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BT — MR AN T a8 T (Li, Na, K) B4 09 2 L0 3506 (PG) R ik ERE, JF Hidd
KB 8 1 2T IR X Li-PG W Hy 4> TR M s m . Fox 45 SR, PG 458 i Bl 3R i J2
4 8 D S5 R R (A W B B, PGB A 22 R DAV BRF 4 0804 J8 DR, Li Dl RO a4 I ) G A
(41 15) 5 H, 43 2 Wi P ML) 082 R e 4 TR B 0 B PG g 4 b, A 4 JE TR T R I i 22 T L R A b W f
34~ Hy 48 F; Li-PG X Hy 43 B W B f it (P39 W B BE 4 —0.246 eV /H,), Na-PG Xt H, 43T B W Bt 355 (%
BB RE R -0.129 eV /H,), K-PG Xf H, 43F MW B B 55 (- BB G801 -0.056 eV /H,), Aid & FI8Ui S At
B 7E A AN RS HIEE o 300 K AU B0 R, Li-PG 4544 il R MW B 9 A H, 20 7, iS58 0 9.25 wt.%;
TE 400 K B, A 7 WM Hy 2 F B Li-PG (R 4T, £ 600—700 K Y35 FIA, WK Hy 4> F 2 T Li-PG

TR R R4

KR ZLASEM, WA, B, el e
PACS: 88.30.R-, 81.05.ue, 71.15.Mb, 71.15.Pd
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Z AL 84 (PG) J&—FhAE A1 S0 J2 AR 254
HAFAEGORFLIY —ZERRL, ORAL IR NI LTI
ARAT LR 12, AL RN PG R /R 4
J& . Ea IR B SRR RITERE. B LR Bieri
55 BIAE 2009 - HIRE T —FF PG 454, 1
% 3 . TS5 PRI LA Wb M 7 31 A K FL A A 2 5
I BEAE A7 BRI TR, sl MER L D A1 S50
TET PN P A I 2R 2R R, KL 7.4 AL 3X
it PG 25 F A B A CoHy PRELAE 9, ] DL
i 3 x 37 SR 2 e — 2 i ST ) A
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Boag LB DNA R E AR ) sk e o
SR 22 U LA TR B AN

T Bieri 5 U 52l 5519 PG 454, HIS AT
GEF A ILEEHAIE A VRS S AR Du %6 1 F 58
—PEFER ] VASP B 5T T Li &1 PG Bfi
APERE, Li R B IR o, 455 R8N
1.81 eV, it = T Li W B 75 56 3 A1 55 46 10 45 5 g
(0.86 V). Li-PG Z5 W Fft 12 4~ H, 43 9 W% Bt

*OHN A BRI S (S 1TIR5RA123), B XK A AR =& 4 (b5 51562022), = M TR 22+ 4 (kS
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AEM 0.243 eV /H,, i iE ks 12 wt.%. Reunchan
A Jhil" R VASP #fF, SR AT SORS BE I B
(GGA) IZ RFFE T & BB PG it & tERE, 3C
G T PG FI& R R TR 45 A RE IR R )
B H, 7> 50H F Hy 40 TR B RESF TR 45 2R,
T8 Ca-PG Fili &5 it E M RL, T ALPG 251
W H, 3255, ARG A HEf S AR (2 Ao 5 12
FIF Dmol?® F 4R H Rl % i )l (LDA) iz kit
R AL PG REWS 25 Hy 7 F 1 W BE
J1, ALBEEW I T PG 45k 19 CH BR bty |7,
Al 45ERE R 1.78 €V. PG 5L 7 1 5 22 ] W it
P~ ALJEF, 1 HLAEAS AL & BBl e 22 mT DL
B 6 4~ Hy 73, Hy BB RETE 0.41—1.11 eV /H,
JEIN, AR 10.5 wt.%. AR 03-19) 4R
KR T R E 4R M PG R S P RE,
PG i 5 B 22 AT LA R 1 A48 I, 75 ) 4
& DA A 2R ) i )

