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First-Principle Calculations of the Adsorption, Dissociation and
Diffusion of Hydrogen on the Mg(0001) Surface
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Abstract: First-principle pseudopotential plane wave calculations and the Nudged Elastic Band method based on
the density functional theory (DFT) were used in this article to study the dissociation of molecular hydrogen on a
Mg(0001) surface and the subsequent diffusion of atomic hydrogen into the magnesium substrate. First, the dissociation
pathway of H, and the relative barrier were investigated. It was shown that physical adsorption rather than chemisorption
of molecular hydrogen was observed in the calculation of the dissociation process of molecular hydrogen. Also, the
diffusion process of atomic hydrogen on Mg(0001) was presented. The surface effect, which affected the diffusion
of hydrogen obviously, was observed. Finally, comparing the values of the activation energies for the steps of
dissociation, diffusion, and desorption, our calculation further showed that the dissociation of H, and desorption of
hydride were the rate-limiting steps.
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JItE I REZE M R 2, B A X SR — 5518,
0, H, (b7 i 2 5 B4 1 e o, Mg 3R 11 5 JE 1
FE S )2, XS4 ] BERELAS H IR [ (P
k. fE 4l Mg W B SR P1 IR B B, BRI 2R 0T R
H, 43 F WAL 2Am i Al H R399 80 BE%E H R
TP 8L, Mg(0001)F HIE B T AL Pk
RAEE)Z, R T H 7t —2L 38, U8
4D 23 R ] 2 B,

BT, AMITEFX Mg B S B T K
P SE B0 A S A 7P o, Plummer 575K H fig &
1 2 1% (EELS) Fl #A J7 27 Bt B 51615 (TDS) A 55 T H,
o F HRF5 Mg BAEAE A, R iigs) 7R B
1 JE - EO8 B S A 1 A 2 IR S A A
Renner %P 5Y H J5 T Mg WP 5k, 1154
55 300 K B i 97 HL R BN D=4.0x107" m*-s™".
Topler %5 PF] H ih 47 5 F B & 3 350 K T MgH,
oOH TP EUE R 4l Mg H R RS EGE
HIN=AFE S . Johansson ZEOSR FH 2 U i
(ISS) . X £ HL 1% (XPS) Fl TH AL 27 I (Y (TPD)
EFBEMIR T Mg B4R, K H, 707
BN 0.6-09 eV, IIABIICE PG, fif &
22 1 FEAIK. Norskov SEMER MK 1Y 7 ik a5
T H, 43F1E Mg(0001) I8 1) W B g 25 I e IR
T AR A4 BT, Hy 20 FRYFR B #4224 0.5 eV. Bird
SEN23R FH B8 — PR IR AL S R PR 6 & H oy T i
BB BB, fi 23224 0.4 eV. JacobsonZE R H
F e Ak oy 255 B 11085 & BRHI F7EMg(0001) 3%
A [ AR N BN AR TE0.5 e VI3 22 . Vegge 25 %) H,
S F IR E A H R T8 80T T IR T, [R)
FER I H, (R B AL, (AR AR 2354k 1.15
eV, B & TN A9 SE 5 A AN e £, [ BT H
Ji - DN T 1) AR N B TR R 0.53 eV, 5
Norskov 115845 5 AR (1) 2 W H, o9 F 1 2 e
VA R IAL AR B, SO T Py R

Zi Tk, BATEB, A H, 70 F & H JEF
£ Mg 2T 9 I B 5 T8 () A, A8 2 A iR i
WFFEEE I B ERAAE R 22 5, Lol Hy, 20 F R
Wiy LR, KB BRIS A AR PR AR R
V% 4 Jm 1B 24 X) it EbE AR 5 1 ik S0P BB 1 5 )
AT U7 % 1T T A T SRR S A X A T X
A A 4, LR S RN 52 ma K, Rl
W S R (A ) G B L DRIk, AR SR F 2 T4
12 RIS — M R, A RGTSE Mg(0001)3%

TARRE DL H, 43 F JH R 7E Mg(0001) 3 181 1 W
BRFPE T, 4R T Mg B S0 R ik = FE vp Rl R
1) R P 25 3R, I Sy itk — 2 1) S5 B AHAF 7 1) FO0
HLEEFTEL S E .

