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Fig. 1. Optimized structures and pore size (unit: A) of CG-n:
(a) CG-3; (b) CG-4; (c) CG-5; (d) CG-6. The black, red,
and orange balls represent carbon, oxygen, and hydrogen

atoms, respectively.
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Fig. 2. The minimum energy paths of gas molecules passing through CG-n membranes: (a) CG-3; (b) CG-4; (c) CG-5; (d) CG-6.
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21 SRS FAE CCn RGN RRIIGE £,y MR B
Table 1.  Adsorption energies F, 4 and the adsorption heights H of gas molecules adsorbed stably on CG-n.
CG-3 CG-4 CG-5 CG-6
E,q/eV H/A E,q/eV H/A E,q/eV H/A E,q/eV H/A
He -0.15 2.89 -0.10 2.00 -0.12 2.40 -0.11 2.00
Ne -0.22 3.11 -0.17 2.82 -0.11 2.00 -0.14 2.00
Ar -0.18 4.00 -0.16 4.00 -0.15 4.00 -0.22 2.00
CH, — — -0.37 2.40 -0.36 2.30 -0.29 1.79
H, -0.24 2.70 -0.23 2.50 -0.14 2.00 -0.18 2.00
CO, — — -0.15 3.70 -0.15 3.70 -0.53 0.00
NO — — -0.49 2.90 -0.22 3.10 -0.27 1.80
CO — — -0.25 3.00 -0.23 2.90 -0.22 2.00
N, -0.33 3.10 -0.24 3.20 -0.22 3.10 -0.24 1.90
NO, — — —-0.40 3.10 -0.11 3.60 -0.29 0.00
SO, 0.20 3.60 0.27 0.00

%1%, e CG-n B SR 2 T 78 CG-
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(%) He 43 E3fiE 7).
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i CG-4 BRAREL M/ NEIFAKIK A He (1.05 eV),
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X T CG-4 JE, He /558 2 fi by il 1. W) i 4 31,
ML T CG-3, Fra kit CG-4 IREYRER IR
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LA FLAS (4.08 A) I CG-3 K, HKTRZ
BORUERSrF Bl 15 BAR, [l 5 CG-4
T BEFL Z 18] O AH B FHAR X855, S 1) TR o
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FEH BB Bryupvier D 2K F SCHR [37)

Table 2.
lecules, and energy barriers FEj .. for gas molecules

Kinetic diameters (D) of the gas mo-

passing through each CG-n membrane. D values

from literature [37].

D/A Boarrier/ €V

CG-3 CG-4 CG-5 CG-6
He 2.60 4.55 1.05 0.53 0.01
Ne 2.82 12.07 2.80 1.44 0.05
Ar 3.54 22.80 8.90 4.86 0.42
CH, 3.80 — 10.81 6.07 0.80
H, 2.89 6.23 1.91 1.00 0.12
CO, 3.30 — 3.45 1.76 0.53
NO 3.17 — 5.12 2.50 0.10
(6[0) 3.69 — 5.48 2.83 0.13
N, 3.64 15.56 5.95 3.15 0.16
NO, — — 5.42 2.15 0.29
SO, 4.12 — — 3.40 0.27

CG-5 Bt FLAY R/ CG-4 M, (HRTL
AT I I 28 Lk B A SR L 25 1], B
AR TR F . CINEB RHEZ5 R
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Bl 2(d) i T AT CG-6 A fikhg
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5 CG-5 —H, 11 RS F 3l E ik CG-6 I,
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He (0.01 eV), Ne (0.05¢eV), NO (0.10 eV), H,
(0.12eV), CO (0.13eV), N, (0.16 eV), SO,
(0.27 eV), NOy (0.29 eV), Ar (0.42¢eV), CO,
(0.53 eV), CH, (0.80 eV). 5 B U6 B i1y 2, X F
SO,, NO, fil CO, =R+, T HERER
W B 7 i e SEE AL I oty BRI, 3 =R R
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. XSRS T, He R Bt it CG-6
(), T HAR IR AT, Hal i GE 4 0.01 eV 2124
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B AR I 45 5 He HUZXBIRICR. I, CG-6 7]
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AR R AT B R 2 1R B 2 HAR AR ST,
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TR I B 1 e 42 BAT P M2 . LA,
X SR S>FiEaE CG-n A B F Fh 38 A5 (i 1 ]t
37500, X kR CG-5 /E MR TR R EE 3
rh R U AR (R AT, AR R R DA ST AR
FIEl S1. &l S2 FTE] S3 (online). M FfHEL S AE(H 1]
EIFT LA BE, X T [RF SRS+, BEE CG-n AL
BB, H5 CG-n BEALIY H 7 5 S R B 14 TR
%, SRS T-5 e Bk L3 2k 4805 I AH AR FH 20
WSS (FLIA BB R Fe B 3 SR 7 5 LI
ER R AR ST, BBk 3 I ] (A
YR 8GR ), S B AR F i CG-n Y RE
2R, A FE AR AR S4 (online) J2 7 fik
A BB HE CG-n 155 68 Tk FL A B8 075 245 F4) 1) i Pl 340 5
BT Ay Ao b el kL ) e R A Eb A AR P el ik
SRR A ) I HoA7 8 be v el ik L3 2k 851
R A R R, XK AR TR T
3 e kA AR

