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Fig. 1. Optimized structures of Sc, Ti, V decorated PG (a)—(c) and MVG (d)-(f). The purple, blue and red balls represent Sc, Ti,

and V atoms.

# 1  Sc, Ti, V&I PG M MVG FHXESEL (d  TM 5486 FIEMFER; Az 5 TM BRI, JURAE 2 7K

Az L)

Table 1.  Relevant parameters of Sc, Ti and V decorated PG and MVG (d is distance between TM and graphene plane; Az

is the maximum deformation in the z direction of the substrate before and after TM modification).

System ™ co(hga/‘i/v:;ﬁr;ergym Ey/eV drvo/A d/A Az/A Charge/|e]
Sc/PG -3.90 -1.60 2.35—2.36 1.78 +1.09
Ti/PG —4.85 -1.81 2.12—2.37 1.63 +1.06
V/PG -5.31 -2.40 2.08—2.31 1.52 +1.05
Sc/MVG -3.90 -6.93 2.07—2.08 1.96 0.58 +1.37
Ti/MVG —-4.85 -8.82 1.84—2.14 1.67 0.52 +1.37
V/MVG -5.31 -9.30 1.77—2.07 1.47 0.41 +1.24

B 1 R R IR E T LA H, 5T MVG,
& I I JR BB A ik S 145 2 A 0.41— 0.58 ARy
/NS T Se T B 5 A S8 45 B A8 77 A= Y
AzBER, FEER Sc Al Ti B B ES I 1.78
M 1.63 AR4KF] 1.96 i1 1.67 A.

i S IR AB M BRI R T, &R T
SEHRBIARGRE, 4R 2 ERRE. I
FL Ay 1) 46 e 2 5 P AR A S PR P9 0001, O FLE
LA AR R 2S5+ R LT LUE
MtV 4 R B PG, H R 27 +1.05] e —
+1.09| e [, 451 ASABEE TS, AT KA TE
+1.24|e|— +1.37| e[JuH, X 156 i I 4 1 i o
MVG [ &FR 20 H T bR L.

& 2 J& Sc, Ti, VEMifA SBIG KR S%E
& (partial density of states, PDOS). AJLIE H Sc,
Ti, VI dHES C IR FHUIEMNERE G E TSR

REZLI I, HEEE d B Tris 2, BRI R 5),
VW 15 4 SR O A G 5, X 5
ZEA R ARG — B HAAEBFERT, Sc, Ti, V5
C 2 [a] Y B B B [ 2R REZ LA T R,
VEHIBIE Z A AR S, d i T AT ERESL] AT,
A5 5 FE IR Z Tl 1 P .

3.2 1H, 5Sc, Ti,V &iA2EHHBEEER

AA AW T Sc, Ti, V&M A7 5845 W% Ff
1A Hy %54, 18 3 @z 1 PG X L4514 .
A FWHE Sc/PG H Sc iy E 07, H-H # K
7 0.76 A, Z5EHE N -0.57 V. fift B W ik 4E 4 i fig
AT TR 2 R 1 BE AR 0.20 eV. PIAS H R
3T Se JEF I mm. X+ Ti/PG, ks R
REAS 3 i S BT 454, S0 I AS G REN-1.34 eV.
Uil H, 78 Ti/PG R A REL. Ti Btk
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Fig. 2. PDOS of Sc, Ti and V decorated PG and MVG.
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INERIREE Ti, L /NERIRER V) (), (b), (f) Sc/PG; (c), (g) Ti/PG; (d), (e), (h) Sc/PG

Fig. 3. (a)—(e) Optimized structures of 1Hy-TM/PG (TM = Sc, Ti, V) and (f)—(h) the schematic diagrams of dissociation of Hy and
the H migration process (Sc, Ti, and V atoms are represented by purple, blue and red balls): (a), (b), (f) Sc/PG; (c), (g) Ti/PG;
(d), (e), (h) Sc/PG.
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YR FNE B Coo MBS 1 M F s
A&, &5 B RE 43 31 -1.50 eVE
1.62 eV,