1 TEIERRBEMNAE

AR EMESR AN R B AE A T MRSy
FaHE S %L, Mg(0001) P4 )2 5t 8 FATHJE T 7E Mg (0001)
1T A W B SRR IR SRS AE L SE AL A T H, 43
F7E Mg(0001) 2R I A9 i 25 \H Jit 178 Mg(0001)3%
T AR 3 B R B T S YR T %
1Z RIS Y VASP B RETH 3L 7 3 (A 202, g e
schrodinger /7 2 if F2 v, S8 QIR BB R H ) A
J 3T L (GGA) H 1) Perdew and Wang(PW91)JE 222,
VRS T B NNF 1T PAW 24 S Sf b iff 4 3R v
T-B A EAER, #r FKohn-Sham it p& 5% 17
AT I8 (PW) B 20 e I . 28 Wi iy %% 2 38 12 RMM-DIIS
200 Pulay 2R A5 38 7L R TG AN AT 2941 BLIH IX.
RAE R I A 2K 117 1 Monkhorst-Pack 25 72k 4l
ks A% . SR FIBlochlZ5#M& 1F f{) Linear-Tetrahedron
TG R G R RE. FES R TE ] Hell-
man-Feynman™-*/(H-F) J1 % 114k, 5 34
B B2 (CG) ™I EA- 1 )y 25 (QN) . st Bk F v, 7
T RE G IS TR IR B2 1 H-F J, FIHZ
TR NRy ) e 45 Bh PR 245 I T 0, A EE
5, B e iR i B R BT A2 9 H-F RN T
0.05 eV -nm ™. T8 7E 5 /N 1 PR 38 ST i A2 4
(FFT) /A% _F 17,

TR B BE, T B E TR G vk A A
F AR, B A SO A SRR — 2%
JEITH T Mg AR5 ks S 85, BEBORIRY 5 47 PR
A Mg SRR, G0 iE 1(a) s, # kA& R 400
eV, k MG A 11x11x11, B2 ki, Bl
KW, 1R B REAEfL/NT 0.0005 eV -nm™. B 5 #F
AT Mg IR IS B E A H E Mg(0001)ZR 1
SER I A S, BORBE F A A 7S 2 LY slab
HEICH p(2x2)F R, AN 1(b) s, 24 1 B 1k AR Y
R R A AR R B A AR
TS S B L, AR SR Rl 4502, RIDKE 2
AT B A AR RSB, T i by AU AR 0
Hos s, BasREBCN 1.5 nm. HHEE, R iF s
NIZE T, v Xt slab 9E T T g5 M1k,
B S TEAAL 25 5| A—A H R F, 5] AR,
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Fig.1 Computational model used in this article
(a) primitive cell of hcp Mg; (b) Mg(0001) slab; (c) adsorption
sites of Mg(0001) surface: A-on top site, B-hcp site, C-fcc site,
D-bridge site; (d) initial state of H, dissociation

FIAAT BLIH DX k SRS R 4335k 7x7x1, #R0E RE
IR ERCH 400 eV.

T H, 2 TR A H R 7RO Bt SR
Nudged Elastic Band(NEB)™*1)5 i Je i i #Vfg i
TE AL R H ) 0 BB PN IR 1K B it 4 42 (MEP). NEB
D5 % g — PP A 2 00 5 ) 2 NS L B
MEP {8 RO 1k, % B )12 b F TR 5 [ 44
FA N IR, B JCIHGE A T E - T Sy vk
fili B3Rl MEPR. 7E1% 52, MEP il i i 4-23 4>
HA S, (R FE RIS TS, MR ZS 2 a)E
b — R A e DU IE A 2 (R 8 3 2k, X s
TR T PO R, 8 e MEAS T RIS 1 7
1, S AT Fe 2SO MEP, A BE
IS I TR SE AR (TS). T8, Hofif B 1 i
R E S H N 8 A H TR £ 1§ Born Ay
O RE T, ZEECH W4 11 F1 20 4. ff 01
FyTI R, Hy, 20 F B0 0.63 nm, U1E 1(d) K.

TS BT, D ka5 A% SR 3x3x
1, #EAE SRR 300 eV, WA R, R L
WSHOTEL A S PR 2 5 R Tx7x1 1 k
SIS T 400 eV RE R EAR THIA 1Y RB I 22 A8
A 0.02 eV.

