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Hydrogen Chemisorption on the Ru(0001) Surface

CHEN Xin CHEN Wen-Bin SHANG Xue-Fu TAO Xiang-Ming
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(Department of Physics, Zhejiang University, Hangzhou 310027, P. R. China)

Abstract: The influence of hydrogen contamination on the atomic geometry of Ru(0001) surface was studied by using
the density-functional theory and the projector-augmented wave (PAW) method. Based on the optimized structural
parameters of hcp Ru from the PAW total energy calculation, the surface relaxation, surface energy, and work function
of clean Ru(0001) surface were calculated in the same way. The adsorption geometries and total energies of several
coverages of hydrogen on Ru(0001) surface including p(1x1), p(1x2), (\/3 x\/3 )R30°, and p(2x2), were studied for
the hep and fec site absorptions combined with the both sites occupation in p(1x1) structure. These results suggested that
the Ru(0001) p(1x1)-H geometry had the largest energy gain among all these conformations, so under the condition of low
coverage and low H, pressure, the most possible conformation was p(1x1)-H adsorption. The shrink of Ru(0001)
surface with H contamination was —3.7% from available experiments and this work yields —1.11% for hcp and —1.55%
for fcc adsorption geometries. It was deduced that the most possible adsorption configuration for a hydrogen
contaminated Ru(0001) surface was a mixture of hcp and fcc adsorptions. For a clean Ru(0001) surface the surface
contraction was calculated to be near —3.9%, while the experimental measurement predicted —1.9%. This observation
implied that even for a “clean” Ru (0001) surface there was still about 13.6% of surface area covered with hydrogen
adsorption. These results reflected that the hydrogen contamination could affect the Ru (0001) surface structure
dramatically. Furthermore the present study could yield a conclusion naturally that the shrink of the Ru (0001) surface
would be reduced with the increase of H atom adsorption below 1.0 ML (monolayer).

Key Words: Ru(0001) surface; Hydrogen chemisorption; Surface contamination

Received: November 29, 2006; Revised: January 27, 2007; Published on Web: April 26, 2007.
*Corresponding author. Email: mqtan@zju.edu.cn; Tel: +86571-8751328; Fax: +86571-87951328.
FIZK A ARFIA L4 (10204018) BT B 5T H

© Editorial office of Acta Physico-Chimica Sinica



862 Acta Phys. -Chim. Sin., 2007

Vol.23

EIEETRuEfbE Tl s kS a6
BT a5 LA S A S, ] LR A —4R
At A 4 B e s R4 7 —SE Ak mme i Ak &
PRI, AF 50 S0 B 46 T T 1) 26 T SR AR A Z A Aok
FEIA 15 BT T &b & WA i Ll 2k
). Ru J& 75 7 % HEFRZE A (hep), B DIk X HE 2R 1T
SER AN B PE BT REA T T KR R ERS FISE IR A A
Chou 5P i A Sk 3138 1% #4568 (ab initio pseu-
dopotential total-energy) 5T T Ru(0001)Z [H &,
Jir - B R B, A5 B 45 R A0 - AAE fee Fl hep
AW B A7 A 9 TR L B2 49 0 2 0.103 nm Al
0.102 nm. X L4518 5 LAPW (foo)® L) K 5206 (8 4%
A #4F. Lindroos %942 ] LEED(fIXREHL T AT 51 i
POHA R K5 BT 2 i fe fF: Ru-H R,
SRS NS -V {2 LB AT LAFE Hh T0U, A
PR M 2 5 S e it 2 W SARAE, IRTTHERR 13X
PRI B2 A AT B Ad 23U 4R ETH9(0001), F M
Jir S5 R TS IR AEAE AT B () AT R ke 2
2 RS (DFT)HH S 1 Adiw/dy H(AdyJ9 5 —
S 2 Z AR 284k, dofARE ) 5 2 ]
F)TE-3.9%%1-4.0%2Z 1], TLEEDSE 0 175 21 (14 25
RIE-2.1%%)-2.3%2 8], IR LIIBEER/NTL.
Feibelman ¢4 H X 4~43 15 7] LA Ru(0001) T 1
H W B 75 Y15 280 58, AT Menzel "X 4R )
T RN L. 19964F Fritz-HabberffF 5% it i) Stampf1
SV FHYE ST B % #(norm-conserving pseu-dopoten-
tial, NCPP)F 4345 23 1 9 Ru(0001) 2 1 b 29
H-2.5%, HELIR A R Z [, AT AT LA i o
ToE BREHTLLNCPP KRB SEHEZHN 4
HL 1 R G — A 2 A 45 SRR AN RS 1 1Y), (R
B #x (ultrasoft pseudopential, USPP)!" fi*) B i Fll 5
(R E R BB projector-augmented wave, PAW)
3B B A5 R TR AT RE. XFIE T Y Ru(0001)FR 1, 7
TTAYEd I D SL T FR AL (Vienna ab initio sim-
ulation package, faj FXx VASP), 113815 2| i) Ad/d, 2
H—4.0%, X Al B T H PR oA 7 00 R+
JZ 5. TER Y FEM R A b b, &0y
TR — A G R ARME 5E 43 B T, i HLd U
S )@ FRMEA LLESR A2 Pk, B T2 T
7 1) 4 SR 2R R B B AR 2012 R T Y [l .

