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N T UL BB A AT, A SCR A 85— 1 JRUEE 7 VR 7L T Bag, O, /NS M Ru(0001) 2 11 1 45 14
FesE MR PR R . 36T BRI 20 R, ESER414 T (500 K, Pa,o/Pu, < 107?), Ba:O
##EL BaO2, BaO, Ba Al O Z[#% (J81) B hNE €. IXUES2 &4 40 i MEAUR 1 (1 1575 th 2 S0 40 B 7 v B 1)
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Pack /7 % (MP) Azl /=4 PO HF B ik 5H 1
MBS HE A 1077 eV, 45 #4446 i) Hellmann-
Feynman Jii T 7JUSL A HE 8 1072 eVonm L. flifk
RYET SR 25, 19 3047 I & 4% % 2 (o = 0.273
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c/a = 1.584) F A —H U LR A A
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— (No — Nga)pol, (1)

Horb A slab B8 — R H TR, Eeean M Emoa
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A BaO (KA, po 2 BB A R E IR T
=23

9T B 5 SRR T S A (R AR L, e
FE T SRR I A R S . R R AR £
BURRVA R LA 13, R B2
— R MK, AERI TS T, SN
(1 0SB T 1 2 3 phy SR K 26 TR AL 2 4 v
(1o = prs0 — jm,). WIFIEFE VTS AR, 4
T 1R A 2538 AT LA R R A S B 29

Ho

= (Em,o — En, — Eo) — kT{3 1an20}
2 MH,

3/2 1/2
+kT{ln (2mk) I(ZZIyIZ) ﬁ}
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2
~In(1 — e*"wﬁao/’“T)} G ERTInTE20 (g
Pa,

Fooh 8 1 BUR 45 A R TTIR, Brso, En, F1 Eo 4
BRINLK IS T, A0 TRIEUR T H M A 42
TR B B AL I TR, kR BRI M, T RR

FE, mu,o Fma, 70 527K 1RSS50 &
5 3TN B REMITTER, L, T, R I, S K5 32 4l
W T e BROT [ s, TREA 7 Tl E
O 3 L3 1 BRI R S 0 B B 4 TR B BE 1 TR,
w; (i = Hy M H,0) & Z MK 5> T I R 9% 5 A
By Ao 1D RSB TR, 58 1 DUR4E B etk it
IS o T (JE7) B Re 5 26 2 FIER 3 0UAR 4%
B U SS KR o+ B H B 28 4 DU S5
THIKS> T RIIRSI RS2, R FR A, ik
PEZ G A K 2 SN E U R e ijf X [a]
A [10-24, 10°], B2 FE X 1A [500, 900] K,
THRATR AR T 35 XA [—10.5, —6.0] eV.

0.8
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0.4}
o’n; BaO#Hfk .
> "
< _04 L Ru/BaO ;
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S T "

no/eV

El2 Ba, O, NAFEEM 5L Ru(0001) K H HAEE

FE M A 5 34 X TR A, A A8 1 3 R ) R T E
HAEAEtk, Wil 2 fras. [ # 8 i 2 T 0 R
FVEE A6 2 380 O, BRIV 70 141 4% 1) R 42U 1
AN S S2IR A 5. R E B AR R/
B/ T2, i B B %A% 1 R 10 b BaO #R 4H, LA
JiH 7 Ru(0001) K TH B A2 . EDFE TAE&AFF,
B Eh FIG ) 4 AT EET AR T A R AR 1L
KT —6.30 eV, BaOo &1 R 1 bt HAth 2% i 58
JnFsE. Ru(0001)/BaOy I H H GE AL IE N T
Ru(0001)/0 K 1H [, X ¥i BI7E 26 1F R 2 R IE
JE 7 A7 T BaO &MY T, BT RE A
Ru(0001) & Ti LA B &+ 1 % A7 78, fods, A0
BaO [H17% 1) 4 J& PH B 117 £ — & i e 5 1 .
B T 51 BaO IR TE i BaOo [ 7% 7] LAE IR K
FERE B IR R 25 40 i) i R, 2 U AL 3
F —6.40 eV, FIFREHIIE T L E K. BayO Hf%
R F1E 1 T B R T B B RS AR . AL
FHCEE BaO 1417 A BELE A 2% X 7] [—6.40, —6.30]
WA EAAAE. MR —45 R, WL RN s B A
HK ZEVR & B HITE 1%0 LT, TR R L2 3
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N T —6.4 eV, B2 A AT 5 7 O 1 1
EE e RS

3.3 Ba, Ol imFTEMIEEIER

N T it BA BagO [ % RAT 4o JEC 8] F AH L4
BATHH T BaxO HfEFH IR AR F B BT
2 (PDOS), Wik 3 (a) Fis. B PDOS A1, 4
JE - LI PR F S B K 4 #0 0 AT AE B OK R S
PATF. 3 i B % h ) SR TR AR LD O B 11
T RAEAE. BUE T PDOS 7E 2 KB UL T 1% 7 4
MEREFARRE A, G HENETH R
THUER S, FLPURT7EA U Bat 5T
MR R EEIR PR 2 M BT, &
JEF R 2 AN HLF, B84 1E Bag O [ 5% B i B 43
A — R MIE E T

(a)

PDOS/arb. units

B3 Ru(0001)/BazO A HTEEH  (a) Ml (KM
2k) MR T (B G MY BT H®E (PDOS); (b)
A BB 1 5 S5 FL G 28 00 2 . W (R ) SR TR Y
X AR (k%) BT

