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Molecular Dynamics Simulations of CO,/N, Separation through

Two Dimensional Graphene Oxide Membranes

Zheng Xin (Materials Engineering)
Directed by Prof. Zhang Jun

Abstract

Carbon capture and storage (CCS) technology is one opinion for reducing anthropogenic
CO;, emissions. The captured CO, could also be reused in industry. The traditional methods of
separation and capture are restricted by the cost and energy consumption, so the efficiency of
separation is not satisfactory. The membrane separation has a promise in separating and
capturing carbon dioxide due to its environmental friendly and ultra-thin. Graphene oxide has
been attracted interests by scholars owe to low-cost and easily-prepared. There are two routes
for gas separation. First, they pass through interedge gate to accomplish transmembrane
transport. Then, the gas molecules traverse the interlayer space to realize interlayer
transporting process. Understanding the migration behavior of gas molecule in these channels
is crucial to comprehend the separation process, mechanism, and improving separation
performance.

The molecular dynamics simulation was adopted in our work to study the behavior of
gas molecules. Our aim is to reveal gas separation mechanism from microcosmic perspective
and the structure-function relationship between membrane structure and separation
performance.

First, in this study, MD simulations were conducted to investigate the permeability and
selectivity of CO,/N, passing through an interlayer channel of GO membrane (d = 7.3 A, Roc
= 30%). The GO exhibits excellent performance. CO, molecule could pass through the
channel continuously, but N, could not. The preferential adsorption of CO, because of the
modified groups was found to be responsible for the high selectivity and large permeability of
CO; over N,. The effects of oxidization degree and interlayer spacing were also investigated,

and the high oxidization degree endows the channel with high selectivity and low



permeability; meanwhile, the large interlayer spacing allows the channel to have large
permeability and low selectivity. Furthermore, the channel length and temperature were found
to be another factor influencing the gas transport performance.

Next, the effects of membrane configurational parameters on the gas separation and
mechanisms about CO./N, selective separation of bilayer GO sheets were studied and
uncovered through molecular dynamics simulations. We can improve permeability and
selectivity for different sizes of slit edge through regulating membrane configurational
parameters. For selective smaller opening edge (6.0 A), a membrane with the fully aligned
slits is desirable. Furthermore, enlarging the interlayer space is another good choice. The
small opening edge is the primary factor of selectivity, and permeations are due to both the
width of slit edge and interlayer space. For the bigger opening edge (8.0 A), which has lost
selectivity itself, we can increase nanoslit offset to achieve well separation performance. The
improved performances owe to the selectivity of long interlayer channel which gas molecules
have to pass through. These results and findings are of great significance for the development

of GO-based membrane.

Keywords: CO,, graphene oxide, selective separation, molecular dynamics simulation
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Fig. 1-1 The schematic diagram of CO, capture and sequestration
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driven by introduced synergistic external forces.
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2012 4, Nair F Geim 2 A B3I7E szt b o DR AL A S84 Vo ML L 46 L0 PO B 28 P
fATHEE 0.1-10 mm GO BEMNK 74 (B He. Hpw Nav Ar &) FIEHLER (4
BE. OBH. Cfc. ZBHAMAEE LLEOKEEENE . MRS5S R 7K AT BAJG FELAS )3
it GO L. AR LIS ) LT 5 50 4= BELRR « Nair 258 A\ AT MK IR e A% 4
D HAE 2 R AR X IE0E BB 9Kl TE TR JCRH e 88 o XTI T 80 S0 I
FEN oA A8 b R N H

IAE R AN R LA (<Inm) AT RLE & &R LU o 3T AL I A4 LA
BEFEA o BEAR £ B BEAR T 20nm I, L A2 5l N2 REIBEBEG . Xtk
KRR 7 2 1 fE . 2013 4E, Li A1 Kim ££ Science 2% & F R R IE 1 AL AT 5805
PR IR B RE . Li e HoR 749K (1.8nm-18nm) [ A2 ) S8 A0 f SR AR B . VR
BAMARLE R L, ST A Ho/N, Ik #1573 A =ik 3400 #1900, 4 B 1HERELL H A
BBt LA B A By 1-2 NECE . Kim &I 7 880 AV A 880 TR AN A (1Y)
HeBRJT0, AT DASEE R ARG R 2 B . W SU R B ASURAE GO B = EA AN K
A% —AE GO B HIERIE CSERIEEESD, R T B AR HE LR T T A RS 4
WEUREE S . BFFEERERY, R T, GO MR SEIME E COo No i+
P
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d H,0 thro (e) = apbebosees
( ) 0.0k 2 ugh B waler Shbs e !‘Q'w:‘."'.
& 107 S8 b 08000
bBrn U5 0 e
H,0 through . t‘&‘:«:«“o—l-: av8
sas & - ¢ Joobe |
B gl openaperture 3 Severaa it
§ P e S S S
-1
g £10 “—
5 E
203} H,O through 2
reduced GO  ©thanol | = acetona -
4 hexane
hexane \ B 10715 athanol Q0N =g
\ decana hydrogen
0 ik q propancl nitrogen
0 10 20 H,0 He

time (h) ]
1-9 (a) Z AR GO i (b) GO B SEM Kk &l (c) GO JEALE E ) 3 5 = & (d) /K 78 i
it GO BB RN AR ER (6) KIS T8 R B
Fig. 1-9 (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) The model of test (d) Weight loss for a container sealed with a GO film. (d) Permeability
of GO paper with respect to water and various small molecules
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c
g 10°f £
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-4 = 10'F %&m -
2 10' a Silica Zwt
F & o
< a
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B 1-10 (a) SRBIE RS THREIIZE (b) J57L 111 GO JEH H/CO ik Ff M B i 2% () TR Pifp
M NIRRT 2 /) GO 2B B 4L (d) 287 2 ) GO JEEH COL/N, i1 5 CO, BB E K &
i 2 ] B4
Fig. 1-10 (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 CO2 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 kinetic 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