TERG SO, RATRGEM R T A W15 445 TTi
(0001)F I 45 I 5200 . Chou 25258 1o 4 ki1 15
H fecFiThep s 79 I B4V 8 114 26 1 99 S TR A K3

AR IE]. H X — 4518 5 Barteau 55 VY TAEAAF. it
HREELS(5 73 AF L F BB 451K 115 5L 55, Barteau 4515
RS IeE, TR B R BRSO &Rk
55 & (loss intensity)I&{E M 105 meV [1] 88 meV #4551,
W7 B3R A7 0 A7 P AP AN [RIA 8 & R
foc F1 hep WL AN [R] T AR BN, 647 T3
AT 7 1va) 7 o 2 57 1) i 2 A3 32 40 5 Chou 15 H1 19
140 meV FH[F. 2004 4F-, Menzel &M% T T 4#
BIAT A) H54 TRT ) S S5t A0 AR

A % B oA BRI 1) BB T Ty i, XA
Ru (0001)/H KA K — FR I W 5 0 9547 T %
GERITTIR. — P A5 A R R A, FEHURT
W2 ot i = ) A R A IR B i RS IS -2
[i) Py Jot R A FH ) 5 2 5 8 I BB A/ N Al
e A, 76 H AW BH Ru(0001) 1T A 3 A2, 1
BhF 5 T A P RP AR ELAE F: H-H R 7 22 8] A8 A B4R
HIF H-Ru i F2Z Bl AHEAE . % & H-H i+
) AR ECAE L, THER T ORTRI H s i 56 B R TR
M T T H A R R W], HAR B2 0] A K
YEFH 245K A TR]); 2% & H-Ru JiU 22 [8] (19 A0 BAE F,
I M AEAN TR B H OB B T R T A R ) —
FYVEHE, 158] T H-Ru J5 2 [8) 19 6 A8 01 5 -1
T AL LA e — ZR AR B L st B AR P A
B BESE LS L. A T B8 0 25 40 M 1) BH 33X A ) /81, AN
p(Ix D) ZERHEAT 1115, T HAE AL T p(1x2),
P(2x2), (V' 3 xV/ 3 )R30°JLFIA [F] &5 17 5 Y
T2,

1 H&EFHE

Rz R A THEAE ] T VASPRE AL, X &
— MR R 2R TR, R
FH USPP™Isy 5% 52 F S~ 1 i (PAW) " 3F: LLF- If
U R i R BSGHEA T BB R H 5 4 1 8 Y eRT AL
AL T VASP JRA PAW 07 58 ¢ 1
AETB 0005 T 1 Perdew S5 H 8 ) SR T 1)
(GGA96 5 # GGA-PBE)". £ 3¢ itk Y (1 ¥4y
DT, e T OS2 AR U2 b (slab) 25 4, b
JZHEFLK Ru JiF, fie BRI — )2 & 3R 1 Ru 7+,
SR TR FHE N2 IR 52 L W2 T
Hh—1 1 =2 AE A IR [ 1, AR =2
SRR R T LU TR Y, F RS 1 )T
WIS TE. FE z J7 1) JE B HES (R AR 2 slab 22 0] £4
JERERTF 1.0 nm (L2 X8, LUBER 2 2 B A T
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Po. XF A AY SR T A BB R B0 25 R B, 325 A
R DURIETH R ARSI B, SUR 2Tl s K.

