CO» 5 No B R AN AR R, BB AR 408 GPU,
B LI 3-3, MEIHRTTRUE H, CO7E SILM B IE R RN & (>10°GPU), X
Pl e V20 S AR 28 T AL I SR FE DL S MRk i B 7 (R IR G5 4 o B B
TR FE F 3 I R SR 2B R AR, (2 CO B IE R IR 8, 87
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FE=E WSo-SILM 43 B CO2 B4 TR 7

PREGREERLRI, No (B IERE . HE TR IR E R RN COx B IERE , w L
At COYN, ILEHEIEREE B 5 AR L I iy 7. X R WIE WSo-SILM i, &1
WAREEE] 7 733 COa IR

]

110

o0
E T

Selectivity

B~
S

Permeance ( 10° GPU)
N

[N
T

<
T T

1L-30 1L-40 IL-50

IL Contents
B 3-3 AREWRERFRERSESE RGN
Fig. 3-3 The gas permeance and selectivity of SILM with different content of ILs

AT IERBEX IR BAT T B FAE WSy 2 E AR, HAZE RS TR
REE AL, BRI T H AR, ESRENER 3-3. WERPHEGETTLUE N, b
A 2 ) B YRR S PR3 I, 28— YA o 0 1 2 R Rl i, 2 1R R AR BR R ALK
M IL-30 3] IL-50, =8 H)H HAEFFEC T R 40%. K 3-4 2 IL-30 5 IL-50 B0
MK, EEWMER T B TR E BRI, WTRUEH, 8RR R ACR,
JREEA BRI B AR, S8R R B i, 2 A B 2 TR ORI P

£ 33 BTRELE WS: 2RI E BE&R

Table. 3-3 The occupied volume and free volume of ILs

IL-30 IL-40 IL-50
Occupied Volume (A?) 43103.82 46506.20 46799.95
Freed Volume (A®) 9445.542 6043.162 5749.412

TR R BRI, SILM JZ T84T BCRH H B2 [ A ARBE, 11N, 55
TWARRIAR EAE I BERLIR, COx 587U AOAH ELAT F RER s, 2 BB T 88 1A
1M N2 W ARG BN B 2 ) i o 2 B 4 B AR IR R = s, COn B
[P i e Y G LN 7 )= 1l LT < el S = S TR AP R ST R (4% N i
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AR (4O B 2R S

B KA RN, RN AR B2 B AL PR 32 R IR A BN L o 10 CO2 1 1 T UiA
R B T No, BRI COn B IE R 2 B v - RIMLAE R & R P B TR BE IS XS COo
AN R EAEH, S8 TRRIRERBARR, EEEEA Co rEACR, MERT
AR BIREESE TN, SILM [ COo/No S FEIE UGN, XUt B AR A 7> Bk ek
RIS AR H K o

* » t'.‘ "§~ .
.vré ¢

"13’

o

O S xSy xS By B B By By By By By By By By By By By W B

B 3-4 IL-30 5 IL-50 {1 B AR AL E

Fig. 3-4 The configuration of free volume for IL-30 and IL-50
332 ERESH CO, mENIERR

BT R SRR 108 AAER/E, B SILM-50 (AR RS 6], BATE
FTUE T CO2 No HWIAHE TR Z AN AR RE, LAL COx SRR TIRAAM
MEAFMRE, JFHRHBETXLE, 458 W 3-5 fos.

-180

— =
2 n
S S

N
S
—

—=— CO,-Nanoconfined IL
—— CO,-Bulk IL
——N,-IL

o
S
—

o
S
—

Interaction energy (Kcal/mol)

<
———

%)
<

0 5 10 15 20 25 30
Time (ns)

B 3-5 SES5ETRIEEIHEEREX

Fig. 3-5 The comparison of the interaction between gas and ILs
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MEHFT LR H 8RS COo MAH TLAE F et i i T 88 7R 5 No iUAH ELAE A
BE, PRl COL 7E B TR R VA AR FE B8 o A B TR DR FE iy, AR B L B2
NEIRY B, A CO 3 I A3 2 B Ny TR, IR SILM A R COL ik 4%
Yo BEE AT E T COy 2 T 5 AAR S TR AR IR BE, THERKIL CO2 5 ES
TIRAA AR ELATE FH e BT IR B AR B TR (R AR TLAE R B, {30450 PR AR P 8 133 A4
CO PR BETE R, R AR T2 B TR B8, 32 21 2 A bR B £ B B A 25 7 A
REMEHE— P hd i COL IVAMRIL, MRS COx KB E R .