TR E 4R PG R S SRE T,
Lu iR 820 16 5% B B Fil N 824k ek vk PG, F1H
VASP B GGA Z it 58 T Li il Ca (& 1M
PG Wi e, MFR 4 R EH N B £ R
PG ZEI/EFHAESS, B BARBAN LR 4R
PG ZIEMVER, (H 282 B R H A hE
it 2 4. B B2 Ca-PG W H,y 20 F 150
B, T B B4R Li-PG W H, 43115 i
(Hy 43 F W Ml 7E Li-B-PG W B RE A 0.08 eV /H,,
WA F W B 7E Li-PG B9 W B E 0.09 eV/Hy).
Huang 1 Miao' R H O J&+kekt: PG (H 14
O JRFEAR PG i 1 4~ HJET), FIH SIESTA
BAFESE T Li &4 PG R R g A PERE, Li 4%
A RER A E 3.84 eV, Li J& 1 J& Wl Bt 5 4 Hy,
H, AW B REFE 0.2—0.5 eV JL [l Wang 25 18] F]
M NJEFiktE: PG (PG %R HK CJEF M
H 58 14 N R, #RZh ¢-CN), FIHHER
IS [ 2L [ o-CN 2544, Li Fl Ca FaE B
B B 53 A AN SE SR IR O FAORFL PG, i
N 9.17 wt.%. BT, Chen &5 M9 iff 5¢ Li 1871 g-
CN it & kR & LA™ Li I F1 CN Z 141
TAEFHARSR (455 HEHN 4.73 eV), N B2 n] LI
PG WG ERE S, Wang 55 20 X —Fh PG &5 (B
M C—C 8% 34 CoH, FRYLAK, fAifk CMP)
() fifs S PERE M T B 5T, L5 M5 Bieri 45 B
PG 451 (B 1 C—C i 3 W 4> CgH,; M 41

BL) ARFAMRL, MSKIR 530 ) A WA AR T
300 K i, R & A& E R 10.89 wt.%. Ak, dk—
ST P R U] N B4 45 R AT 38 56 Li i 0%
FAEH, 1A 5 i Sl Ao 204

PG LI A M58, Ning 55 22 F 4k
2FA VTR 7 (template CVD) il & i PG,
FKMFN 2038 m2g !, YOKFLR TR 1 nm, 7¢
3.1 MPa #1 274 K () 560F T, AT 15.3 mmol/g
) Hy 50 F. Xia 45 258 T ARSI PG I
HAFLFRERAKN PG S5F W FEEE s, (2% S
1A 0.75 wt.% (77 K F1 1 bar (1 bar = 10° Pa)),
UL PG R T2 IE MR I S A4 &
155, i 2o 4w IR s A A AR BB A 1
G A . Elyassi & PUSCIR 5 R, ZE =/
208 K FlJE5# 34 bar (514 T, PG, A &k KA
1A 550 1 B o 2 2.56 wi.%, 1.70 wt.%
F0.74 wt.%, -8 H PG A = W B 2 RO AL
A R FLARTR KA e AR A M FLR

CA WSS SRR M Li 81 PG v LIS PG
Xt Hy 43 F W B RE 7, IR EEXT Li-PG W Hy 2
FREE B2 M LA SRR Ly HO TR A it —2F
WHE, X T4 R R Na il K &4 PG & khE
PIRFFRAR . AR SC BRI — M R R G
5% T 4B )R T Li, Na, K &1 PG %A EbET
HAFH MBS F 80 J12# (ab initio MD, AIMD)
B Li-PG 2544 W% B A4 T, 201550 H Bt T 1) 28
A L.