Ru(000)p(IxD)F TR R T LL T S
LY 14x14x1 44 BLIH X (BZ) A&, p(1x2) A
8x14x1, (V'3 x\V 3 )R30°H N 8x8x1, p(2x2) ) K
7x7x1, 9% J5 Fl Monkhort-Pack®J5 % A sh 7= 4 i A
Ak SAE BRI R a5 e ik o i R RE I sk
PEFIHE N 107 eV, Helleman-Feynman Jii 7 ICEL
FIHE N 13.605%107 eV -nm™. - [f 5 J& T i) #1E BE
T Ee N 400 eV. 38 3 2028 k-25 0] BURE 53 %% B LR
1E A TS A A B, R B S A2 DA PRAIE
THA BRE

2 HEERESH

H T Ru 27575 B HERH (hep) 451, B2 A
rAg A a M e PE R, Hrp o BANHERK, ¢ &
AR SRR a M e —ORRER TR
PRI, AT % RIS TR a Ml c A2
i AR T O A AL, T PAW Il USPP Ji 1 i #4
B i AL a e AP VR AL R,
ASCHIH A S A AL a T ¢ FFER. 5540, Ru 19
TR 2 (Kr)4d'ss', Him 4d Fl 55 76 USPP Fll PAW
FhE VR A F LA AL
2.1 KBk Ru #1iEE Ru(0001)REH R FE&H

Je I PAW SRALAL T K3 Ru 48 (Y S A
B IR RS E R A AT IR A5 R (GER 1)
FSERHEV) A AHREE, BEIIA T T 5. 115
TAEAA K L B8 & FOASTR) k=23 () A% B H R 0 T
) A BRI RE, JREUS T AR — BN S5ie (LR
2). VAHITHAARE B L 8.

T e I B — 1 Ru(0001) 5% I RE Fll 51
N7 B 1R 5t T AR I T L 28 B BRI 6 )2 Ru Jit
TIZ1Y slab S5 FET AT LAGRUE T35 45 2 RS 1
TEMCEEAE EHEF T AR, JF4EAS A 25 R AN LB iy 52
I RIS ZE RO T XS (L2 3). T TR

%1 hcp &1 Ru BIESEHESEL PAW 4

7R LR

Table1l PAW optimized and experimented
Ru lattice constants at hcp site

a/nm c/nm cla
Experiment®" 0.2704 0.4283 1.584
This work 0.2722 0.4313 1.584
Relative error(%) +0.66 +0.70 <+0.05

E.=600.0 eV, k-mesh density is (25%25x15).

2 AEEILEENTE k-FEESEHE
BRTHRIEEH S 4
Table 2 Lattice constants and total energies at
various cutoff energies and numbers of k-mesh

Cutoff Number of Total
energy (€V) k-mesh a/nm c/nm cla energy
gy (V)
400 11x11x7 0.2729  0.4298 1.575 -18.400
15x15x9 02724 0.4308  1.582 -18.410
21x21x13 02727 04301  1.577 -18.404
25%25x15  0.2727  0.4300  1.577 -18.407
500 15x15x9  0.2723 04308 1.582  -18.410
500 15x15x9  0.2724 04308 1.582  -18.411

BUERER S OL T A -0 B R b B AR AR T RE UL
R A). TEBRETHE R B b, AT DU o RO HET &y
PRI R A LLEL, 153 11 Ru(0001) 1 1) K 1ETRE. S it 5
RET AT I T HE Y BERE e 285 1T
AL B TR )2 A slab 1Y ERE B Ege, ISR THIAE o
AT
1
o= 294 (Eqa—NEvu) e))

Hirp N J& slab &G BE R FRAE, A B—A

slab JCHE AR EFL(H FA WS-, Ur ARy

2A). THEAS HIETE B9 Ru(0001) 2% 1 i R T RE M 2.54
* 3 iFEiE Ru(0001)REMEFHEFRTAE

Table 3 Relaxation and surface energies of

clean Ru(0001) surface
Number oF ) (%) Adw/di%)  Aduldi%)
layers
One-side slab 6 -3.89 +0.02 +0.53
7 -3.88 -0.27 +0.58
Two-side slab 9 —4.18 —-0.08 +0.91
11 -3.94 -0.17 +0.69
Experiment” -2.1 -0.1 +0.5
Calculation' 4 -2.5 +0.7 0.0