N T W YRR B IR SR s, JRATTUE TR IUATE AR R A
WR B2, Gn ] 3-6 BTS2 8 - YRR T 9 OH 25 -5 8 BT 4R R ) b RO Oy A
HiZk (L SILM-50 1)

—_
(@)
T

- [BF4]_
—— [BMIM]"

—_—
b
T

.
[o29]
T

e
~
T

Number density (atoms-A~-107)
o]
o

15 20 25 30 35 40
Distance (A)

Bl 3-6 BETVRAARA BE B T OB BE 3 A 2R
Fig. 3-6 Number density profile of anions and cations
MR DU B T AARAE WSy ERTERL T —FH P R A, HHE T
OB & 7 B WS, R, X2 T WS SRTH # #E 2 S 1, M S Ji 75 7,
SRS B T I FRL A B B 1 [BMIM] e R RE0S B WA (1 IR AR BT T B I b A
Fr 0973 JE W R 548, BENS 1 0B & A BH & 1 TR A RS, A R B AR - WA R RS
TR B B IR RS FERRAIS, TS IR COL AR BE bk &1, CO, VS 1% 2l ik
0, ERITY —EAT RN B TR R B A A T3 COn HIBE 2. B G JATGHE
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TS TR AR e, B 1 os BU—AS s, G0 3-7 Bos, AR BT RAA R B B
THIEAF I REZ09-83 Keal/mol, —4EAPERH B 10 iR BA BH 2 7 H8 TLAR H RE 9 -61
Kcal/mol, XM 55— MM W88 3R o A B8 5 AR ELAR IR AR 1, i B 1
BARKIRE EEREAR, MTIEEE T 1 COx BB IEHER, X AR R —4upRHE I o m & 1
AR IR B S R RE T $E = 1 COn 1Y 7 L

<
u T

Bulk ILs
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Fig. 3-7 Cation-anion interaction energy in bulk and nanoconfined ILs
3.4 KRENG

FEARTPRATEN T WS2-SILM #] CO» 7 AL, IF3EAT 1 — R FIHI 7018 1 545
L, B RIRATIIE T 20 B T AR IR BE T COo 20 B 1 BE FR B o 214 B85 1V A4 T B LI
WS-SILM A7 CO» 73 B RCR, B B TR BE R8N, J= 18] B rh s 6] i A R oR
X, CO2 5 No HIBIE R AR, PRI No AR E PR, 3 CO/N, B FEMEPRIE
BN, IXRYIE TR R EEAR XS COn HIBIE R WA K, FTLh COx fE )R A - E R L
BT RN T IZIER), thRY] COx £ B TR IV R IZ 2L KT No £ 8 Tl
PR AR L, BRATIRE 5 TR )R 5 & AR 2 18] A ELAF A AR R 11X — k. Bl
JaBATT 578 5 HUARAE JZ 18] BB 5, 3RAT AL 5 WAL — iR RHR IR T
— AR AT R AR BB S AL, TR PR 5 ) RE A% 18 T s B AR B B 22 T R PR
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FE=E WSo-SILM 43 B CO2 B4 TR 7

NI BEEAR S BH 2 AR ELAT T e, FEAI B T IBUAARIRE 12, B0 C O A2 28 3R P T AL
FRAT TS50 A A A 5 W B A F9 B B 28 A EL A 8 DA SR 5 A A LR TR B AR & YA
AR EAE AR B T RIS 18 . 7E WS-SILM 1, BS Tk WSy #R B2, &1
WARSEAE TIEFEE, WS AMGES] T SRIMEM, AR 7 B AR, 52
1 COBER,