HR, SRS 80 128 ARSI 4
P2 2 KA Tl it CG-n IR RE 2. A
TAEFFFE A 11 ARG 7] 43 = Fp AL Bk
#J (He, Ne, Ar, CH,). HZH (H,, NO, CO,, CO,
N,) fil V& (NO, Fil SO,). L5 LM, [Alfhk
RIS, Hah i HAAMOK, @it CG-n
MYRE 2280, MR 3 #fi A (E T T LUE Bl
LMY T 2 HAANEE R, [R5 CG-n
I 2 () F HL 2 T SN A 5, AR BRSO,
HAMS Tl CG-n FIRERIEIN. bR TR F
MB8T5 HARN, SRS TR 5 25t 2 Hh Rl 5
M SARS Fild CG-n WREZR. BN, Ar 2 FH5)
HEEEAA/NT CO, N, Fi1 SO, B H12F EAR, HE
RI4F (CO, Ny) il V B4 (SO,) (AR E
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Fig. 3. Electrostatic potential isosurfaces of (a) He, (b) Hy, (¢) Ne, (d) CO,, (e) NO,, (f) NO, (g) CO, (h) Ny, (i) SO,, (j) Ar and

(k) CH; molecules passing through CG-5 membrane.

o F CHy Mo F8h ¢ A, (H2W T CHy 40T
W 24 H T2 5 el LS BBl 48U T8 &
TSP S L2 R AR AR, AT
HTEEMAER. X5 CH, BA R H & 0 e
25—, 25 1, R RN ST
3N 1 2F HAR SR T IR SR+ 5
CG-n Z A U XT BE 22 A 45 D R s

DL B R, He it CG-5 Ml CG-6 AT
BABARRES. B2 1ok, KA F (e Je 2 i Jy i 1)
FWFF MR B i R CG-5 Fl CG-6 Y He ik
e (R A 10 A AIA), THREARIT:

THe Apeexp (—Eye/RT
SHe/gas N glis N A;Sexi E_l;:as//RT))7 )

Forr r SRS BSR4 SRS
HE T (RS A = 101 s D), B oRRE
sy Fifiat CG-5/CG-6 Iihf T 2 s IR &, R
RS FAL, AR 2L R = 8.314 J/(mol K),
T SRSy Tl ik CG-5/CG-6 BRI Y Sy 2418
FE (B2 K). K 4 2545l CG-5 Al CG-6
JIEE A 7 A R B i AR R (0600 K) m T2k, LA
RSN 43 CG-5/CG-6 1 He PE£EME (X T
Hofth 10 FRACHAR) BB AS LA 2. TR AE RR
A Bt T T8, AR 33 3 PR R 3 ek
REBE R, I, [EAE RN, He ih A HA
e P B, X5 IR He i@t CG-5/
CG-6 JEEA F AR HE 22X

IR 4(b) FOE] 4(d) AT, Bl 25 8 BE () TH
CG-5/CG-6 JBEfY He BEFENE (FHXS T HoAt 10 Fh<

) BRI, X EZE N B IR T, <
(L RS ERAS 15T 8y N < bR D A | SR 2
20F, KA £ i CG-5/CG-6 i, M AR T
Xf He FO3EREME. AN, CG-5 i He BRI BAL
T CG-6, URPFIAFRATIIFAY 11 MR ikiET CG-6
e 22 ARAR /N H i3, MTTFEAR T CG-6 1Y
He BEHEME. TERFE MIREE T, CG-5 1Y He #E#:1%
i /74 He/H, > He/Ne >He/CO, > He/NO, >
He/NO > He/CO > He/N, > He/SO, > He/Ar >
He/CH,. 3 3 A= (300 K) T CG-5/CG-6[ L
T O 38 A At 22 FL 7R RS RL X He B 38 #51%
TEZ IR E T, CG-5 i He £ 1% [t g-C3N,, g-
CQO % ;H‘ *\/[, f%‘ 454 73'5())(1064 ,TTT;'E [6,13,21,23,38,41]’
H CG-6 1 8.60x10'—3.05x107 f5. W.4R, M
T HAth Z FL AT B AT CG-6, CG-5 B AR w15
) He BEHEME (AEXT T HA 10 FRACHAR). B IR
FEiA%] 600 K B, CG-5 fe/IM¥) He/H, HEREMEATIIR
Tk 8.48x 103, X FE M CC-5 EAE 0600 K (iR
JIE Y 1 PN A LA W R Y He BERE (HI X Hidt 10
PRI T). CG-6 B FLIR R, 250K
I IZ AR A AR RE 22, S EUL He BERRER
1%, JEHIEAXTF Ne i He 181, 76517 300 K
BHYA 4.66. 22 CG-6 AIAIXT T HAl 55 4 9 Fh <,
A1) He HEHRIETE 300 K B AN 29.6, O 434
IR BN T Tl AR 3 2 I I B A1 R 42 A2 A oA 12
% 83| He it CG-6 BHRARAYBER AT LA S5 3
1= He 20 B§5405%, CG-6 U n] H T4 504 F 1% He
ITE.
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Fig. 4. Diffusion rate-temperature curves of gas molecules through (a) CG-5 and (c) CG-6; He selectivity-temperature curves of
(b) CG-5 and (d) CG-6.