6 layers=3 layers fixed+3 layers relaxed;
7 layers=4 layers fixed+3 layers relaxed;
9 layers=3 layers relaxed+3 layers fixed+3 layers relaxed;
11 layers=3 layers relaxed+5 layers fixed+3 layers relaxed
d, is the vertical distance between H atom and outmost Ru atom
(lattice constant ¢) and Ad; is the variation of distance
between the ith and the jth layers.

x4 FEHLESER THEFAENBEEFEFIRELE
Table 4 Relaxations and surface energies of atom
sites with various cutoff energies

Cutoff Ad,ldy,  Adyld, Adsld, Surface Total
energy (eV) (%) (%) (%) energy (J-m™)energy (eV)

400 -3.89  +0.02  +0.53 2.56
500 -3.80 +0.22  +0.60 2.54

-53.064
-53.053
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)2 FNR R 2 22 100 1) ih 7 s 240 0 s i
1=3.9% Zc A7 . AR SC I 25 RS T 45 1 s —
B, (HR S IE 2 (A1 BRI 22 5. FRAT TR 2
P SE 0 25 “Th I 2R 1 AT — 22 B A2 SR T
. ERZ TN T, Ao F R TERBUN, 7
W5, HARE RS EE. 7EHE T [ R % i W B i)
WFFEI, SR W B AR5 e LN SE 86 iR 5 A 300
. DRI AE g 2 R Tl R 0 4 i 2 1,
P T RS A, SEBR AR MEHERR S5 4.
2.2 p(1x1)-H R Ru(0001)REHI R FLH

% & p(x1)-H JEFI . H VASP 11515
F| H, 4> T 0454 ik -4.48 eV, F1 5256 (-4.52
e V)P BEILAW) & AR SC B T 100% fi Hihep
£ B 100% & Hfec s B PAMEBLLENL). — B,
JE 70 [ A 2 T R A 02 DA RS B e AL i)
PR FAE RS 05, AHIRAE L BRXS T HA W5
SR 5y T2 R R T BE R B LAZS A A4y

J'm

T RERTA —A 22 5. % 3 TP Ars] FHSCHk[2] R Y
W BFFRE VA I 22 H, A A5 A RERNZE L, iR
R THARRME R, SATIAENTHE 2
SERTFA.

XFF hep F fee FIFME B, R A (2)TH 5%
B RE:

PIXY)  p(1X2)

p(1X2)

B 1 Ru(0001)RESEFRMEFEFERFITERE
RHMRETENERTERE
Fig.1 Sketch map of each ordered configuration and
surface cell used in the calculation of hydrogen
adsorption on the Ru(0001) surface
The bigger atomic sphere is metal atom (Ru) and the smaller one
represents the adsorbed hydrogen atom, among which the darker
position is the hep site and the lighter one is the fcc site; the adsorption

situations under different coverages are marked here with frames.

Eads: Eclean +% EHZ— EH—saluraLed (2)

FEMCEEAE b, AT HR A o R H 5
2 RuJET 22 AR, HARZE R ILER 5. h—
ok WL, SRR B T R IR 1L RB i E, AR
400.0 eV.

MF 5 FRORE & IR AN R B Ru B4 50 719
PAW #HE15 HH B 45 1A —B0n 2B e, Sigmh
WELFN) Adyo/dy H-1.30%">Y, FIASCHIZE R -1.11%
AHZEAN R, iz W2 i st~ A i B R OR, 3k i £ 52
b b AN K AT R & AR, 1iiX HLAS 2] hep o B B (19T
FFHRE L fee BF H/NT 0.06 meV, 5B hep 137 Bl fec
A7 B W B BB AR 22 AN K. BE N PR f7 B T REJZ:: hep
7B R W2 B AN foe 437 B A IR BN 45— 1 LR8I, f
F hep Do B BRI B AE EL foe BF R /N—28 ) [R5
i b SR T A 8 foe (8 A J LR B R — L8, Tro =)
] TOF-LERS 58 & )it F7E Ni(111) 3R [ p(2x2) 1Y
AW [ A5, e BRI R T AT LA R T fee i E
T HLAR AT LA T hep 7 8. 72PN B T, &
Jir - R 2 2 R - THD 1) T IR B R AR TE
0.11-0.15 nm 22 [A]>,