¥ V/PG, H-H# KN 0.79 A, &5 T4
GREN-1.15 eV. i B W ME5F e it b 43 Wt
SEFRETRAR 0.01 eV. X EEZER I Sc, Ti, V &
i PG W 1 AR T, S0 FRmE. s
BRFESHIE R S ) TM—HL 3 PERE S R I A T
W B 6E PO HL % 50 B AR E S B 8] 3(f)— (h)
SPAERT Hy s H R B aee, nTE
F| Sc/PG 1 V/PG il H, f i RE22 5030 0.12
F10.08 eV. X SEHE UL H, JE 8 25 5 KA 5.
Sc/PG, Ti/PG fil V/PG £ H JEFiEHGEL
I35 h 2.84, 3.05 F1 3.63 eV, Uil H 1T
FEZ IR T 2 L R

4 s T 5 MVG X P fe g, s
I T IfHE Se/MVG Ff Sc JE TRy THHRIE 5, 45
A HEN-0.16 eV, 5 3CHR [25] (H-0.18 eV JEH AH
. H-H KN 0.76 AL 20T W B 60 fig 2 AR
fift 12 W2 BfE B AE AR 2.07 eV, X Ti/MVG, 14k
Ja RAefs 2] T M i 54, Ao T4 A RE N
~0.24 eV. XF V/MVG, H-H #K N 0.79 A, 45
B REN-0.31 eV. FF MR i) RE I L AH RV i 25 4514
FIREELIK 0.86 V. X EBZE I Sc, Ti, V &1
HMVG W 1A, &0 PR TFIER
FETE. O T3 SRR UL R R H EZ . 1
HEFRHHHETE-0.10 eV Z-0.80 eV, REWS{HIE
A FAEE R T YEUBERT. SCik [26] 48 H Sc, Ti,

V B MVG B 1 A2, Ao Filiay
TR, A0 45618 518-0.26, —0.36
—0.63 eV. Chu % M 35 H Ti i MVG W B
LA FRISE A REN-0.31 eV. i 5 PG Ay X}
FU AT LA A5, BBpE 5 I A RIS F LA
TR, X FEIEH T ABEE, TM 4k
JERFW (£ 1), SESFERIR, 5 s
B, O 2R TR ST

— RN, 3T W BRI 2 EE B B
A AL BN F A SRR R A TM 8 i 5 i 1
TRZR, 43T W B4 7 e B S AR, 3 TR S H LAY
Sl ) 5 S SN R AR R XA L. IR T
5 Re i AR {2k B 1 — 7 T2 Hy )
MfE TM/MVG HIZ5H BRI R R Re ST, 75—
TR R R RR S Hy BT B i A
RIVBEREFEAC. Mk, ARSCE LT EWRE (By) Ak
“FHERE (B)).

Er = Ea— Etvm/mvas (4)
Ey = Ermmven, — B, — Ea, (5)
FE, = FE, — Ex, (6)

Hrh By FoRtib)s TM/MVG-H, H1#9 TM/MVG
FICHIRER, Ervjave 2RI TM/MVG
BIRETE, Ermmven, 1< U001 21 TM/MVG-
H, MRk, Bu, 2L R Hy RER.

R 2 fra, 55 W AHLEE, Sc/MVG Fl
V/MVG F)E S W 25T AR R RE AR, AT
ZA. BN, V/MVG 7EW K Hy 5 & ERM/INEAE,

E,=0.45 eV

Bl 4 Se, Ti, Vi MVG W Hft 1 A0 F MR (S8 E/NKRER Se i+, # @ /NRFER Ti i F, Z6@/NRER V ETF)
Fig. 4. Optimized structures of 1H,-TM/MVG (TM = Sc, Ti, V). Sc, Ti, and V atoms are represented by purple, blue and red balls.
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#2 1H,TM/MVG (TM = Sc, Ti, V) BYEFWHIRE (E,) . EAGRE (Eg) . ALFHERE (£y) K TM RYHL A

Table 2.  Hydrogen adsorption (F,), structure reconstruction energy (Eg), the chemical bond energy (E;) of 1H,-TM/MVG
(TM = Sc, Ti, V), and chargesof TM(Q]).