2014 £ Jin S5 AW 7R WY T S0 AT SEAR AT S IR IR BU R BB, A4S 42 Al
¥ GO JZ MR AT 7> T i Dhfe, HF HAE B MR M8 IE K4k 1 7 TiEr kA, (K
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1-10) HAPOHEERMEIEIEN GO-polymer B A KU COiEFE 2t (CO/N=91).
B IR B 1T CO, AU 35 47 50 FH Al 558 )

SHEEALE 2016 4E, Jin 26 A WOGHE S S RIS, BS LT GO HEHI%H T A
%[ TIEIE R 48 (2D) £ )2 GO . ~MJ1BEn] LLi#E GO f 2 SEai [R]—F i Xt
BERpREEAL, OTLUME GO Jy /2 D6 I HESR BOEIE . 45 SRR Fh = (] #E XA 0.4nm 1
IR KA TR ThAE, wT DA R I S A A i bR A 5 A0 3 B g

Kinetic diameters of gases (nm) - Operating time (min)

& 1-11 (a) GO £ GWiE A S il A8 AR Z JZ K (b) ANFESARLE GO HEH izER ()
CO,IN, 7E GO i e [t I 1IN 161 F 95 375 B Rl 3¢ 1k 189
Fig. 1-11 (a) Schematic representation of the assembly of GO nanosheets in polymeric environment based
on hydrogen bonds formed between different groups on GO and the PEBA chain (b) permeabilities of H,,
CO,, N, and CHj4 (c) long-term operation test of CO,/N, for GO-1 membrane

(EASE R J2 8] BEG J BE LU URK . 36 T 58 R 1 GO JiE, 45 XRD 0 #r el i,
FCJZ R EERT LAY RIS Anm o SR I I o s, A 00 kA4 S o I A AR R v 14
AN 5 o BA A TG 25 2 B FERAUEWIAE THR IR T, SRR oA R 75 20 %
AR HOe AR . L, L b, BERENUARE RIS Y GO Rt B2
HIVERT o Fem) iR, s s i a2 98 K, DA T e ] LS VR UK e IRAE AL AL BN 1 4k
fLEE KRR 2, BAHLETREE A LU GO . Tk n BEillilas REY: &
TS AR B RIS RE 1 GO B A B AL RN B SR 1 B AR DR SE o I TN P s
AFAAEL TR GO B RS A ST RN R, R CO,Hlsh. XN
N CO PR C-O SRR VE R RERITEH, 452 GO BRUZAL IR, S
BHT CO FEANASLIE T HIIEAE . JR1M, iR LB & T2 AN, , GO JEAAGAH] T CO,
EaL, mPEAS e A, SR ARG ) CO M HoAth AR Bk FEE 0 B . AEIRXAPF L
T, GO JEXS CO, M Bk REH] B m TGRSR, BfEHAEAFREME (TR)
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AMEBALRAIBE (PIMD DUREHUIE . Sesb, Li WRRALIE S — o] T80 )7 v
(I L8nm [ GO IATLASCHLREF I Hy %5 CO; (N M FERE.

1.4.2 FFHER SR IR

DIRVE 2 S8 CLUE A T AU AT BRI E TR A4 L 4389 5 T 1 s A 772, (e
B 0 B A ROW I G GOWML I I A REAS BB AR . 70 T B BRSO sk
AEMFFE R B TR T4E GO BEH ARSIl G R HMLEE, V2 W Fe & AR 7 74
ARG 7 VF 2 TAF. GRS Xu PR AL A A AT S804 A BE AR U ThiR 7 EOR A ot
HRe Xu % A\t GO [k 1o, Jkisid i U P Sfkizidide etk VAT T AL
A T T SR A A AT DA SO AR R o S B BRI K VT HLAE 2 BRAIK )2
7o IR AN R X A A SRR TE, Xu S R IR A XA 2B R R
W, HZ LR R E e 2l S SR K TR ENTIUEMH, XafE—ERE ER
HKHZIERE (K112 ). ZHEERER Hoe N FAERIESE, B el GO %k
g EAEA, HAE GO BB ftma Wl . X2k 7 T, Xu FEAMN
JHCR BTN T8 02 A SUAAE GO Sl T Y BURE, AR 1R Bl
o IS CERE T AL, TR R ER S AL A RE MBI AT LS U e I 600