2 EAGHE %

ARSI A CASTEP #5144, % 1 A etk 1k
BN, R B B B B9 SR GGA 1) Perdew-
Burke-Ernzerhof (PBE) 3t SCHKIZ bR 26l AT
HBTRE RN K a5 IR BEHEAT T U SION i, AT g ik
B 500 eV, K M6 x 6 x 1, 5H7 AN PG A&
TR A SR — B ) LA S5 4 P Ak TG X B R
i, T SCF ISIRIELI 1.0 x 1076 eV /atom,
B SARE R R 5.0 x 106 eV, Z550 14 - TR
FE ST 0.01 eV /A, R T i b 2 i I
HEEM, RA T A8 IE DFT-D % Grimme
i (FATHESTHR [13] tP g e 1 I ik
B BE 52 M ). TSR Y B PGB Pl A
CoHy AR, HasZ2H 18 A, FIFH EIMSA FL 4.
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AN, AR 43 30 ) 27 B 5% iR B2 X Li-
PG W[t Hy 70 T PERER W I £ L T~ CASTEP
#J Dynamics, & H NVT % ¢ & Nose-Hoover fH
WY T, AR AEIE, KR 1 s K
Dynamics #4155 9E % FE 1, Wang?? Fl Aol
FIH A F 315 AT 1.5 ps 5 1 ps AL
B, S TR S A = X H 2], FRATiE
IR 1.5 ps.
4 &/ R PG [ P25 G Ree SN
AE, = (Eomirc — Epg — nEy) /n, (1)

/ﬁ\:':':', EnMerg, EPG 5 EM Xﬁ@ﬁg% n’l‘ﬂ&’i‘)ﬁﬁ
T4 PG A RE R . PG SIS RE R DL A B
G JE A RREE; n NTRE R R

H, 731 (W BT RE AP 2 R RE 73501 E S

AFEy = [Entty4m4+06 — Egi— iy emir6 — By |, (2)

AFEy = (Enty4mirc — Bvgrc — nEw,) /n,  (3)

He B omerc E(n—1)H,+M+PG BEwmirc X Ew, 57
14 o H, TR R 5 F-PG 45K (MPG)
SRE, (n — 1) > Hy WHIHE M-PG HUERE, M-PG
R SR SRS H 43 RURERL.

3 #X5it%w

3.1 WEREERETFEN PG HLAEHAFETF
e )

e A R R T IR E PG B RER
FENLE, B ST (WANFEAT K} (online)) #iAR T 48
JE ] 6 W B 8400 4 67 . 43 0T S T A7 A
Li, Na, K J5i+, Z5#0046/5 Li 1 Na 48 hl F1 h2
g, K e h1 f1 b2 8, W3 S1 (WANFEATRE
(online)). i i X546 Jm J5L T~ A 45 5 BE (55 S1) it
PE—2 T, KB Li JE TS fe s i Wi B 7 2 5
B CFrful b, 255 RER{E N 1.654 eV (Dull R
F LDAZ BT 245584 1.81 eV, Rao®™ X H PBE
2RISR N 1.38 eV, Lu % 16 % ] PWI1 {2
PRITH 45 A 1.40 eV); Na {7 T hl Ml h2 v & Ay
VRN LA 25 4 X6 1o 1 A4 i o 22 AR /DN (45 & fig
~0.877 eV f1-0.879 eV, WL S1); K A& 1%
BB hl (254 RE-1.037 eV, DLEE S1). & 14
2T A RIETWE PG Bk s,
b 3 21 R 08 2 4 B R S e A O i B B
Li i &5l PG 2, #W Li 5 PG iYAHEAEH

9. AT Mulliken 747 J&, Li # T +1.14 e,
Na 7 B3 fif +-0.99 e, K7 HLfif +1.02 e (Hirshfeld
H, faf 43 A7, Li 5 B ff 0.42 e, Na 5 B ff 0.35 e,
K 7L 0.36 e), Li %3] PG M RZE, if—
R L5 PG WA AR o 1948 I 147
IEHL, PG 2R C i i i gy, i PG JZ A
& )8 JR - Z IR JW B e 3, A R T R AR R B H
T

Side view

o @
1755 A® 2.303 A 2.659 A
; LR OB LG

1 — AR R & PG ARG LS54 (a) Li-
PG; (b) Na-PG; (¢) K-PG

Fig. 1. Optimized geometry structure of a alkaline metal
atom decorated PG: (a) Li-PG; (b) Na-PG; (c) K-PG.