2 HEERMITE
2.1 Mg &g

K ERBHGT A hep BIMgIR 45 1y 1 M BE S,
BRI BB -ABOCR, HHSRRE TR
Birch-Murnaghan™ 0l 254, M- (1 G -

TRFRR e, I Ae 20 P AR L 1) A% S8,
25 1a=0.319 nm, c/a=1.62, 5L ¥ {H (a=0.321 nm,
cla=1.624"NW) G 4T . N R RE MRS H T A R T
FERES A R BEER 22, A T REnT 8
TR ST 5 A R ) B RB R ORAT 2, T ARIE
A5 LR B 7 AR A ELVE L, A R R Oy
1.0 nmx1.0 nmx1.0 nm. T3 Mg iAZE 14 P 3R AE
E.4=-1.48 eV-atom™, 53Z¥{H(-1.51 eV -atom™)"
WA ARG, T BHAR SO T S5 2 T E 19,
2.2 Mg(0001)RELEH

Mg(0001)ZR TH AL T3 7« dc g T R 1T 1) =
JZ TS5 Rt B O B K, XS S AR O
WL AT i B R 2 R AR R, & BRI R 2
i) 5t B S8R R B ) SN, AR (5 slab
FELZS 2RI R 1z )y 3G K, A Wachowicz 55
WELZE RA AT IR B RIS, R 1 RN )2
TR B AT LA 21, #24 Mg(0001)2 [fi (1) )2 1]
FE B, HEXFRIE, BB g
IHEAPCRAT A&, & FEWETZESKE L
FERFEREEN. —MESEENRELRERZE
B4 Jm i 2% 1 R 2 ) At 75 R B O AR, T Mg
(0001 I A 451 Ah 231, L Tt DR 24 Jog 2 1T H ff 285
FEY Friedel JR2NTE B &L 15 07 5 | 2 (9149, [R] BT,
eI 9 Mg(000 )R I A R BB
2.3 Mg(0001)R M #AE

3 T WS H EFTE Mg(0001)2K 1 % B R4,
T SC T B — R YRR BRI R A B, Rt
BT HJEF#E Mg(0001)2 i (19 #4E Ifii (PES). B
IA1 %€ X 7] i Born-Oppenheimer IT 1L K45 31, 4 HL
THLEAZ 12 843 T, BRI A i sl kAR
TE 46 3% Born-Oppenheimer 710, H ik [A] 7 45
0L LB BECAZ A8 3, K, FRE IR AT LI 2
JE B 501 AH R 1 AR R a2 shARE, 45 AT
FYHL ALY T B R R T PES™. t T3 FE T AH
WPEE, AT A IEECE 4 451 A2 B ) D
W45 . SR8 AT RGBT 2 R A
R, R R TR B RN R A g TR
AR RN A% S AL E, 5] A— H B, BRI
H AXTE z Jr % 3h, 1155 e 3 i W B 7 & Al g
HAIAT A 121 M E A RE R, THEEE R
IR, H JFFFE Mg(0001)2 i A B84 fe AIK RE w2 I
FRAEDLE, /B 2 Wi s B RE B R AIR Y foc
BMBEERY E A9 hep 7 & —BSCHRIAN Mg(0001)
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&1 Mg(0001)RERHM H 7GR B KRLER
Table1 Changes in the interlayer spacing (Ad;) of
Mg(0001) surface for clean and injected H atom

Reference Ady, Ady Ady,  Ady  Ads nt?ri]l:rs
GGA (this work)  +1.22 +0.57 +0.38 +0.57 +1.22 6
PBE™ +1.24 +0.24 -0.72 7
GGA™ +2.04 +1.13 +0.72 7
GGAM +1.8 +02 -0.3 14
exp. (0 K)!* +1.7 12

exp. (100 K)*" +19 +08 +0.4

Ad=100%x(d,—d)ld

IAIA7-AE top HI bridge {37 &, WA SCHRE ] /R 25
Al LA i, on-top F bridge v & RE & 4% 51, A% H
S BRI B IR
2.4 Mg(0001)3% AR M 48

H T S Be T T L BORLRS, D AT SR ik AT T
on-top .hep .fec Fl bridge P44 B 37 B /115, R
AT e