&
Crry D O O @ @
$

- |

Bl 1-12 (a) 7EA A A 3200 2R T /K RTETRAT J9(b) /KAEA #800. FA S=Im E i) 32 RE5 K () A
() SARLE S A S0 2 8] (R v
Fig.1-12 (a) Simulation snapshots of a water droplet on wrinkled graphene (b) Atomic structures of water
molecules confined between graphene and GO sheets (c) The diffusion of gases in graphene oxide

Kim 2\ U527 CO,, CHa» No F Hy SAKFE GO J2 814 T /KR EE T 13dE I 4 .
TG T, KA CO, nfAHBEZI % . AKENT, SAARE T LLLIEE, H2
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CO, M2 2 KRG 4= & 22 50 7] PO U BE 0 B3R gt — Fh it BB K
Yang % A VSt 5 1 21 GO (fIE/KBHERWLEE, 2 EEE N GO #2 4t 1 IR MK g,
13 GO F AR, WA IR 2 BRIy fadth, 0 7KKEE. hET
M HACKHIK &2, B B RRESR A ILAER], HiteikEd GO JZHiEiE.
Muscatello 25 A UV i -4 4373 J7 2 530 58 7 KAE 2 2 0 8060 1R 1035 B HLEE O
W FE T S SO B E R o 45 R MK I ARG R 308 i DU e e B 1)
JFRBE, MREER U ARA AT RB%E. Grossman %A P T 2 2 H 215
XHEE AR I8 B S HOS B TERE IR, #oR 1 2 R0 SR &
KRR R, JEANEHREME, #on AR AL -

1-13 (a) KAEZ E A St HET (b) X2 S=IEHIE KR (¢) FAf 062 KR (d)
S SR R B AR R IR
Fig.1-13 (a) Geometry of the double-sheet system for water transfusion (b) Bilayer membrane with
nanopore radius for desalination (c) desalination between graphene oxide (d) Intercalation phenomena of
gas molecules in the interlayer of graphene oxide

15 AXHMREBBEAR

BT BRSS Ry MR GO WE/AKIRM . AR B B SRR . AR
(CO2IN) TEZ RN AT S5 RS T 1) 3 BT AN BT . AR SIRER 45 HH T — Lo LS
W, Xu 2N VOB WA o A A B T 1 WU AR o (R IEAS B AR L (3R R U AA 4y
BHLHIF GO JE-4r B MERE Z Il R G 2R o R AS SORI 20 RT3, i M2 GO
JEIREEMZ )R GO A FIEIERAY, 755l CO./N, 7£ GO JE A 7 LA GO fit
555 43 B BE R (R AL 28008 R BEAT A3 TR AL

IS R R ] GO FLiE, FIFHART ) J12J50E, I TARIR B AN A4 2 [ O E %
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BEARSE A FEWT T COLIN, 31T GO JZ HIHIE 1 7> LB . BT AL CO, 5 GO JER T
MR 9 I KT N, IX A4S CO fRSEHEANSLIE . BEA GO fLIEH [ CO, X} /= 7] =Fh
WORSFLIERTY Y (ARSALEIE, FAIEE, FEEE), Uik FARE M L X
SRIEIE . TSR DX R N TSR (AL, 2 CO2y Np JoiZe It X deii i 3
e AT EEER T ARRNEIENE, JRE Y CON, feflt Tk k. RaE i 1R
BIEVENIEFVERE GO AL . GO R E KRR FRAAL MM . FFXTAN A B IR
Xt B PERE AT 1T

iJr s I EPRGER R [ALEIE A7 N 2 R R & GO Ii&ity, AT 173715
TIEWEIT T RREETESE - BREEANT BB A2 (B] BN 73 B PRI . IR ANSUEAE GO JZ 4]
MR R 35 R RS 2O 0 A1 B 0 1 S MR R 2R RIS LA o 5 i Xt AR AE = 18] PRI SO B
ST T M.
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FE STAFRUNT AR
2.1 THEHUERIN 2B

2013 4, 1 VURM 242 T 7 E =A1 R %K Martin Karplus, Michael Levitt Al
Arieh Warshel. I 2 NT RS RG0S T 2 USRI, X8 DU Rt ELeE
UBARTE 24 LR AR KR R R BB, {2 B BR AR A1 . TEA B Z R IS
L, BT =R TR 5 — AT A% S AR P B X — WA FHSLe 7y
KL T R (0 B R R AT R AR B R TR AR B RO AR, R
SR TTFARMEG B o AR THEAL AR B 540 2 1 R At 1 oA ) 3R
SCHEMBLATR T BEE VBN AEEAT A5 m, FRATR DR THREA U AR K
RIS R ANGE R, W TR ZE R EIRNI T ARS P I AP . £ 2 %) — 2k
TR R BB RN E) 2 B AT B RN T o IXAEAR KRR IE _E ksl 7 5256 () A A
FIE] . THEM L SN TR A TR, B AN EEFE. 8
HHCE AT B, BATRT LSS B T AR GOt AR T

2.2 HFhE

73¥71% (molecular mechanism) J7ik#Edi T 1970 fF a4, FZARIEE I )51
¥ 118 (force field) 15 7%, BRIELIE T KR AEE: —. Born-Oppenheimer
fble =\ R RAFETFRG T RS S IRMZ S 2 B g ok T i BEGOB A 2 2
SEHY, TREELER . RIS RN U s I, AR E S T 1. R A R idE
K111 AR R T &0 TR AT REAFAE B S A R 3B RE . TR B BRI R R A2 RE