PG [RIIW B PIA~42 S B e Ab 5 iR T LT 25
wE S2 (WA FE#4 KL (online)) BT 7%, Li JiF 5
K JEFA T PG JERANFERRFR Ly, Na Ji7 B G U
B L. Li-PG 5 K-PG 450 & &A= 1A i 197K
A%, Na-PG 2589 &4 T f/IMEAE, Li, Na, K JiF
HE 454 B84 9 h-1.670, —1.590, ~1.123 eV, 4%
A RE R AR TR BE 12950 PSRt Li Ji -+
[ K P AW B K RTINSy 4.329 A (Du 4514
AR Li-Li [#E8 4.23 A), B PG A9 2 x 2
M5 Na JiF 5 HET4B Na P EEE A 4.057 A
(K F 40 i R e 3 4B P A Na Ji 7 [H] B 3.716 A),
PRI PG [ A0 W2 5 79 A Bk 45 T it i A 25 e A A
RIL. PG MM 4 8 ROk s ras i aniE S3
(WANFER B (online)) FI7R, Li, Na, K [ F-H145 6
AEZr 2 -1.670, —1.123, ~1.161 eV, Li 8% K J5
TR E PG 45t K KA B IEAE, {H Na-PG JL
T ZE RIS L AR, 4 4 Na JFBE O 25 T 58 32 BRI
Hut.

3.2 WEEERETFEMN PG RM H, »FH

3.2.1 PG EMAM A H T4
VA Li, Na, K &4 PG Wt H, 431
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Re 1B, W9 T R840 PG 258 B H, 4
FHEOL, 14 Hy 48 FH0CE T PG 19 6 A~ ATH]
FRIA0) T e B2 B (AN S1 ) 43 R A T 4 M
b, G5 R R T4 e WIa AL B 1) Hy 73 F A4 A
s B HAN B, PG W Hy /> FIa 5 & &4
AR, 55 14~ Hy 70 FIFE T hl (78 (et
L) Bei A (Z AT BE A -0.091 eV), H—H £ K
TEFAZE (A Hy i H-H 8K R 0.753 A, 1045
TRNSCHE [11) AR —30); 56 2 4 Hy o FhasE
A BT B S ER TR B 1L R 22 (8], A&l S4 (DR
FEAF BE (online)) B 7, Hy 43+ F ¥4 W fff fiE >
—0.082 eV /Hy; W2 3 4~ Hy 2 F )5 W B g
}1-0.093 eV /H,, AT GEJE H, 43 ) A9 AH EAE F il
130 B RE 3G K, T2 PG I 4k 20 W J 27
44 Hy 53+, P BT A -0.067 eV /H,. ixX 4k
H, 43 F 137 X5 0% B 68 A9 B (AR T 0.1 eV /H,, Ui
B PG Xt Hy 73T R W RE AR 55, BRI G PR UE
e Rt A,

Li-PG S5 B i H,y 53789 LT AL 2548
mE 2 fizs, Hy BIWRERE | -S40 B 6E & Li firafs
HLTANER 1 7. 38438 Mulliken HL M7 A &, 41
B 1A Hy M H 47 -0.05 e F1-0.11 e HE
faf, Liwf+1.23 e By, H JEF M Li 7521 f Ay 1fij 7
RS, T H, 23 0 0 S i Ab T A2 55, 38 G 7
FL S VE R R AE Li R JE BBl L, A B BE R
W B H, 0 H 3G 2120 08N, 5 4 A4S Hy eFEE
fIXF 0.1 eV, B Li J57 & BBl ml 4k s iz i 3 4>
Hy, 5 PLET# 8 — 2 W, 55 44 Hy 2 7 W Kt fig
1A -0.044 eV, T 4 W FiE Hy 1491 347 W% B fig &
~0.225 eV /Hy, WA -2 B REHIWT, Li & FEl ]
R B W B 4 A Hy. 8 5 X5 IR A BT R B, 45
44~ Hy B 0.754 A; il Mulliken B, fof 477 J&
AR IR, WRRREES 4 A Hy 5 Li Fry By s 4 A
A5 (W 1), 54 Hy 9 14 HIE 153
0.01 e AYHLAT, 55 14> H P 8AT LA A3 ; it
Hirshfeld Hfuf 434 & BUK 2R 4 > Hy A5, Li JR
T E A AR RS (0.24 ), Ti%H 44 Hy BT
H AT (0 e). XBEISE 41> Hy J& T3
W BT, AN RE RS A IR B ZEAAC 2R b, DRI AR R R o
AT LA MEAf b DT A e 22 W B HL, 9%