Syestem EJeV  Eg/eV  EfeV Q| System EJeV  Ey/eV  EfeV Qe
1Hy-Sc/MVG -0.16 0.00 -0.16 1.38 2H-Sc¢/MVG 1.91 2.55 -0.64 1.58
1H,-Ti/MVG -0.24 0.51 -0.75 1.37
1H,-V/MVG -0.31 0.03 -0.34 1.23 2H-V/MVG 0.45 1.28 -0.83 1.39

(d)

B 5 (a) Hy-Sc/MVG, (b) 2H-S¢/MVG, (c) Ho-V/MVG, (d) 2H-V/MVG i) Ffiff 22 23 % B ], 8 (30 4> 35 7 s g 188, 5 €2 3 43

FORHATIE D, BRI K 0.003 /A

Fig. 5. Charge density difference of (a) Ho-Sc/MVG, (b) 2H-Sc/MVG, (c) H-V/MVG, and (d) 2H-V/MVG. The charge accumula-

tion and depletion regions are indicated by yellow and blue, respectively. The isosurface value is 0.003 e/A3 .

FIEHEMAE N 0.03 eV, BTG IS Hy B9
T mAHBEAEAE N 034 eV, AR ENN
V/MVG &5 F45 G HEN-0.31 eV. 2 H, fif 25
W REE, JEEIEASRE K 1.28 eV, B R LK 5
H, MHF =M EAEHRERN-0.83 eV. A LR E
A V/MVG B S5 TF45 5868 0.45 eV. XU
Sc/MVG fl V/MVG £ W /M & 53 -1 72 Hh 2544
FEARLRFEAAR | KM R Hb B w2 W / e B %) 8l 0 2%

AW B, Se, Ti, VIR AR (+
1.38]e|, +1.37|¢|, +1.23|e|) 5 & W Kt & 5 F Bt
(+1.37|e|, +1.37¢|, +1.24¢|) L LT B A 251k,
VAW MTE Sc, Ti, VB MVG iy £
BLEE 2 o A B AR . A SCIEXT Se, Ti, VB
MVG WM 1 ANE 5455 RE 5 STk Lit i
ST TS A REDEAT Hede. AR, LitA a7
Z PR aiF A BAE R, 5842 Kubas fEH.
B E CCSD (T)/6-311++G (3 df, 3 pd)/KF
TR SR BR Lits &0 7 Z 0 4E HBE >
0.20—0.24 eV, Dmol® 1 CASTEP 18 5 4 )8
Li 80 9 A 5505 1 &40 F W B 6B 4 500 A 0.23 il
0.28 eV122:23],

A4 T B W B EE, Sc A1 VR Y HL far A
+1.58| €| F+1.39] e|, UtH Sc M1 V 1] Hy 255 0.21] ]
F10.15]e|, Bl & J@XT Hy A Z IR T, B2
() Rt FHETEAE Hy W REESE, (1 H, fES. K5
HH I FEL A 22 0 B TR U5 BH 6 A T A A R

FLfar o3 A AR AR/, A B AR A VE . X T &
B RA Y, A AR A AR T

Kl 6 B~ T Sc/V i MVG EE LI FIE
it 5 S X AT P 118 8 285 2 PRI VR o B 5 74
A3 ) SRS FRE. TLAE ) S B A
FIHLE T H B BE A Sc/V Y d HLUBETE -8 eV 2
~10 eV S, SHEE T LEIE TS Hy BT =)
HEIED . XTS5, 2H-Sc/MVG 4514
BB A 0 £ -4 eV fliT, 2H-V/MVG
SERY B BUE T BT HE 0 -2 eV BT, i B ekt
8L IE S R R, UL A AR .
MR R E S B, AR SCERE T XER i) 2
BUE, 73008 2H R BBERE S TM 1Y d BB fE
FHLAR 2H WY BERIE S TM 0 d BuE /e, t
T B W S S A AEAE B R Hy AV 4R d A
M EE S, ISR 14> Hy W% BB A7 7E Kubas fE .