B /ML
2.3 DFENIFEREN

4y FEN )14, (molecular dynamics simulation) 7732, féi#k MD, J2& H At &%
e K2 24k 2B 715 - Alder A1 Wainwright 7 1957 41 VKiiE Tt B85 —Bi14r T3h /s
SR A, N 1970 SELUK, BT IR MRER R, BRI RGREY T WS
EHT®E. BEW. £V TR RS BRI 1Y), ST R R R R 25
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s B VE BRI A R RE ) KA R K e 70 T3 D) A A B AR SR B 2 4
JIG R R0 55 ARG TR R h SR TR R 20 R L . AL bR. EF
R BNBTERE, SRERIEG T = B EAR RGBS M 5 505 . HAl
RAET RGO IZ3) 6 8 IEF K EN K, HERSm RS, JFa T iz tiE il T %
R GE BRI e
2.3.1 AHAMA R F . RIEREREBEFE

FERA T B RE T, N TR T RGN A RHEE , 85 K L 5 ok
(periodic boundary condition) . ¥ 1a Hr 37178 4k Ji Wit R G BIHE T K72 5)
Jila) e B AT R RN TR & T, Z ARG A BN E T SR E T R A 5%
PRSI Az s, JATHEE R RHESE R4t (periodic mirror image). 4t
MARG T AR TS T, WA —EH K T2 NG THME LR 7 2t A\ it
FmT W (LB 1a hHKT 2) EERIIRGISFAEG RS PR T e R EE, &R
FEAAR, FFEsEbRE . THERG T H T AEH I, R &IT 54 J57%. (nearest
mirror image) (&l 1b) 1+& 4+ 1 8 3 Z AR EAEH 71, 2557 1 M HIT KR
BHEG DT 3. IEPRDAETEIET R T RIDGEENHES. N @R EE T ER T
P2 )1 S EER G R I, R s FRATT 7 5] N 12, Ccut-off radius). 4
r>r, b, s FR#HECEIEFEEETE, XFRRSTRMEERY), RTEMER /R
A LABIEANTE o B AERA S bRy 73 2t ad b, a7 iR v R T4
Teo FATHUR EAT T2 B AR AR I N %

B 2-1. () “4EAMIME RGP IR THEF 5830 (0 KT RRiT G
Fig. 2-1 (a) The sorting and motion of particle in two dimensional periodic systems (b) Nearest mirror
image of partical
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232 BREFE

T4 1%, KRGMZERMERREL RPN E TS, Frbl@E sy — N E R
AL BT B R G LA WL 2 BT o RERRIPTERIER) R G, SAMA R 2L AR,
HAREFAFEZ R R RA S, KRR T ITE RS BSH TR . 5%
M, WD) R B R i I & TS RGP EME R R LRI . & 25 (ensemble)
5E X x B U o 58 A AR IR T AOW A AT i A [R] B KSR R T A s SE &4, Bl —1 &
LRGBS RLEAMN, RG0S ME TR, 27 b R G
FRULT 4 2.

(1) HIEN] & %F (microcanonical ensemble, NVE)

WOEN R R A R PRI T8 H . ARAgEE AL, AT — NIRRT
Gt R 25, B A LB ERFFARFANRL AR, BB R AN S AR AR )
kI AUEI ZIH0N —F IR T 7 BUE . T RE R R I A B R sh Re Y TEk, EDRR 2
AR R LB

(2) IENM %% (canonical ensemble, NVT)

IEM R G R ORI R b7 8 H . RRRNNR R 2, > Re misk i T iUiA
o fEEPp Y, —REFERENAZREE, Pk NVT RGERRISHKZ . NVT
R PRI R R, IR 7 R IR P RRE T3 68 4 7 3t T SE BN AR ], B
FEbrEE (velocity scaling); 4T 2 KH MR E A2 (heatbath coupling), RUIEEA R
5 AR I AHAR G AERF BT IR E E o W RIR FE RS VLG . Berendsen iR V%
Andersen #5175 . Nosé4% %A Nosé-Hoover #25iff J77255

(3) fHIE1EK £ % (constant pressure and enthalpy ensemble, NPH)

TEIEE RS REFRIE RN IR 728 ) RIS IRIFAN R o X REFAED) S A5
AT, A2 T RGN T R EE I, A S8 S8 5 R AR E R TR,
KGE T NATR6E, T B A HME AR 5 i DAY R 3 NPT R 45,

(4) 1B &5 & %% (constant pressure and temperature ensemble, NPT)

TE IS E IR RIS TR RRL T 5 IS Sl B IR AL . 2R EEHITRE M) 5 NVT
REFARA — R T, T 56 7 58 PR 5 AR /N R ST, RO A 5 B 40l &
FAES 7 1A B ST AEL by F G 3% 77754 Andersen #5572 . Berendsen 1% &
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LA Parrinello-Rahman 4 51555 .
2.3.3 OPLS - AA 731% (Optimized Potentials for Liquid Simulations-all atom)