22



TR (AR il 218 S

FNE SMNEHTEESIR CO 7 EMaERIE N
4.1 5|8

TYAEMPREE TR SCHE IR AT BT COy B TERE, [RIRB R R m Rk
FRENE, 1E CO 73 BAUSA F RIFI AT, £ 2D-SILM H B -1 AA (1 B2 A 45
T COp (M7 B VERERE R | o EPE R, A E—Z MR T BLA Y, A B 1A
VR BE W] LR BN E 1) CO2 23 B PERE, 48 TR BERUIRRT, COx B IERIR &, R
R FEIE ARG, SR BA B, 8 TR IR BRI, COo/Na IIE FRPEIR &
B2 LI COp MBI R 2 AR, BB R MIEFNECLT TS, A R4 A
TEE — MR R &R (trade-off) o TAESEPRI LAk COp 4 B FEH, AMUESR A A E =
[ COp JEFEME, MR HER BAR AN COBIER, FNBERNIREEWRE CO 5
BRI R, XA A IR 2 AR .

DAL bt e 7E CRAUE I B3 1 2t L, R T REIHE 51 CO2 BB IE RN T — A Bk
Ry o], e — AN D7 VE R TR B R AL 4 B AR, 9] e BEAG 0 2 AL RL,
MOFsP' 3, COFsPH, DL K R & Jk 5 JBEDS745: SR A TS L8 B BEAT COo 73 B I [RIREAT
EE RPN B LU B 5, X2 A RH A PR TRE (. 3 — PO e R SIS 3
IR, BIAniR s, TE77, AMINEIASE, X SeME AR ee % P AR LA, R ]
PR, B USSR A EAE R e, DUA B R COa 43 BEVERE R B ARPH10, £
IXFP T, A R RN s 73X P R 1 SR A PR BRI RS THFE, U@ &
BAERRHRERE ST, AR B R A R TS, F HIRE AN 7755 Ip kL 454
P42 ) 30 A AR, 4281 P 9 R B AR /), T A FH 41 In 6.3 ( External Electric Field, EEF)
Xof BEARL AT GE A BB, A IR SRS, 76 2D-SILM i indds, T A H
TIAEAE, A=A kB BRI I I e FE AR, H I3 B 1R/ IN AT LIRS (9 1 428
MNTITARS HE (R 28 1 SR ) 23 B PR g

fEE—m R RNTCERIE, 4R B IR SR, RERE U B8 I 1)
GERL, PRARES FIRUATRIRE B, AT HE 5 COL BB IE R, SRTTIIX P R FH NS 2 TR 45
PR SO AT PR, DRI AT 17 B3 I 51 N A H 37 oK% B YA IR 5 AL AT 1 — 25 1)
B, NI PG I G IR COx 4y B TERE . BS TR 5 e IEFIA R, &1l
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Ao Ry FL I B BH S 2R, BH B8 A I 88 12 FL ) vh BLiZ 2 2 B IR 7 IRl IR L 7
DRI 2 A ELIE 19, ik — 20 BRI B8 TR (T B B 28 7 A LA P RS, AT AR KK 28 3B A R i
B, it COa Ry B bR, I HL R IA I 07 AN TR, B TR (R 45 R AR D,
HL37 17 [ 58 T FH B AN B8 - rh  H oh — bR 1a) S 7 I B8 30 1Y), HL DA RS0
LI TR B, BB BS 70 CO2 MR F SR BE R A F 1, BT LA (4 75 Ta)%F COa 43
BPERE 2 AR o

FEAR B RAEH MS 5, #IE T MoS2-SILM A1 GO-SILM ] CO, 43 Bt A, 3f
1] LAMMPS #4054 i in— R AN, BT T3 1Mt 7, Siit
T CO WIBERIEAF I 7ML, DL I B AR S5 M 52, TR 22 4
HUIZ A SAARIBIE R R, A T s br b SR — 2 2% .