FE LA A ml LA 2 Se, Ti, V &if i B
MVG & FRethig, 24 1 NS5 Lo T 0
A REIR A AR ERIEAS /N, EEL
L FRH ELAE AR R O ) A T B
K, &85 Hy, ZHARKEFH%, BIEE
BK, FE4E Kubas /EH.

3.3 Sc, Ti, V&I MVG HiES=

YRLE I A5 T, o TR BSONE, B
U5 T 50 B g, 0 T AT
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(a)

PDOS/(states-eV~1)

PDOS/(states-eV—1)

—12 -8 —4 0 4

PDOS/(states-eV—1)

PDOS/(states-eV~1)

E—Ef/eV

El 6 (a) Hy-Sc/MVG, (b) 2H-S¢/MVG, (c) H,-V/MVG,
(d) 2H-V/MVG 1) DOS &l Fl 3= % i 8 18] (3 458 73 R
IEARRL, G Fos GG, SFETT R 1.5 x 107)

Fig. 6. Main orbitals and PDOS of (a) Hy-Sc/PG, (b) 2H-
Sc/PG, (c¢) Hy-V/PG, (d) 2H-V/PG. The positive and neg-
ative phases are indicated by yellow and blue regions, re-

spectively. The isosurface is 1.5 x 107.

51 FAE TM/MVG 1A 19 3% 20 i LA S 5G4
FZHBN T3 3. B 7 BN TiES W e R T
0.10 eV UL EER. Sc B MVG 7T LS
R 6 o0+, 1 4 D IELEW T RE N -0.12 eV 2
—0.20 eV, Sc—H KN 2.39—2.96 A. Ti/MVG 7]
DAEZERY 3 4> Hy. LS TR EESN-0.16 eV
%-0.24 eV, Ti—H 8K 2.10 — 2.52 A. V JFFJ= [
AT LAESE 3 20T H-H 84 0.77—0.82 A,
Ti—H # N 1.93—3.36 A. W5 4 NA 5 T0F,
GEARERCES, }9-0.06 eV. Sc, Ti, V i MVG
A LA S B 7, 3 A 4 4 H,y. SCHK [26] 75 H Sc,
Ti, VB MVG 205 4, 3, 24~ Hy. X0
MO AEAE 4 A BRBEAAL (BRFEVREE 8%) I, X fiti &
HREDBOTIL 6.84%. ACHA T 4 x 4 x 1
ml I AEAE 4 S BREE AL (BREGHE T 12.5%) T AY
Scd/MVG, ¥ Sc J7F45 5 R8N 6.33 eV, Sc—Sc
B R 4.92 A HAEE B R/ HTTIA 9.86 %. A

# 3  TM/MVG (TM = Sc, Ti, V) K £ M5
I3 FHIE SR M RE (E./eV). P RE (E,/eV)
DI K H-H/Sc—H #K

Table 3.  Stepwise H, adsorption energy (E, in eV),

the average H, binding energies (E, in eV), and bond
lengths of H—H and Sc—H in TM/MVG (TM = Sc,