1996 4 William L. Jorgensen J1-& 1 opls —aa /J3%, I & &k kK4 JACS (Journal of the
American Chemical Society) b ¥, %377 It % 7 —HMSHMAER S5, B
BKZSHRAE AMBER 41 713 I TR IZA F137 012 78 IR A DL A LA
K IRMPE AR % Ak . H2 Shih 25 A PRI opls —aa 7137 5t 1 84k A0 BRI
PH AL 5T, BLADLIE 7045 S mT LARI S a6 25 AR BF (0] ik . B, FHIEE AR A
BT TR SRR . AKRAR AN AR B . RS RS B TR
HIBGIE . XU 121 fE A s A 2 BRI 12k

ARG R RERE , HORC T ) 70 1 AR ELAE FRE A 70 7 B B e B AL, Wa(2 - D).
oy IR EAE FRE X PR AR Re, BLHEVEAE SR B/ (van der Waals interaction)
A A/E Celectrostatic interaction), W (2-2) .

E . = Enonbonded + Eangles + Ebonas + Eainedrais (2-1)
Enonbondea = Evaw + Eele (2-2)
Epaw = 4;;[CD)"- 7] (2-3)
ij ij
Bete = e = (2-4)

B, (2 - 2 E g 72 H1(12-6) L-J HFIRITUELEET (VDW) MHEAEH, Eq o2
R, (@2 -3)H, gl 2 L 8. X(@2-)H, q&FEFHEM. FEFZmi L) 5%
YA HAEHZHGES Lorentz—Berthelot R &N, W(2-5) . (2-6). Afbf50E A
SRS TR R T BAR L) AT S5O 8 = 53 3-1,

oy =5 (o;+0)) (2-5)
&j = \[€i- & (2-6)
Eangles = Zangles Ko (6 — 65)? (2-7)
Hor ko NERHEL 0 NEPREEM, 60 N F-HTIHEA
Eponas = Zibonds kr (r — 10)? (2-8)

Horb ke NAREL r ONSEBRR, ro P T K
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V. V.
Eanearais = ) {21+ cos(p = )] + = [1 = cos(2p = ;)]
dihedrals (2_9)

V. %
+ ?3 [1+ cos(3p — @3)] + ?4 [1— cos(4¢p — @4)]}

HAr o NMHA, Vi« Vo o Va AV NERNREL @ A
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B=ET GO REEIESE CO/N, BN HIFF3T
3135

bEE R E TP R R, AT A REIEE R H ad )™ 5, AR E R
SR TH 0 [F]I6 25 23 A0 [ SRR B ok 1 7™ 2 10 i) 9% 3800 — S A IR = AR IR
R S 2 T 2 g B B8, RUBR SR TR AR 0 T A A 4T o RN — AL BRAE = ViRt B9
P iR PRl R T A P A B SR . AR BB (CCS) 2
T R PR BRI . % PR AR B2 B AR R = O 1 T B 9%, Wl B & Wb
ST, A GRMAMNERE-BIEE R RIZ), ARG RIS SRR .
R, A& m e COLN, 2 B $R 1A AE AT .

BT, Jin 25N BV BLA AT SR 2 IR1EE AT LU R0 20 B COIN,, IXXF CO; (153
BRIk AEREENE . HAXTHMWSSIEEEERZEH R i: 1.4£ GO =
B, FXF N, RNA-A CO, LML SHEAN GO J#IE; 2.CO, 7 F1E/ZE EFEHN; 3.
CO2/N VA SARLE JZ (B IO 73 B ATL ] B 1K) o AN A FEAR MEAE 73 1 /K P B AdREX
SR . N T R EE R, IR & A RATTR H 23 730 1 A T i 7t COIN, £
GO E MBI 7 BHLEE, FEX GO EALE . K. ZRIEE UL AN R B o B ae 1)
SN AR EAT TR

3.2 1IRBIGA
3.2.1 #EBIME

R SZ 30 TR A Lerf-Klinowski #57 PO, 23 | SRR B 1E GO KM,
BRIEFENAE GO N%. ABBMEEH RSN TR MY HOSH, K2
GO IMZRILRIF M .. B 3-1(@) N ER GO AL, GO MIEALE E XN Roc = No/Nc.
Hort No AR AL T A FHHE, Ne vy GO HERIETFHH . AL G M
0-60%. K& 3-1(b)A CO2v Np 4» TR, WAL AN 3-1(c)fin (29.52 A <4261 A x
300.00 A), #iJZ GO ¥ Y-Z P PATHCE M gkl VUEA 8N EREE T Z fl
FRRCE . N T ARRREE I, A GO M w5 4 58)% H )2 384 JiL 1. Region
1. 2. 3 AR VIHIR G SIEXE . GO JZ R TE X 8F 123 X 38 . HAyahiE &<
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=5 GO JZ[RIEIE /B CO2/N2 FIHLHIH 7T

R IX IEFENLICE 80 4~ CO, Fll Noo GO JZIRIEE N R M GO FHEZE i JE - [R] 7S X %l
PR S . JZRIEE AL N 6.3-8.3 A

(a) (b)
Y.
Z
©
X
—>F T . v vV 1 ° = 2 E : ;
e @0 o * 4 e tey S & o8 [ ! G
A N TR - ;:
o TN E B R S w . '.xﬁ% .
R 02"."0‘ s e o™ ..k" @ '.E E £
Region 1 Region 2 Region 3

Bl 3-1(a) AMARGEEL (D) CO M N 7 7oKl () WIZABAR. & & BRAER 1010
MBEG. Bt HOMLE/NRER
Fig. 3-1 (a) The structure of GO with modified groups of hydroxyl and epoxy; (b) Atomic structures of CO,
and Ny; (c) Model of built box. Here the white, blue, cyan, and red balls denote the hydrogen, nitrogen,
carbon, oxygen, respectively.