E o ngooon=Erngooon—(Evgooon+En) ey
HH BB A 6 4> Mg R FHZ(EES 44
Ji ) T — A SR B B2 1 SR, B A2 6 1>
Mg J5 522 0 DR I i LR, By 2 B AR 1Y
BAE(E T 1.0 nmx1.0 nmx1.0 nm #oCH ). f{Er)
W, RS £ 2 BH I BRHAAC 2R EE B 0 21 4tk R Ae 0, HLfR
RCBR /DN, W B H D 44 78 S BRI
BRFREDR /DN, B AT 872 Mg(0001)7 1Y = 20 BHv .
THEAS RN AN [R5 B R B RE S T8 2 vh. e 2210
BB J2, 7715 bridge 7 B I H 5 F 1) fec {7 B
S JLRIR R, A BEBT B I 4b F—A~3h T 28 A8
Fa € WAL E, 1X 5 Na 7E Mg(0001) 3 T it W 454
AU, hFe2H i Bl fecfi B Mhepfi B SR HIE T4
Sy W B 7 B, R 0 A I B e R 25 (/N T 40

S

(2) (b)

—25.50
—25.40
—25.30
=25.25
—25.20
=25.10
—25.00
—24.90
—24.80

<
E 2 HI/EFE Mg(0001)REMHEEEE

Fig.2 Configuration for the potential energy surface
(PES) of H on Mg(0001) (a) and the result of PES (b)

Black and grey colors represent the highest and lowest of energy,

respectively. The unit in figure (b) iseV.

meV, F M fec 7 & H 7E Mg(0001)7 17 {1 fe A1 W% fit
frE, AR E s DR AR A B H R 1 sHE 5
F Mg J5iF-1 p BB B HE AT R 38 i AH B4R Y.
25 H, % FHIES

7E NEB 35, B X0 (S) RS (FS) i
TR, FREERAAS 7. 158 & RIS BIFS1T R Ay
e 22 84 meV, X HREE PR T I 245 2L 92 meV!
AW SRR SRR TAE7E Hy /0 F Ry 3
WY, DHR A 1S AT A, H—H $8K 4 0.0748 nm(JiL
723), SDFTHLAL TR SR B F Y, [] Bsf 0 o
WA LI F WAL M. o T — 2 ik X
— 25, THEE T H, 43 F1E Mg(0001) 2 If AW I, W
BTN A IR LA 4 B, MR B 0.023 eV, Ui H
AL FAER M, X5 Vegge™ i A 45 R —
ORI RRSCEE R LA B AR, TR B B s
H Y R B 142 A vaccum—hep—fce, 55 Vegge"H
TSR R, A ST as R I B L8
fif 2 WP RIS AL hep #7150 BH SR A0 A 8 AR 0
ANidsd hep A7 ERY. K 3 M5k 3 1 MEP Al LA
#, Image 7 RIS H, 735K LE MRS, RSN HY H—
H B 0.1179 nm, i 25067 B R AL, 5 A
AIFEE SRR PG A0 R $ 4 01.05
eV, XPMEER Y Vegge"ZE L (1.15 eV) . DuSE2Iy)
ZEIL.(1.05 eV) FL W) A, {H K F Johansson 45 ) 5K
5525 3.(0.6-0.9 eV) FIN$rskovZE P T8 25 H 0.5
eV), Johansson A Ay it A 22 51 (14 J5L I T RE R AFTE B
K f (step sites), KR 5 B B AR S BB 2N T 15
7 (terrace sites) [ 25 RE, X FE A BLGAFAEF WU T
O3 F AR RN B[Rl RT LA B, S H, 4
FF AN H 7S, BRI A fee WZFTS, H 5
TR RN Hy 20 7% 2205 1.14 eV, 15 TDS 52
B0 eVIVIG, ZIEMS KT H, 3 F i s &,
XL Mg—H ##ERE R, Mg i 5 H i F—HJE
BN TR, TR ORI RE R A e HOi A, H, R
BRI S AL R R D IR,

F 2 BB B A IR B
Table 2 Adsorption energy (E,), adsorbate height
(h.), bond length (1) for different adsorption sites
considered for H atom on Mg(0001) surface

Site E,/leV h,/nm Iygn/nm
on-top -1.04 0.176 0.1762
hep -2.52 0.074 0.1983
fec -2.56 0.032 0.1949

bridge -1.89 0.080 0.1939
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#*3 H,5F7E Mg(000)EEBEIREPRKESEE
(MEP) L & ESHHESHFETEE
Table 3 The H—H distance, dissociation height (h,),
and relative energy (E,) of dissociation process of H,

on Mg(0001) surface

Image H—H distance(nm) hy/nm* E./leV
0 0.0748 0.6306 0
1 0.0747 0.4986 0.067
2 0.0748 0.4967 0.238
3 0.0750 0.4150 0.396
4 0.0751 0.3386 0.451
5 0.0770 (rotation an angle) 0.2666 0.412
6 0.0789 0.1882 0.338
7 0.1179 0.1266 0.290
8 0.2274 0.0770 0.292
9 0.3209 0.0651 —-0.084