4.2 MoS,-SILM ZEAREIEBRIATH CO, iSEEMR
4.2.1 R

SRS BERRL: [F] b — R B A [E] L AR R Ml o R 0 A
1- 7 3L -3- B 36k e Y g AR 2k ( 1- Butyl-3-methylimidazoliun Tetrafluoroborate ,
[BMIM][BF4]), HHA A LT HEESHOE I 3-1 M3 3-1. 42K MoS,-SILM K]
SRS BN INE 4-1 FR, B IER] Ny 763 A VR AR FEIIG,  FIA 0 B 1A
CEMIECE AT S BN No BB R AN E, WIkAZFREET Co, MBiER. W
B 4-1 H BToR B R IR 7 TR R N FEA (9 TE D5 1), XA ] DL s B 52 A BEAE AN R 7
A I R IR BS R 2 S, FEIE R HLYS T RH S T2 BRI 5 mIARTRI I ), G B R
(5, B 52 30 5 L 5 Tal A S VR R 0 AT 2 S SR K 7 T

FATHMZE MoSy Frt il 1 —A> Z4epbRlpkgg, 4> MoS: JrIR/NA 50100 A2,
MoSz i FAFAE—A 19 A HIHE LAHE COyilId, B MoS: b [MIBRIA IR RSy 38 A,
BRI y 7 ) A A, BTLL COp b2 %8 /b TR BEPE BRI T 41 38 A A BRI
. A MoSy FrJZ 2 [B HZ 181858 2.5 nm,  LASE 2 (A1 i BH B8 7 A1 BH B 175 s i 76
THERMZEED, EFHE MoS: iEZIRIET T 180 X &1k, TERBLE 15 /e
FEA A PN A 880 e, DABRRS SRSy 7 R0 B 1Ak
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Electric tlu

Bl 4-1 MoS;-SILM H] CO, B ZHEBAKAE, Ky g, K, 46, hENEEaMRARE
Er, wET, |ET, ETIHRET, —nAERNTReFEIMERAR T, FeRERET
Fig. 4-1 The configurational picture of MoS,-SILM model in different EEF. White, green, red, pink

and yellow balls denote hydrogen, carbon, oxygen, molybdenum and sulfur atoms respectively. The

cyan region denotes cations, purple region denotes anions.

FEi COx B Z R/ A 50%x100x93 A3, FEHHTHE T 650 4~ CO2 401, A FEAR
SRR TR, HATIEEGRE)A 6 MPa, 28 i T~ S0 AN Tolk i SERRRAE 19 R g, X2
T EA R AATASSHLRS 18] Py A 8 22 (< Aol I DA A5 30 R AT e RSB 1 G v HBidls [l
AT DA 2P IS 8] o A7 I B2 S AR RN 50x100x160 A3, BEA=PARBE R, AT
975 LEARADUE A A 22 i 5 s R e R B A SR ARG B . A UAA 7> BRI A A
N 50%100x300 A’. SNy T AN S AT RER) S I, S B AR S AL R I S
WA x Mz Ty BB 7RI 2. y T B3 W E AL kA, 1X 2
N TAE COr 7 EAE RS T A HUL 8 KK BE B A R iZ id MoS»-SILM.

422 RIHT

P B 4R ) LAMMPS B EAT 2313 0 224, FER R R, Bl
& [BMIM][BF4]#1 MoS; #2% FAEMR A 42 J5iF OPLS-AA i3, [l b— ik i) —
FE, COL TR = A7 MR (three-site models) HEATHH5. Fr A JR-1- 8] (O35 f AR H A
¥4 A 12-6 ) Lennard-Jones 41k, TEW 3-1, VGBI THEREBE 2K E
N 12A, BRI CRA PPPM BE TR R (KR S A BLAE R, B VRO I HEL AT A
HBHE N 3-1 FIE 3-1, MoS, Fl CO, B FI /1A S0 WK 4-1, AFRKEBEF
2 B YE AR AH BAE R AR 2%- DURFE IR AU (Lorentz-Berthelot mixing rules) i
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RS, PR S0 K 342,
R 41 ZEABN ZHRAGHE RS RS H K AT A

Table. 4-1 Partial atomic charges and Lennard-Jones parameters for CO; and MoS;

CO, MoS,

C O Mo S

e (kcal/mol)  0.0559  0.1600  0.0135 0.4612
5 (A) 27570 2.5650  4.2000 3.1300
q/le| 0.6512  -0.3256  0.7600 -0.3800
W 4-1 Bos, € z S IE 7 oy A I IE T ), B MR I — R A1
AMINEg, EIZIREE IR/ N 0.01, 0.03 A1 0.05 V/inm, FFHXTAEREIZ R, #85
TN Y I T R0 I R L), it L 4 5 2 R AR o i (¥ CO 43 LA
Tk EREANE T, ISR R 1, B3 RN QB q N R,
E NI, A IEHIE T2 200 707 18 5 07 AR TR, SR SR 2 B
W37 307 M 5 W57 AR . BRI 5> T30 T2 NVT REE FikT, IR
K] Nose-Hoover #8758, TEREALLH MoSy LUK BEAS A 43 1A 5293 Bt 1 B AN
R HARFE A AR, MHEDKIREN 1fs, & 1ps KE KSR, FHRHL
IFTE] 9 10 ns, N7 FRARAEIRMEX L5 R sgmd,  BrA rRL L EE #0023 OBl 4
P
423 BR5WMR