MEFRER UL (h1 M) A & ER T L (h2 4
A1) 19 Na Ji 702 B RE AT, P I 25 3k 19 o 235 44
W Hy 43 F B9 E 6. & 3 AR S5 (UL 78 44

(online)) 43 B4R T h1 F1 h2 A4 70 B} T, 50 %
JE B U 254 . 723 2, AE, & hl 95 H, 4
THIW I RE, AE, 52 h2 #5 Hy 437 1 % [ BE .
LA HT I RE, A IRREE Hy £ B 3G, h2 fy7#Y
W B Hy 9 fig J7 B B R, X T h1g &L, 34
H, 7] LIRS E Hu W ST 7E Na L PR, h ka5 2mg
B Hy 43 BB AEL . 50 Hr Mulliken Ji 45 &8 &
B, Na-PG S5 /Wt Hy Z i, Na 77 +0.99 e [

(a) Top view (b)

Side Viev[v)jé? 1 0.766 Aé/o'm?.A & %
L5 ' @ s
LR 0= L5 = e &

Kl 2 Li-PG W& T M BUR B LS54 (20 6 5 ik
Fon H-H#K)

Fig. 2. Optimized geometry structure of the Li-PG with H,
molecules adsorption. Red digits represent the correspond-
ing bond length of H—H.

F 1 Hy AR (AE). FHIRKEE (AE.) K
Li Frfi i B (g)

Table 1. Adsorption energies (AE,;) and average
adsorption energies ( AE,q)of Hy molecules, and the

charge of Li (g).

n(H,)
1 2 3 4
AE, [eV 0.308 0.239 0.249 0.044
AEy/eV-Hy' 0308 0274 0266 -0.225
q/e 1.23 1.40 1.56 1.56
(a) Top view () 0.763 A

Side view B A
0.767 A 0.765 A 0.764 A
/ [ $ o
o C e ¥ e *
LS el s 2o el 0
o " 1 g

Kl 3 Na-PG W Hy 43 U005 09 JLAT 451 P (20 6 %
R HOH K

Fig. 3. Optimized geometry structure of the Na-PG with H,
molecules adsorption. Red digits represent the correspond-
ing bond length of H—H.
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fa, C ¥y L far. R R 14 Hy J5, Na i
+1.32 e BYHLMF, Hy AP H JEFH-0.07 e F1-0.15 e
AL far, B Na BHES 141 0.33 e DHL AT 55 75 45
H, 1 C 7. fH A C FE LK) Na 22 8] JE i
Firdg, Hy gt fb s H—H 8K i 0.753 AR
0.767 A.

# 2 Na-PG W H, 43T 10 F6E

Table 2. Adsorption energies of H, molecules on Na-PG.

n(H,)
1 2 3
AR, /eV -0.202 -0.262 -0.215
AEy,/eV 0.234 0.117 0.166

4 & K-PG W 1 2] 34> Hy SRR 1 LA
gERL. IR RS 1A Hy R ET PG P,
K H0.761 A, WHIBEIAE-0.120 eV £ B H, #4K
SRR, SR RS 2 4 Hy 5, KB IR [k
Wrfuly, 55 24 Hy W RE N -0.176 eV, P H, 4
FHH-HEK N 0.763 A, YEH T PG F.
55 3 Hy M HREAL A -0.110 eV, 34> Hy i H
F PG Fm BN T HIEFZ L. biE Hy T4 H
(I, Hy 50 F BB BEZ T8/, K] R4 555 1
Wz 3 4~ Hy 701

(a) Top view (b) B (C)

0.762 A

0.763 A 0.763 A @
' L% b 4 -l
ol Y el O ew

Kl 4 K-PG &5 Hy 43 UL IS B9 JLAT 2540 [ (20 (8
HrFon --HK)

Fig. 4. Optimized geometry structure of the K-PG with H,
molecules. Red digits represent the corresponding bond
length of H—H.