2.3 p(1x2)-H.p(2x2)-H F#(V 3 x\/ 3 )R30°-H
& Bt Ru(0001)FREHIEFLEH4

AKSCHRE T p(1x2)-H.p(2x2)-H Fl(V 3 x
V'3 )R30°-H W B Ru(0001) 7% 17 i 114 J52 125 44 (D1,
B 1), 153 T W RE  H-Rula) B A5 15 e 25 4%

=5 p(1x1)-H EH Ru(0001)FXTEH H-Ru 82,
R Bif BEF0 5t TR 45 14 Y Pl 382
Table 5 The comparison of H-Ru distances, adsorption
energies and relaxations of Ru(0001) p(1x1)-H surface

Adsorption site hep fce atop
Ad,»/dy(%) -1.11 -1.55 -2.94
Ad,»/dy(%) -1.30%% —-1.80+1.4%

Ady; /d (%) -1.13 -0.53 -1.27
Ady, /d (%) -0.3324 0
Ads,/dy(%) +1.07 +0.93 +2.32
Ads,/dy(%) 0
E./eV 0.553(2.808") 0.611(2.866") 0.122
E./eV 2.8 2.9% 0.05324
Dyygue/nm 0.103 0.104 0.163
Dyygr/mm 0.102% 0.110+0.006" 0.163%"

Dy is the distance between adsorpted H atom and outmost Ru
atom, E, is the adsorption energy of each primitive cell;
" the adsorption energy of atomic hydrogen including the binding

energy of H, molecule
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£ 6 p(1x2)-H.(\V 3 x\V/ 3 )R30°-H 1 p(2x2)-H It Ru(0001)=REH) H-Ru & 28, Ik i geFnsh 4 AT EL 3R

Table 6 The comparison of H-Ru distances, adsorption energies, and relaxations of
Ru(0001) p(1x2)-H, (/3 x\/ 3 )R30°-H, p(2x2)-H surface

Coverage Adsorption site  Adp/df(%)  Adwsld(%)  Ads/d(%) E./eV E./eV! Dyggue/nm Dyt /nm™"
p(1x2) hcp -2.43 -0.74 +1.09 0.653 0.553 0.103 0.100
fce -2.96 -0.38 +1.04 0.715 0.603 0.107 0.104
atop -2.62 -0.51 +0.72 0.249 0.103 0.164 0.164
p(2x2) hep -3.26 -0.52 +0.12 0.774 0.103
fce -3.63 -0.11 +1.12 0.852 0.109
atop -4.10 -0.30 +1.15 0.406 0.167
(\/;Tx\/;?)RB()O hep -2.99 -0.24 +1.39 0.685 0.503 0.107 0.106
fce -3.50 -0.07 +1.43 0.783 0.593 0.110 0.106
atop -4.10 -0.14 +1.22 0.351 0.153 0.165 0.165
(W.26). ix HZRRIH— &, B p(Ix2)-HE A PR 2.4 7E p(1x1)-H BZEET hep i fec WIS

Fa7, ARSZBR_Fa PO RR AL R S5 35011, PRA L 467
BRI B 5 AR ], R R T — e SR
ALk IR T 100%%E 55 hep 137 B 1 100%78 55
fee P78 DL atop(THA )z & —Fh & L.

FLEEp(1x1)-HI BFFBSS (R 285 25 - hep o B B I ¥ R
Eyu 5 0.553 eV, T &+ 5 38 fee (LB 1Y Ey it
0.611 eV, BiHIEE T LA p(1x1)-HZ B Ay B 5118 [
REHL B B I N HEV BN, R B AR T N A
Jir—F 1A R B B A w230, 100 RH I B i 22 1) A AH
HAEF BN, HILEAR By R, HBLHE
A2 B 85 FA 2 P RE ). FEIX S A2z ot e, Xop i
GERFEIA LRI 5 — AN R R SR FER T E
hep il fee A& AL Z 0] 4 B3R 2 5 B2, B T 45 Fh
W2 [ 2540 =22 )55 A8 B ) B GE . 38 7 81 T 7 X g
SERARTY R T RO BT S R TAE LA )
SCI IR, B R GRS % 2% 1 R A
T R R, FRATT 45 H X S 25 1A Bl Tk — 2P
PRSI RN B IE. X S E s () 4R a2, U
BT Ru(0001) AT M) pREL ) e A8 A5 22/, 978 10
meV FELEEL, Wh 4 W R0 R0 4 b IS =2 ) g r
Tof i B (0N JLF- AT L) 220 . SCHR (28145 H 1
L& S 5 9 22 Ru SR TRTY) eRECH 4.71 eV, T
AT AT IE Ru(0001)TH L BRELZ R 5.03 eV. —
PRy i st LR A — S 1.