Ti, V).
K /A
nHy-S¢/MVG  E,/eV E,/eV
H—H Sc—H
n=1 -0.16 -0.16 0.76 2.53—2.54
n=2 -0.16 -0.16 0.75—0.76 2.42—2.58
n=3 -0.20 -0.17 0.76—0.77 2.39—2.57
n= -0.12 -0.16 0.75—0.76 2.45—2.96
n=>5 -0.08 -0.14 0.75—0.76 2.67—3.19
n==~6 -0.13 -0.14 0.75—0.76 2.67—3.68
n="17 -0.09 -0.13 0.75—0.76 2.60—3.89
/A
nHy Ti/MVG  E,/eV E,/eV
H—H Ti—H
n=1 -0.24 -0.24 0.78 2.30—2.31
n=2 -0.16 -0.20 0.75—0.78 2.14—2.32
n=3 -0.20 -0.20 0.75—0.81 2.10—2.52
/A
nHyV/MVG  E.JeV E,/eV
H—H V—H
n=1 -0.31 -0.31 0.79 1.93—2.01
n= -0.15 -0.24 0.76—0.82 2.07—2.18
n=3 -0.10 -0.19 0.77—0.82 1.93—3.36
n = -0.06 -0.18 0.75—0.86 2.14—4.03
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E,=—0.10 eV

Kl 7 Sc, Ti, V&M MVG #EZW M 24450 F LI (5 @ /NERERIR Sc i+, /N RFR Ti R+, ZL6/NKFR VIETF)
Fig. 7. Optimized structures of nHy,-TM/MVG (TM = Sc, Ti, V). Sc, Ti, and V atoms are represented by purple, blue and red

balls.

SCHRARAE PAR) T Scls) 7 A7 8505 B i T LR TR
B, AR T RUB S5 Scg/MVG #E—2
HOmfE SR, AL R WREY Sc R FAE A RE R
5.90 eV, B & X0 0 4 JE R A BE 3.90 eV, J&
5 PG 454 fEnY 3.69 1. Hofk & 8 B0 Bl 5
ik 13.96 %.

IR S 1 B RE AR A R R S = AR
FHAHE IR FF B 125 BRAC B BB Rl He g (209400, 4
% 3 FRF, ACrh Se, Ti, VB MVG 4351 1% f
7, 3 F 4 Hy WY 531 W B 2 43 512 -0.13,
~0.20 F1-0.18 eV, 4 T I 145 T FIEA I/
W R ) B AR RE L R ARl 8 T LLE H, PG
B & B A S5 N LA S Y B RE S -0.50 eV
F-1.34 eV, B AN MVG L4805 &5
TFIHBER. hTFES TP T TM—H 4,
PRI M S0 8 T i TR ISR T eI

AN AR B R 5 | SRR AT DA fife ok ik
U 4 JEAB T A A0 18 B 1) 4 g T R R &40 T
FOMERE. FES25G b, Zhu 25 44058 i A 20 inh = 6
553 (Ceoo) FIEE T —FP i & FLIIE BREA AR AR
MORL JEAER, REWFF IR T A7 SR 7] 9
WA Sc, Ti, V BHi2A MVG L r] LA Bh JEA 20
A1 BAL R A R ) B 1 D R A O I T

van der Waals interaction

—0.2 E

—0.4r Kubas and
electrostatic

—0.6 interaction

E./eV

—08r —a— Sc/PG

—e— Ti/PG

1.0 Chemisorption —— V/PG
—0— Sc¢/MVG
—1.2F —O0— Ti/MVG
—>— V/MVG
_q4b . . . . . .
1 2 3 4 5 6 7

Bl 8 Sc, Ti, VM52 % A MVG (173 &0 51 W M RE B
H, 48 FHCR L M2, Hoh-0.10 eV £-0.80 eV Z[H]
14 23 €8, X3 Oy e A H, 70 1) Al i 1

Fig. 8. Variation in the average binding energies per H, mo-
lecule for TM/MVG (TM = Sc, Ti, V) as a function of the
number of Hy molecules. The green region from -0.10 eV to
—0.80 eV represents the energetic window for an optimal H,

storage.