“height of the average vertical distance of H, to the substrate

2.6 HIEFHIT B

R TS 0B TR A A H R
BT Mg(0001)ZK A, PR IS i top i &, S
FS 4 fee (. K 4(a)BIA H 5+ M top £ B9 HL
| fec 7 B WY HUKAR. BRI AR RIMITAE C &R
B, top 17 B RE A, M HOTA R, H M
top 7 B HE] hep 7 B — 1 H A ML FE. M hep
2| fee A7 B RIELIERE N 0.21 eV, X 5 Jacobson &5
BT 45 3 (0.15 eV) Il Vegge ™) 1155 45 5 (0.14
eV)ME. HA hep 5 fee (VB I RER 25 Eup—Ew=30
meV, 5 JacobsonZE 25 meV Al Vegge 20 meV
W4 B 4(0)h H 5 R fee 7 B UTILAS
Tl A P T L B B B AR, S rh R 2 AR Y
P H AN 045 eV, ILEER Y Vegge I TTHH(EH
(0.53 eV) . Jacobson “F™ [ 1H5H (0.50 eV) AW 5.
Fec innerl . &4 H R T8 BEIA N 95— T
78, RIS B, A SO H R agdE— 231

Relative energy (eV)

ool (o880 /

u —

—0.2 1 L 1 1 1 1

Reaction coordinate

B3 H,%F7E Mg(0001)R EfF 5 H R A 3K E
Fig.3 The minimum-energy path (MEP) for H,
dissociation on Mg(0001) surface

0.5 T T T
0.0k
02} % i
\?3 \IS top TS
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%D FS-hep
5 1
2-06 @ |
=
I ~
[}
7 .
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\.\ ‘—./ FS fcc.\ |
-1.01
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Reaction coordinate
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20000 N N KL o
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: \ | e®ge
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% / C}oo \\ / fee inner3
&0k CCO : fee inn.er2 000
/ O%%C 000 |
0.0 ¥ 1S-fec surface O \Co
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4 HIEFM hep # 8 foc BRI KBEZER
Fig.4 The minimum-energy path for H diffusion from
top to fcc on surface (a) and H diffusion from
fcc-surface to fcc-inner3 (b)

T TSR, & 33K fec inner2 L &, T H i+
£ foc innerl 4b B 2 BB E iy, S Bbad 72 19 i
TG RERE N 0.08 eV, X FKH] Mg(0001) 3 Ifi 2 RE it XF
H 509 80" A= 1752, ASCHUE IH 25 R R Ak
N, H A& Vegge" Ak Mg(0001)2& L %) H 5+
PHGZMAR/N. A T IEX —4538, AT H
F M fec inner2 %] fce inner3 I HLIET T TWESY. 4%
REIR, Wi RIS REZ) A 0.25 eV, fec inner2 {if
B fec inner3 VB R i 25 PR AL /IN, M HS 9 THT %00
CL 28 AT LAZS, X U B ZR TRV X H -4k e
s R FRAE R 2.

3 & it

ARSCR S — PR JEFR A NEB 7 5% Mg {44
A I TE 485 0 1 R A AR T N B R A T T ISR
BRI H, 23 T1E Mg(0001)3 1 1Y i 25 1+ BRAE7E D)
PR B, ANAEAE Sy A0 2E WM H, 43 F 1 ff s 3 &
250 1.05 eV, fif B0 E R AETEN AL, A B 2N
1.14 eV, BiE T Mg MR ZUS 1 i f e o, ek
P8 S 4 H, 50 F A0 12 R S R 2 SRy R s il 45
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BRX—4518 H BT7E Mg(0001)72% [Hi [ [ 4 i
2% 0.21 eV, [fi R fee friE A F M 2 1
240.45 eV, i AR =21 40 0.08 eV, i
ARV R HEH 0.25 eV, 3% 150 K M 1A 7E %
Eaﬂzﬂ\” H R M H TG 806 & B3

B, (ELRE 0 3 B R G T2 97 i 22 0
TR B LR NP BOE 2 5 — 2, X 5%k
P ZE e AV A

B RS PRI R RN R A R I A
RIS RN B TSR RIS R AR BRI
B e 1, TR IR I
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