*®7 SETWH Ru(0001)REEH(eV)
Table 7 Calculated work functions (eV) of

Ru(0001)-H surface
Adsorption site clean p(1x1) p(1x2) p(2x2) (V'3 xV 3 )R30°
fce 5.033 5.052 5.067 5.186 5.050
hep 5.033  5.023 5.077 5.093 5.064

[RFHIRB T =

HA T A 35 5 p(1x1)-H FHIE T 7ERuZK [fi
AR sh AR . ST N fec 1 hep WK BV 7= 8l 550K 11
THESE IS 52 889 ecm™ Al 825 em™, 53K {H Y
820 cm™ ¥ FFA BT T H T A FR 1T 1 fec Fhepi
B RE ST AT HER 45 R 43 A 1178 em™ i 1164
cm™, 5EIE A 1137 ecm™ & M AF5 500, 78 SCRR
(7,161 A T H 7E Ru(0001)2 14 34 1Y B A
Fgi R, JE L Menzel i 18 fe HACERPE. A f]
il HREELS 15 H A 45 10 02 MR MEEE T, |
Ji -3 H T AT T Ru(0001) 3R I A R 3451 28
5 1137 cm™ 1 820 cm™. t T &R T7E XY i
WEA C,, XS FRYE, 85T s 3 876 - 10 N B
R X FFRATAI B ZE e 255 5. 3k 6 4L
P L3 AT DA &I, hep A2 W FfFRE/N T fee £, fHPR
H AR SR 5 LIS ER A 228 K, LI AN 252
SRETHASER.

3 & it

TESE— M L ah b, THREAESE T HLS I SL
55 EAR A DR AELE 53 B 1 Ru(0001) 3R 11 &5+ 1
B 100 B, 75380 1 — R 91 G T W B e At P R S A
P, I FZETHS M T LUR R (1) p(1x1)-H W
Ru(0001)ZR TATES (A 0% B2 & ) B AR EE T
B H 5O, 5 p(Ax1) HAL, 153 1 fi Al BE A K
O T RA VR T Ve SR APTNE {Me ML .|< 131 N = 21 )
hep . fee 231 &5 38 100% 15} 4 W BRFRE AR L5 % BR, hep
F fee for B 1YW A —E I EL . BT hep £ B
4 R B B L fee BF AR /N —28 ) PR SR = F
B4 hep £ B Y JLRE/ N—2E 5550, i 55 T
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p(1x2)-H, p(2x2)-H T (V3 x\/3 )R30°-H W [} ix
—AESL, FEFN p(1x1)-H WFH T g T p(x
1)-H 152 S b %) 0B B B e K, FE S 40 R LB A
JINE AR 55 B 451 R, Ru(0001) 3 1 il J5 1 2
W6 %) 5 AT A %) e IS W RS 2. R 7 5 /N
F 1.0 ML, 5E2s R p(1x1)FIR T3 1 DX S8 A 43 25 11
L. 25 FR B 45 P 25 B T S5 1 W B e Al o 1
AT, T IR B S5 22 18] A AR AR EL /N, DR
BT 1 IR B 25 At 2 P RE I . FE X AL I
X R i 25 ¥y s i) LA R 1) 5 — A TR R R AR T3
1] %) hep Fl foe A% 22 [0] 8 B3 22 5 1, B ok
TE T 45 Tl 56 285 ) =2 ) 2 A ) A 3 3

XI5 1 B Ru(0001) 2 1fi, DFT #5515
PR 2 1T P8 Ad o/ dy o —3.89% , W I SR T AR
J =111% A, A5 S F I i Ru(0001)2 1H
SN 52 2 B T 5 LY.
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