LA R, ARSI R DL T 458

1) Y5 AHEFEIS, &8 Sc, Ti, V 455 hE
231H-6.93, -8.82 #1-9.30 eV, /&XtI PG ) 4.33,
4.87 1 3.88 15, T FLBH I /= X 1 1) 4 T 2R A e
VLB BRBREA 5 AT LA 3d 0 & R R 5
B A R, WA R E SRR, X
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AR A e At SN FH AL T AT 380 RAIE.

2) M3t 4R PC B, HATE+1.05] ¢ —
+1.09] e[ Bl Z 0], 45| ABAEREGE IS, Ham KL
TE+1.24]e| —+1.37|e|385 [l Z 8], 3 1560 2o 4
EMTER MVG [ 0 2 01 2Iibk L.

3) Sc, Ti, , V&M PG Wt 1 NS0T, &5
TR LR B IERAEAE. Ti/PG R W Hy B %A
f&42. Sc/PG Ml V/PG K 1f H, fif & fig 22575
0.12 #1 0.08 eV. AT 51T HER N 2.84—
3.63 eV. M| ARERE IS, E o TR L FIE R
FEAE.

4) 43T WMHE Se, Ti, VIBHI MVG 1Y 3
EHLEE A EAEH. Sc/MVG fil V/MVG AN
ACAT A3 323 4 330 B 205314 S v A A i b
1T L PR RO B e R R S5 A A PR AN, 3R
b4 v B Y B ) i A

5) TE i £ Hy fE i M B & 0 1 -0.10 eV 2
~0.80 eV Z ], Sc, Ti, V &4 B MV G 4351 W
7, 3 M 44~ Hy B350 W B RE 43 31 -0.13,
~0.20 f1-0.18 eV. PG & @ S &0 F 1
B RE }-0.50 eV E£-1.34 eV, T E 0 THEE
TR AT A R e LLBE R
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Effect of monovacancy on stability and hydrogen storage
property of Sc/Ti/V-decorated graphene”
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Abstract

With the depletion of fossil fuels and the environmental problems, the development and utilization of new
energy resources is imminent. Hydrogen energy is one of the main new energy sources in the 21st century.
Finding stable and efficient hydrogen storage materials is the key to achieving the hydrogen economy.
Transition metal (TM)-decorated graphenes have been widely studied as hydrogen storage materials
theoretically, but they suffer metal agglomeration and H, dissociation. Our calculations show that the
reconstruction energy of Sc, Ti, V decorated pristine graphenes in the process of adsorption and desorption of
hydrogen molecules are only 0.00, 0.12 and 0.08 eV, respectively. The adsorption energy values of the first H,
dissociation adsorption on the Sc, Ti, V decorated pristine graphenes are -1.34, -1.34, and -1.16 eV,
respectively. So, some hydrogen molecules are difficult to desorb at room temperature and medium pressure. In
this paper, the stability and hydrogen storage properties of Sc, Ti, V decorated monovacancy graphene are also
investigated based on density functional theory. The results show that the binding energy values between Sc,
Ti, V and themonovacancy graphene are —6.93, —8.82, —9.30 eV, respectively, which indicate monovacancy can
effectively avoid metal aggregation. The Sc, Ti and V atoms decorated on the monovacancy graphene would
transfer more electrons to the carbon material with charge of +1.24|e|—+1.37|¢|. They can adsorb 7, 3 and 4
hydrogen molecules through electrostatic interaction. When a monovacancy is introduced, all of the hydrogen
molecules are adsorbed in molecular form. The average adsorption energy values of H, are —0.13, —0.20 and
—0.18 eV, respectively, which are in the best energy range for the adsorption/desorption process at room
temperature and medium pressure. The most important thing is that their deformations in the
adsorption/desorption process are very small, which is conducive to the rapid hydrogen adsorption/desorption.
The calculated results show that the monovacancy introduction can effectively solve the two major problems,
i.e. metal agglomeration and hydrogen molecular dissociation during hydrogen storage on Sc, Ti, V decorated
pristine graphenes. The research in this paper will be helpful to further understand the hydrogen storage

mechanism of 3d TM-decorated carbon nanomaterials.
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