R 31 M SR AR T AT L) MR 2

Table. 3-1 Parameters for the 12-6 Lennard-Jones potential and partial electric charges used in the

simulations
molecule site € (kcal/mol) o (nm) q(e)
C 0.05361 2.80 +0.70
CO,
(0] 0.15686 3.05 -0.35
N, N 0.07148 3.31 0
C(graphene) C 0.06933 3.3997 0
epoxy C 0.06933 3.3997 +0.2
C-0-C (0] 0.14209 2.90 -0.4
0.06933 3.3997 +0.1966
hydroxyl
(0] 0.1398 3.166 -0.5260
-O-H
c0 0 0 +0.3294
3.2.2 T

AL FE, AR LAMMPS (Large-scale Atomic/Molecular Massively Parallel
Simulator) #ftF BT AR 5 12484 . VMD (Visual Molecular Dynamics) T ¥4k
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BATFREAT OV AR AT A M 5 o X T e e 3 ) A s, SR 2% BRI T Z b7 [ PEC (1.5
Ans)ig#. % T GO, TATRA OPLS-AA 1337 B4, AIFIF 12-6 L - J #aem%k
4o (Go-ol )2 — (Ocolr) IRATFANRLL K GO [ B M AR J70 v ARSR PR 18] Y
FHE, HMrh 12.0 A, PPPM (particle — particle particle — mesh) i3 F sk i+ 5 5 1
] AR R A JIAERT, B 5 R T R SR 2 5 2 A DR A IE T NVT R 4%,
Nose—Hoover 4 /7%, AAUUIR B 4% 6 7F 298K, I []25 KR EL 1fs, &AM I HE T
10ns W73 58 J1 A qll. BARHY L-0 AT Z 8 3L 3-1.

ZHR5HE
331 RFEM T EHVIEMAR

o, WATERUZREES 7.3 A DL E D 30%01 GO 1E NI AN Go TEREAH
P FE R, T 7 A 730 H 43 AAE = AN DX b BE I 1A AR 7 - AT 3-2 ()
ATATEAE H N, JLF i@t GO JZIAIEIE, CO, /¢ FE it NidiE, HELZ MM
MG A TS 12 I N B2 X8, 25 ES5REEW] GO JR[REIE AT LLA &L 73 85 CO, M
N W& Bl 3-2 (b) AT Z fh CHAT T@IETT A FIEE A&l H
2R A IGUE TR A SRR BARSAT . 76 RL XI5, N, BRI KT CO, /1, Hi2
ZRFFAKR . R UEITR G SRt CO, 73T H I/ JE EE N, K. £E R2 X1 CO,
R EIE KT No, ARIL T CO2 7E GO JZ A 45 R . R3 1, CO, HIBUE & LT
RNE, NI LR, WHARTXIERRI F, 4SBT COy Ny 53

SN
T

C (10*Number/A’)
0o

6 : 0 50 100 150 200
t (ns) 7 (A)
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Fig. 2 (a) Time evolution of the number of gas in the three regions as signed in Figure 1c. (b) The number
density distribution of CO, and N, along Z direction.

23



F=% GO JZIAIEIE /5 CO2/N2 ML 5T

K 3-2 (a)&k W] CO, =L il GO JZIAliEIE. 1 I fi# COy 5 Ny PR A4 ) sl Al
B PR AT 2 57 BAITHEL 7 AR AR50 550 A1 GO & i i AH ELAFE A g (1 3-3).
MBI A H GO 5 CO, [ (AR ILAE R K T4 No FIPEH . X it utt 4 COy &
P rE GO JZETEW M. AT, DA 7 N (i, Oy 75, &A1
¥ RL X IR & AU S H H I 2E No,  BAULEE R N, SRS T | ) L5 %
GO fLIEFEANF 2 X3 £5 BRI, FATA LAAFH COo/N, HIEFENE 7 B R IR AR TR 5
GO FLiE 3& I R A &5

=250

-200

—_—
wn
o

—_

(=]

o
T

E (keal*mol™'*A™])

n
o
T

IR

L ] ® b ®
3-3 () AW T HAMNARERIALAERRE (b) HIFRZCH FIZE N, 7E 10ns B #4514 ]