3.2.2 AN TR

&l 5 FE S6 (UL AbFE A4 L (online)) #5381
Li-PG, Na-PG, K-PG WL/ 14~ H, (43 25 %5 Br
K. S0 TR o HUBEA Li J5 1 2s Bl e ses &4
HOBEREA PG (WA 5(a)). W 5(b) F i, Hy 5>

F o PUE HBAETOKRBEH T 29-9.1 eV &b, Na Ji
F1Y 3s 3 2p BUEME ST 1Y o PUESEA K E
HIEMAHE. KR s M p PSS Hy 4r 71
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Fig. 5. Partial density of states (PDOS) of a H, molecule on
(a) Li-PG and (b) Na-PG.
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Fig. 6. Charge density differences of n H, adsorbed on Li-
PG system for (a) n = 1 and (b) n = 4. The isovalue is
taken to be 0.01 e/A3.
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Fig. 7. Charge density differences of a H, adsorbed on Na-
PG (a) and K-PG (b) system. The isovalue is taken to be
0.01 /A3,
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Fig. 8. Optimized geometry structure of the Li-decorated
PG with 12 H, adsorption.
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Fig. 9. Equilibrated structure of the 12 Hy-Li-PG (a) and

fluctuations of total energy as a function of simulation time
(b) in AIMD simulations at 300 K.
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Abstract

Porous graphene (PG), a kind of graphene-related material with nanopores in the graphene plane, exhibits
novel properties different from those of pristine graphene, leading to its potential applications in many fields.
Owing to periodic nanopores existing naturally in the two-dimensional layer, PG can be used as an ideal
candidate for hydrogen storage material. High hydrogen storage capacity of Li-decorated PG has been
investigated theoretically, but the effect of temperature on the stability of the Hy adsorbed on Li-PG has been
not discussed yet. In this paper, by using the first-principles method, the hydrogen storage capacity on alkaline
metal atoms (Li, Na, K) decorated porous graphene is investigated in depth with generalized gradient
approximation, and the effect of the temperature on the stability of the hydrogen adsorption system is
elucidated by the ab initio molecular-dynamics simulation. The results show that the most favorable adsorption
sites of Li, Na and K are the hollow center sites of the C hexagon, and four alkaline metal atoms can be
adsorbed stably on both sides of PG unit cell without clustering. Alkaline metal adatoms adsorbed on PG

become positively charged by transferring charge to PG and adsorbed H, molecules, and three H, molecules can
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be adsorbed around each alkaline metal atom. By analyzing the Mulliken atomic populations, charge density
differences and density of states of Hy adsorbed on Li-PG system, we find that the H, molecules are adsorbed on
alkaline metal atoms decorated graphene complex by attractive interaction between positively charged alkaline
metal adatoms and negatively charged H and weak van der Waals interaction. Twelve H, molecules are
adsorbed on both sides of PG decorated with alkaline metal atoms. The average adsorption energy of H,
adsorbed on Li-PG, Na-PG and K-PG are —0.246, —0.129 and -0.056 ¢V /H,, respectively. It is obvious that the
hydrogen adsorption capacity of Li-PG system is strongest, and the hydrogen adsorption capacity of K-PG is
weakest, thus K-PG structure is not suitable for hydrogen storage. Furthermore, by the ab initio molecular-
dynamic simulation, in which the NVT ensemble is selected but the external pressure is not adopted, the effect
of temperature on the stability of H, molecules adsorbed on Li-PG system is elucidated. The result shows that
the configuration of Li-PG is very stable, H, molecules are stably adsorbed around the Li atoms at low
temperature, and some H, molecules start to be desorbed from the Li atoms with the increase of temperature.
At 200 K, Hy molecules begin to move away from Li atoms, and two H, molecules escape from the binding of
the Li atoms at 250 K. At 300 K, nine H, molecules can be stably absorbed on both sides of Li-PG, and the
gravimetric hydrogen storage capacity can reach up to 9.25 wt.%, which is much higher than the the US
Department of Energy target value of 5.5 wt.% for the year 2017. With the increase of temperature, more
adsorbed H, molecules are desorbed, seven H, molecules can be desorbed at 400 K, and all H, molecules are

completely desorbed in a temperature range of 600-700 K.

Keywords: porous graphene, hydrogen storage, first-principles, molecular-dynamic
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