%3

EiR (300 K) F, ZALEREN He (M T HALSIR) HIEHEYE (S)

Table 3. Selectivity (S) of porous membrane materials for He (over other gases) at room temperature (300 K).
Type CG-5* CG-6* IGP? CTF-0¢ C,Nd g-C3Ny° g-C,0f PG
S(He/Ne) 1.63x10% 4.66 1x10° 4x106 3x103 1x10% 30 2x107
S(He/CH,) 4.03x10% 1.32x1013 7x10% 6x10% 7x10% 1x10% 1.15x10% 8x10%7
S(He/Ar) 2.39x10™ 5.24x10° 6x10% 5x10% 4x10' 1x10% 1.68x101 6x10%
S(He/N,) 6.24x10% 3.09x10? 1x10'2 2x10% 3x10"2 1x10% 1.54x106 6x10%
S(He/CO) 2.79x10% 80.5 1x101 5x10% 1x10% 6.72x10* 6x10%
S(He/CO,) 3.63x10% 4.22x108 3x108 4x10'6 8x10'8 5.82x10? —
S(He/H,) 7.18%107 52.7
S(He/NO) 8.51x10% 20.6 — — — — —
S(He/NO,) 1.20x 1027 4.11%10°
S(He/SO,) 9.42% 107 1.90x 10! - - — — —
AR TR, PICHR[13], <3Ciik[23], 3CHk[41], <SCHR[38], SCHik[21], s3CHk[6).
4 B B 0.53 A1 0.01 eV. Ferh, J& Wi B A i 42 1 LS
B He 1953, A2 CG-6, ZRERIEIE S A 1R

AR T AR S — PR B, P T D)2
TRk AT BB CC-n (n = 3, 4, 5, 6) f He /3 ES7E
fie. DFTIFAEZ5 R/ E W, 78 11 F 34K (He, Ne,
Ar, H,, CO, NO, NO,, N,, CO,, SO, 1 CH,) H,
He il if CG-n B RE 22 MK, 4090 R 4.55, 1.05,
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Abstract

Helium (He) is widely used in many scientific and industrial fields, and the shortage of He resources and
the growing demand make He separation extremely important. In this work, the He separation performances of
a series of graphanes containing crown ether nanopores (crown ether graphane, CG-n, n = 3, 4, 5, 6) are studied
by first-principles calculations. At first, the minimum energy paths of He and other 10 gas molecules (Ne, Ar,
H,, CO, NO, NO,, N,, CO,, SO, and CH,) passing through CG-n membranes are calculated, and the factors
affecting the energy barriers are also investigated. The calculated results show that He is the easiest to pass
through all the four CG-n membranes with energy barriers of 4.55, 1.05, 0.53 and 0.01 eV, respectively. He can
be separated by CG-5 and CG-6 with very low energy barriers, and the energy barrier of He passing through
CG-6 is the lowest, so far as we know. Moreover, all gas molecules can pass through CG-6 with low energy
barriers, including many molecules with large kinetic diameters, such as CO (0.13 e¢V) and N, (0.16 eV).
Therefore, CG-6 is also expected to be used in the screening field of other gas molecules. In addition, it is found
that the energy barriers of gas molecules passing through CG-n are synergistically affected by the size of the
crown ether nanopore, the kinetic diameter and the type of the gas molecules. Secondly, the diffusion rates of
gas molecules passing through CG-5 and CG-6 and the He selectivity towards other 10 gases of CG-5 and CG-6
at different temperatures are calculated. It is found that CG-5 exhibits extremely high He selectivity in a wide
temperature range (0-600 K). In summary, the crown ether graphanes CG-5 and CG-6 can serve as excellent He
separation membranes with high He selectivity. This work is expected to inspire one to develop other graphene-

based two-dimensional separation membranes for separating He and other gas molecules.

Keywords: crown ether, hydrogenated graphene, membrane separation, density functional theory calculation,

helium
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