’ : * .‘ ' 4 q.. e ’ L 4
Poe o 0,0 ¢ soee ' ™ 'o.‘:. .ﬁ‘s 4
4 0% s ° & e )
. e ® * " ‘E 3
" [ ‘.
Fig. 3-3 (a) The time evolution of interaction energy between GO and CO, (N,) (b) The snapshot of N,
trasporting in the GO interlayer channel an 10 ns.
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Fig. 3-4 (a) A schematic of GO channel with three kinds of spacing. (b-d) Three built channels (oxidized,
half oxidized, and pristine) resemble of the different regions as shown in (a), respectively.
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BEAh, BAEF TS FAE GO BB R MWIE . T GO Hh& b H AEH]
IE4E, GO JZ MG A = (& 3-4a): FiLiEiEEHE (d,=338A). A ikiE
18 (dp =5.34 A, JEAALIAIE (dy = 7.30 A)o N T WF A SAMRAEIX = FdIE T B AT A,
PATor AR T IX = FhiEE (B 3-4 b-d). F5F COYN, RASRETIX = Fhid
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Fig. 3-5 The time evolutions of the number of permeated CO, and N, for (a) Oxidized channel, (b) Half
oxidized channel, and (c) Pristine channel.
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Fig. 3-6 The dynamic migration trajectory of one CO, molecule passing across the interlayer channel. The
area signed by the red circle in snapshot at 4.225 ns denotes the oxidized region (top view)
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ML 3-1 W ULE M, BEESAEERIEIN, ARRNESIEMEAE R, (BRI A
Ao 31X T2 BRI N AL B3 A5 J2 18]S ) A a2 TR0 /0, TRJ I AU R E T S o
15 COx Z IR i i, BT e dEdE (14 3-6). HXF T 7.30A (2 [HIEIE, [F]55F
ST, 6.30 AR RLEE hUR S R DA RS BRI, SR 7 N Bk B
SEAR AL X BUHIE IS F o BT DA O PR 20, LUJZ(R]EE 7.30 A 1) 24 B/h—tk, 42
[AIEAR 7y 8.30 AN, =Fhiili&E s if)UMaS B B AR R, B, AR A AR IR
TETE S R P AR SRR, R 8.30 A AN IEFEIE M LL 7.30 A
frI/h—2k,

EAFE R HIEE B BE e, EE SR AR E A E EE . K,
£ T e FE PR SR il 7 RIE AR AL 3R 3-1 BHIAEAN R . SRR LR
T, GO WBIEH A H RIIEFNE. 2B EBORNS,  SEHlE P £ L i S P A
2 7 T WIS E T FI RNt
R 3-2 AFEMZAZEEET, SRS EEME L

Table. 3-2 The permeance and selectivity of channels with different interlayer spacings and oxidation
degrees. GPU (gas permeation unit), 1 GPU = 3.35x10"° mol -m? s Pa™.

Interlayer Oxidization degree
spacing 0% 10% 20% 30% 40% 50% 60%
Meo, (10°GPU) 1,83 1.76 141 0 0 0 0
6.3 A M, (10° GPU) 1.62 0.28 0.07 0 0 0 0
Sco,n, 1.13 6.25 20 - - - -
Meo, (10°GPU) 152 1.46 1.28 1.28 1.46 0 0
73A My, (10°GPU) 152 128 024 006 006 0 0
Sco,N, 1 1.14 5.25 21 24 - -
Meo, (10°GPU) 1,44 1.39 1.39 1.18 1.12 1.28 1.28
8.3 A Hn, (10°GPU) 134 1.39 1.07 096 09 043 0.11
Sco,/, 1.08 1 1.30 1.22 1.17 3 12
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Fig. 3-6 The schematic for the changes of the channel types as the increase of the oxidation levels
of the GO. The black solid lines denote graphene. The red ball and line represent oxidative

(b)

functional groups.

3.3.3 BEBREKEN D ENEAR
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N, SR T30 H BEE K R AL 2k . BE GO JEIERII N, A AE s 4D
TEWR/IN, COoNp BIIEREPEHTEAR K o IRy J2 RT3 3 A P 3 A 13 <A 4
FAERIE B AR, AR 2 AEIE T R B A K, SRS s R b
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Fig. 3-7 The number of permeated CO, and N, under three different channel lengths (8.75 A,
17.50 A and 35.00 A).
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Fig. 3-8 The number of passed CO, (N,) molecules and the corresponding selectivity at different
temperatures in GO channel with interlayer spacing of 7.3 A and oxidation degree of 30%.
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Fig. 4-1 (a) The gas transport channel is composed of interlayer gallery and interedge spaces
within the graphene oxide sheets. (b) Bilayer GO membrane with interedge width W, interlayer
spacing D, and nanoslit offset O.

4.2.2 {RIUHTS

T35 =% CESE CO, 5 GO WIAH AR KT No ). [Eltk, h TEAR
PR AN 5] B 3l g 2 ad A, BRIHR H GO J2 1) TE TS M AN B CO, 15274
[FII TR G AR P TCE R CO A FHHEZ T Ny 70 T3 H, BRI A
IR AVR &SR s = 4 i 150 4~ CO, 7311 60 /™ No 43F, FH LU AT RE
T AT SR UL S SRR T X COp MR PR St 1A Js P il BB, 3850 7 22 B4
SREF, AR LAMMPS £ 44 DO AT i) 77 A8, 35w Ak
F VMD BEAT3) )5 R . B 2R F A M i R A A, G NVT R &R
1 Nose—Hoover il 7775, #illi:12RH 10.0 A, BIRIBKN 1fs, 21774
IS 18]y 30ns,  AORIEARADL AT PA 78 7314 3114