¥ MoS,-SILM 7E 0.01, 0.03, 0.05 V/nm [HIZHEE T, ERBHA T K —FR
FIH o A 10 ns, JF HS MR CO BER, Gitsi Rl 4-2 i,
MERFTLLE H, B B350 RN, COx BB R ok, B COBIER
R IR R, R IR A A 3R A 0.05 Vinm I, CO, BB RN K%, KA
w1 80%. H M7 I SRR IE S = AR, IE 0] L IS B I R,
R RSB RIS, BasR e, M n R ARG, XU B s R
Filf, COL B IE RN ARG, X alRe R th T rdpmEm, B rREmBHE TR
AN RS TR R R, DRI e — 20 I G 0 AR A 2 A RSB R 5 T
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Fig. 42 The CO; permeance in different EEF

N T FRREIX &R, BATHEE T AR T R A SRR g i 22, |5k
AR TAEBRA N, S FMHE TEREET MoS: FiJrm £ (BRI z & W%
FEr A e, 4-3 o, Horp z=0 AARPIE MoS: 2k & . M 3-ATAT A
i BT 74 MoSy Fr /2 AL 1 — FhE AR B &, EL2E — TR B2 A
JEERTHOWRMME, BREE R MEREELN 5-7 A, X ERERH
—RE TR, T COx ARMEAE I i, I8 I SO A A TR LLE Y COr T 2AE
HERME N, ETH 4 BRI, mMHETRE 3 ZRME, fERseil
MoS, Jv HIAL B BH & 1~ A8 B v T B B T B, X2 BRI AE MoSa frz, BRFafE4h
TR A& L) S BR TR SR B BH B8 1~ B AR e 320 AR i A 320 79 4 W o S 5 7 ) 5 2
B THETR, HETE MoS: i EH LA BN SEE S THE TR, X&EN
FHES T KEB - #E MoS, BRI b HIXGIRRHE TR T, il mgEHs
TSRl i AL U, X RN e 2 BRI IR AT ), IR COn [RIRE 2% & 1
PRI BB APHES 17 A S IVEH], F H COr HMRIRTE MoS: i = b, {1341
Mo S % & VA BB RE 225 T A 4 MoS: | )2, S B FH & 1 1B B 178 /2 il MoS:»
Fi 2 LRV 20 i — 28, FEFRE /NI IRIPERTTS, B TR R 5 18 £k
A
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Number density (ions-A>-10™)
('S

1! J

O_ 1 1 1 1 1 1 1

45 <10 5 0 5 10 15
Z(A)

B 43 BERETFREFRMEFE Z L —8%Eo 16 E
Fig. 4-3 density profile of anions and cations

B EERAI SR T IS PRI B TR B T (BL 0, -0.03 A1 0.03 V/nm A%
() ez oA, Hh A R A T LR TR X AR B I
MERAR, BT 43 R 0 A WP 4-4, BHES T 43 B 0 A LK 4-5, AT 2 A8
BT T BA B F (% BE A ARk . TRA SESR RS U AR, B8 FiUA T T B F 5 COs
A EAEFRESE 5, CO BB RN FEZ IR 1o . HAE ZZ4EprkZENR], BT
5 COy Al AR AT COx ALHT, BIESF2 E A1 CO2 AT FHASJZE] CO2
4 8L, COx ZEPHES T I HOE fE 2 SR, T8 S zh AT R I 7iX— IR,
BTABEKI, FHEFHTARRECR, B2 i S i rF A A ERIR R, £y
YER N RANE A (FEWLE 4-5), BB TR B/ INME - BIPE R R AR BE W] i
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Aymqeqoxd mop  Ayprqeqoad ysiy

)

B 44 ARG THEFH_&FELSMAE, CAXKBRARABFRIEES, DWT 3/ M85
9, (i) E=0.03 V/nm, (ii) E = 0 v/nm, (iii) E= 0.03 V/nm
Fig. 4-4 The 2d density map of anions in different EEF, red region indicates the high probability of
finding an anion, (i) E=-0.03 V/nm, (ii) E = 0 v/nm, (iii) E= 0.03 V/nm
TR T O3 A I b — 4R R At A B RN TR T AE AR g R A
AR FRATNE 4-4 TATLAEMME 5 —4E% o0 A B 45 1R IR, BB TAE=
[0 3 R 4, A2 R PR BB 155 s 0 B U7 [ A S 5 T R AR AL, A
W PR FR) 88 85 BE B AIG . AE S Iml I VRS, BB A8 A M MoS: Jrs A
FRIMR B J2 B v 7 B T, T e I VR B 2 32 1) MoSy AR S UM AR, 3 P AR I
FEAAR, XU LI f 3 0 & T AR TN T MoSy v R RN . BAE 210
CO KIAERIR, ZEMM B8 5 AH L T4 M B & TiE8ioh 2 21 1 COx HIMBHAER], Bl T
W5 A G MR AR . P EE R BN, W 4-4 GiD), 300 HIBE T
A—ER A M BB T AR 2] 1 A2, 0 MoSa Fr = BRI IR & T3 iR = . K
AT AT LA 4-4 GiD) HIREMRBE 1, O )E LA T MoSa v BRI B 25+
WA R RBIFAR, FrL CO2 EH A T BB J1 2 KRN, BT COn HIBE A 2o 1
m, ETAEERBEERT, do b E R B R 7% R EA%, FrPlER g T COz i
BB R
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S1qeqoad ysiy

Liqeqoad aoj

v

@) (ii) (iii')

B 45 AEBZTHEFH_LFESME, 2aXBARABFHEES, DT 3 MEGA
%I, (i) E=-0.03 V/nm, (ii) E = 0 v/nm, (iii) E= 0.03 V/nm
Fig. 4-5 The 2d density map of cations in different EEF, red region indicates the high probability of
finding an anion, (i) E=-0.03 V/nm, (ii) E = 0 v/nm, (iii) E= 0.03 V/nm

JEEPN 2 18] 1) B ARFR 2 R COL F U 2R 3R, BRILIRATEL CO2 (3142 1.7 A
RBRMEAR, VT3 R E T B FRAARE AR Y T E AR, R B R
2B oy A M 2 AR IR S 4 R A i 2, WJE MoSy J O UL B A2 A PR IL %%
3.65 AJEHEIN (3573 A) MBI 2 58 I R R B Tk, WED COx 4L
= IE, HAEARN 50X 100X 7.3 A3=36500 A, 5 B E B TR K &
o 7 AR B ARG R 4-2, B BARBUEROR, R WIE A 2= [ ATt COo A5
%, W COr A FILNE, BiEREm, WKW LG ST A &4 25 )
PRI/ INBE A FL 37 3 B 0 1 N Wk )N 3 R TE 3 IR T 8 YAk 1) B 2 1 A
B2 A A I 5, 58 R 2 IR B A P e AR, S L s BE R B el
A N, SRR A E I I AN B B X TP B T RO AR K, R
FIANBI R, EARE I R B PR LU B o 3, BIBS 7322108 CO 15 B
TEH G R A MR A, B bLE R g, H @B InmE L. O Kt
R, B HEEBEOR, W COy ol Al tl, MM @EFE G, XMPERZERLL
A=A — B
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R 42 ARG TRERETBAEK E BER

Table. 4-2 The free volume of ILs in different EEF

Electric Filed (V/nm) -0.05 -0.03 -0.01 0 0.01 003 0.05

Occupied volume (A%) 12674 12867 13064 13379 12759 12561 12488

Free volume (A%) 23826 23633 23436 23121 23741 23939 24012

B Ji 5 R B B IR R B RS R B R A B, BARFS AR, BRIGAE [ —H
HEERTT, BIESFRIBH & 752 20 B35 7077 @ AR IR ), T8 #3% 0 HIAE F TR B S 0
BH B9 -1 2 18] (1 B B P R o e 4G, DRI T eI 9 B 85 1 2 18] PR AH ELAE F e AT 3 iy COn 12
B IRAAR VE AR RS, BETIHE A COx HBIER, TATHE T B & F7EA [F H3g R 1AH
HAEHAE, WK 4-6 Fiw:

I 1 1 1

wn wn n L

Ln =N o8] o
T T T T

1

n

=)
T

Interaction energy (Kcal/mol)

1

n

~l
T

-0.06 | —0.I04 | —O.IOZ | O.IOO | O.IOZ | 0.64 | 0.06
E (V/mm)
4-6 AFERG T KA AL
Fig. 4-6 Cation-anion interaction energy in different EEF

MEFRT LA Y, B F o B B3GR, B RR S 7~ BOAH AR H BB Bk, 1ETa) H

DFEARHI I, i) I B 1E , KRRV e R AR IR A S, +

BRI TAER AN AR IE R I, B85t T8 32 25 COr B BIAE

FURARAI A TR, BRI B BH 28 AH B P RE IR A IR AR, B e o EE R o, ot

RIS, X IRAE 0.03 Vinm KIHLIZRE TR Z I EF e R E TA, Bt

I PRt — B AL 32 BIIBE AR K, BIBH & M BAE I BefEA R L T IR S S
COx BB R EH — 2.
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4.3 GO-SILM E A EBIF TH) CO, BEFEMR
43.1 1ERIHE

GO J: F5EM MS @A o SO — 0 S0, SRJEAE A SR A LIS
Wikt (-OHD ML (-O-) BREH], XM E At Bl a8 E s LB E Rel,
TEBME R PR FF R A BIG IR N 28%, IR E AT EE KEHEA,
[ ISF SR A0F B SR A SR P R I, S P SR A R R AN 447 TR

471 SAEBIRAFE, B THRERENBEEEN 28%, Kb AEA, FEMLE/NRSH
REDERET, mETHEET
Fig. 4-7 A fractional of GO membrane used in simulations. The GO membrane is modified by
hydroxyl and epoxy with an oxidation degree of 28%. White, cyan, and red balls denote hydrogen,
carbon, and oxygen, respectively.

S BERAL: A LR T TR A IR TR E, FRATE RS A
[BMIM][BF4], HHLfFo0 A LY #Hae S 80E WA 3-1 Fe 3-1. {6 FH M B Ak A 30 DA
FOP A s A T N 4-8 ARG B, A GO J IR/ 70x30 A%, F:4 GO
i EAFE—AN 16 A HIBRFELAEE COL AT, BURMIBRIE RSF 2N T By 1k shBE AL 1 B 1)
RBHES T CO2 IEN, A~ GO 2 [IBRIEIIIE RS A 25 A, ALY y 7 LA & E
JESATE, FrPA COp 2R A/ T EAE B TR T L 25 A A BB . Pl GO 22
(I JZ TR EE Y 20 A, SXARIE T B RS RIBH &5 F7E A PE T ™A 5 K =S M2 8), 1EM
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JESEACAT S0 JZ IR 1 70 AR, AR A d 2 R s A (A P A A S0
Fio DABHAS A 7 A T iA . HIBE] Ny 723 TRIA P RIS S RIRE, HB@ERAE
AR FRZEFAYE, FXBREINTAEE T COo iBiER. MR, W7
[F45 1) 28 = R 7 TR e 9 S (K IR T [, A 1 1) B 1 BH S 3 32 BT HL 37 7 ) 4 1)
177, S SRR T A, TR T2 B S R 5 AR SR 0 AT SR IR ) T ]