A3 4R 5118
4.3.1 GO FREEFEEXT CO./N, S ERMER

AR T EEFEZ R A BIGHER, HERESWADERE. LIRS

32



HEAHRSE (AR TR 2608 S

GO JESLEIBS I B 254k T16 GO B by Bust. B, N T iR sE
T W X COoN, e B ML, FoAT 15 BB IE T 454 %6 % Wy = 6.0 A
(Nanoslit 1) F1 W, = 8.0 A (Nanoslit )XH R AR B 10 . WE 4-2 ATLLE H,
g% | LV CO Pk KRB, X Ny RIS EAA & B FIRSIEA, %
NN R R A N J . % T8eag 1, RS SUARER AT DU FA b PR 8
o L RS, Besk | B RIFISAR B Best N ik Bk, A
O RELE S SRR 22 R DT RSP RN . ROk EE | n] LUE R N, 13512
MR, T RGN B R T, SR BYE A TL /R B 42 (van der Waals radii)
A 120 AU R, kg | A N1, AT Aok ag e B i R A 3.60 A T 5.60
A. MLk CO, izh 712 EH 4% (3.30 A), 3.60 A [Fk4% | BRI B4 20 i
CO Jxt ML, (E0HT N, (k) V1 AR (3.64 A), Bedk | 1A Je) PR .43
W& /N o SR, BEAN B )i R AT D B No 71 AT AR iE A 4% | 1 N X,
KRN S IR G SR R iia /b & N, 701wl 7 AkEEmIE I PH ). pkss
1z 8.0 A, 5.60 A HRas 11 4525023 8] C 4 JE LABELRS Al R & AR 1 27 3%
CO.v NPT ZGFH AT, FrLAX T CO/N RA SR, BRE% Il Ceak sk
FEE

100
75 L
2
2 80}
oh |
Q
< 60r :
5} | Nanoslit] —#—CO, —e—N,
g 40 F Nanoslit 1T —Ar—COQ—v—N2
- I
kS,
5 20
O
g Of
: 1 L L L 1 L 1 " 1 " 1 " 1
Z 0 S 10 15 20 25 30

t (ns)

B 4-2 TEAFBRERGERESE (1. 1D F, SWA575H BER AR 21
Fig. 4-2 Time evolution of the amount of gas permeated through the different slits (W, and W,) of
monolayer graphene oxide membrane.
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Fig. 4-3 Effects of membrane configurational parameters on the gas separation. (a) Interlayer
spacing for O =0 A and W, = 6 A. (b) Effect of the nanoslit for D = 6 A and W, =6 A (c)
Nanoslit for D = 6 A and W, =8 A. (d) Interlayer spacing for O =0 Aand W,=6 A
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Fig. 4-4 Potential energy distributions of adsorbed CO, between bilayer GO sheets with different
interlayer spacing.
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Fig. 4-5 Time evolutions of the number of CO, permeated through the single and double GO
sheets (W, = 6 A). (a-d) The distance of interlayer of double GO sheets (D) is 6.0 A, 9.0 A 12.0 A
and 15.0 A, respectively.
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Table. 4-1 The permeance and selectivity of bilayer GO sheets with different widths of slit and
nanoslit offset for D = 6 A, D = 9 A. GPU (gas permeation unit), 1 GPU = 3.35x10%°
mol -m? s Pa™.

Slit Interlayer Nanoslit offset
widths  spacing (A) 0 6 12 18
Heo, (10° GPU) 619 248 122 055
D=6 A M, (10° GPU) 013 013 007 007
Sco,n, 19.07 763 7.51 3.39
w;=6 A
Heo, (10° GPU) 625 625 624 624
D=9 A M, (10° GPU) 0.13 0.13 0.13 0.13
Sco,n, 1923 1923 1920  19.20

Mo, (10°GPU) 3799 3098 2406  17.54

D=6 A My, (10°GPU) 1460 409 117 059
Sco,n, 1.04 3.03 820  12.00
W,=8 A
Meo, (10°GPU)  309.70  309.70  309.69  309.67
D=9 A M, (10° GPU) 123.88 12388 123838 12387
Sco,n, 1.00 1.00 1.00 1.00

4.3.4 [R[8] ZE AR IR M 4544

T WHFUZRLEIE RS CO, MR AISZI, 3878 A 2RI B A AR, AT
T CO o FHETE B T8 A 820 1 207 MK SR 0% BE 43 AT . B 4-6 a-d AR
YN CO 4 FEEARFZMEE (D=6.0A. 9.0A. 12.0 Af115.0 A) GO iEiE+
K PS5 T B b 2 B ot 2 PRI PR 45 K B . C O, 2 T JE TEIBE O/ 6.0 A i i R
—ZWR LR . RUTE GO JZAIBU% B bR I IR g . X 32 B2 H T A
GO b J2 1F] — AR T P 34 B B JR AR 45 5 . BT T i, FLB8 — IR 2 21
GO WMEE A 3.10 A, XIEHEMA SR EHH C JE¥5 COo C FEFH
(¥ L0 S48—8 (K 4-7).
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Fig. 4-6 Density of number distributions and adsorption structures of CO, in different interlayer
galleries. (a-d) interlayer spacing (D) is 6, 9, 12 and 15 A, respectively.
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