Blectriefied

Bl 4-8 GO-SILM S5 BER, Kb aa, RENLENRGIRREET, mEFHER
F, REBHIREABE T, FTEHIREREET
Fig. 4-8 The gas separation model of GO-SILM. White, green, and red balls denote hydrogen,
carbon, and oxygen, respectively, and the cyan region denotes cations, purple region denotes anions.
JEi COx JEZ IR/ 70x30%x95 A3, HA i E 1 280 > CO2 7, R4 FHAR A&
WA, HVR LN 6.5 MPa, 76 5T 5256 H R Tolk i SRR/ i i, GX &
T AEAT BR AIAS UL ) pAy 75 SR AT REAS B I e E Eid RN B T DU OB i ) o A5 04
HAEMARRA 70x30x150 A3, BRI B 25 SRR N 1 B I BEPU 4 i A5 300 i 5 s 5
SIS, SO AR . BB BT 70x30x300 A3, Sy T AERLLL AR R
FTREMT G B, SRR S A 25 S, FRATIE x Az J i) B T R v
FAF, y T R B AL S A, XA LME CO, B/ FHELE S TR B 25 A
AR GO-SILM, VAR /AL B T IBUALEAN R L) T S5 AR A0 COL BB R I 5%
M o
4.3.2 1EHETS
BT ALK F LAMMPS 3 EAT 0 F 8 144, R id i, BFl
R[BMIM][BF4]f1 GO #4 R H 4EM A4 i+ OPLS-AA J13iE K. [F AT SCH R —
FE, COL R =7 5B RL (three-site models) HEATHH. A JR-1+ 18] (136 f 4 A H A
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¥R A 12-6 1) Lennard-Jones iR, 1MW 3-1, JUfEE I i BN 120014 B
AN 12 A, B EA PPPM Skt 5 5 1 18] K R & B A HAEF
£ 43 SNABEIE R TR EANHAGESH

Table. 4-3 The Lennard-Jones parameters and atom charge of GO used in this work

epsilon sigma charge
Name

(Kcal/mole) (angstroms) (e)
CA, sp? carbon 0.0700 3.5500 0.0000
CF, carbon in hydroxyl 0.0700 3.5500 0.1500
CT, carbon in epoxide 0.0660 3.5000 0.1400
HO, hydrogen in hydroxyl 0.4600 0.4000 0.4350
OH, oxygen in hydroxyl 0.1700 3.0000 -0.5850
OS, oxygen in epoxide 0.1400 2.9000 -0.2800

BRI LT A F13 SR WK 3-1 M 3-1, CO MR /17 S LE 4-1,
GO £ #8J% LT R A il OPLS-AA F/1dfiliid, HSHok A H b2 A A &
WP AR, BARSHOE R 4-3. AFZEBR 1 2 7 o a8 4608 BAE FR s 48
25- TR IRA N (Lorentz-Berthelot mixing rules) HEATiHE, TE4HHIHEIETERR
3-2. W 4-8 Fi7R, z B IE DT I8 OB IE T 10, ARt n— &R B4 e
Yy, a0 EIA I TV R b IR A T ], AR R N B BT LR Dk .
W7 70 SN 3 Mg REE, 230008 0.01, 0.03 F10.05V/ A, FEHX TR
SRAE, HAF I T IEF AR FE R, BT T ) FEAMETE NVT REE it
17, $&iR 772K Nose-Hoover #8715, TERAU T GO PR BHES AR5 104 540 Fr
WL E NI HARRE AL EAAR, EFAT A5 ) FAAT, 25 B I — 84k
B FIRT — R ATREE, WIRBERFEBUR 220, BN P KEE N 1 s, &
1 ps KA — UM, AR AR-T 8 3] 1 AU R 10 ns, FEREAT P8 7] 2%
2T, Se¥s COx[ElsE, HEAT 1 ns M TSN J) 50540, DU BS PRI a5 i TR e
SR T4 COLIRBIARTEE , BEATAEFATS) 71 A4, T R B AR AR M X AU 2 SR )
SO, BT B #2 3 ORI SR TP ME .«
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433 BR5TIR

Xf ] 4-8 FITR (/U5 B A HEAT 4y T3 12 BN, IR — KA HY,, g
JE910.01, 20.03 AM1£0.05 7313 JJ AT KO 10 ns, BEUEE G Geit A iy
() COBIER, BBEFRMPAN GPU, Fil45 R 4-9 fx:

55¢F

_—

b > i
] W <
T T T

Permeance (10S GPU)
(5]

|
T ——
l——-___.\.

o
o

006 -0.04 -0.02 000 002 004 006
E (V/nm)
B 4-9 GO-SILM EARFHG TH] CO, BER
Fig. 49 The CO; permeance of GO-SILM in different EEF
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