T UL X HL ) A A s O, BATTTHE T
fuf 2253 55 B, AL TSR A
Ap = PRu(0001)/BasO — PRu(0001) — PBay0>  (3)

Hrp PRu(0001)/Baz 05 PRu(0001) A PBas0O 73 e

M, 7 R AL Bag O B AL I HL 7% B2, AH

82 P B A 22 2355 B2 A 1] 3 (b) o, AT AT
F X E A AR AT AL T 22 18], BagO B
AN A A AT SR T AFEAN R A ELAE . SR
TR T 73R4 . AT AR T R IX A5
T, XRHIAELE Ru—O 5. 1M L5 7 14 H -1 J0 ) 40
AN ARET S5 2 6] (K X I, XU LR 7 A X
PETRTICR T . 57 J5 549 2% B 7 1 X gk
JRASAE W LT dag FUE AT, IX Ui WIS IRET S5
T EH I dz, HUBEBM B,

3.4 Ba,OHl 2R EHI R 57 F WM
B

BT TR BE N S B A B R P 3R ok E AP
AR B A TR AR RS R N IR IR A U
T 16 1 2 LU BT Ru(0001) 1 T A7 4150 Al
Z AT TR T4 Ru(0001) i BaO 7% 4
LR AT . B T TR UR 7 B 3 b AU 1 B
I ) T SE AR e . L5 PR AT %) T A7 W Bt R £
0.87 eV, KT 5 ¥ i T4 iy Bt & (0.19 eV).
WS B o ) 22 031 T ok B T AR T AN R AL
P J5i (191,

%1 BayO A Ru(0001) F 1 1% 4 T # 5

Sites Ea/eV drun/nm dy.n/nm  vn.N/cm L
Close Ba(1) 0.78 0.190 0.116 1985
Close O (2) 0.88 0.187 0.117 1888

Clean 0.67 0.197 0.114 2193

a) Ea RES TR, dyx A1 dren 55152 N-N Al
N-Ru [W85. vn.n BT RS

N T U B Bao O B R X 2 7 T W BT S 1 52
W, AT RS T BagO L BN 405 1 B 30 1 2 F
WG P15 1o, I PR R A7 B P 1 () 43 0“1
“T RN B TR ER R 1R, AETF
BaO 1% M 1R B AT 4, BagO HIFE A AEE T
Bt 30T 1) 2090 5 T B E 23 il 24 0.88 F10.78 €V, P4
R TIEE RIS TR EE (0.67 eV). FUET
VR ALET SR 1 (a1 BE, 78 SRR T BT 2 5N
0.187 #10.190 nm, /N Tif 75K M 19 0.197 nm. 1X
i B Bao O [ 7% W& 38 58 T 28043 1 A0 Ao JEC ] f AH
HAER. B 7R R I 1E B GR, &0 T
5. BaoO 7% £ F1 9 5 ¥ Bt 3 i) N—N 52K 5331
0117 F10.116 nm, KT iF 7 & 1H 1 0.114 nm.
B FN—NR AR IR MR TI1X— L &
FEN G 7 B I 00 T R AR IR S A% 43 31 1888
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1985 cm ™!, /NTFIEER AT 2193 em™— L. BasO
1 #7421 Ru(0001) 2 [ Y %80 73 W B 44 Joit % B,
Bao O A% 7 LIS 58 58 75— A4 J B AH ELAE H, A1
SR THE.

'
'

=)

r\

(b)

L
©

B4 MRS IR A 20 % (a) Ru(0001) %
Tfi; (b) Ru(0001)/BagO M (i i (%) %% FETH M 1Y
XIAFH] (R 2:) HTF)

N T k25 B W] BayO B &2 1 i A
FY, BATTTHSE T R0 W PR 51 1) T+ AT 22 0
&, MR TSR AN

Apl = Psub-Ng — Psub — PNy, <4>

HoH psub-Ny s psub A pry 73 50l 52 W B 2R TR, A JEC AN
ISL BT I HAar 26 B 40 4. BT Bag O HRE A2
% TH] S 1 AU A IR BE PR S AR I, 7R M FRATT
WY T R8T 00 F 5 AU 1 BT 10 B o 22 5
R, WE 4 (b) B, N TAETHREL, AT
T R B S TR 1R I A 2 4 R,
Bl 4 (a) Fion. AR THOEER, 580 TR 2
Ji 1A, WAFEAE 1A &R T p. PLUE T 10 o B,
DA 2 A H py FH py, FUETE B 70 . 3N e
A R, 3 RS A TR N—N =4, 7E
JHVE Ru(0001) K 1H, &5+ o BB X ISAIET B+ 1)
o PUE X IR 25 HL 7, 1T RN SR 1 R 1) DX 345
B, X ERET R do HUEME S o PUEM B
TER, B Ru—N 4. FAMNE 7 o X 1%
FEREIN, B F o SCBR U I T o R O .
RIVLE 75 vk e I, A A Ru—N B8 A In o S B
R BT SEE, B A S T8 75 BaoO HfE1E

TR, 501 B 51 kS i) ey e 8 2 A P E AR
o7 RE. B3 (b) 45 HL T X 4 (Ba Al Ru Z [A])
B R FZHT, U BaoO H%K & [ ¥ Hi 7% A )
B FHUERE. M TIEERT, 207 niud
DX I AR RRIG N, 156 B o S B o A g — AR . |
T FRIF AR, rORBEEUTE 1 BT A T
E 125 < Bl ot 11 0 W S i Y R 2
TE PR HL 23 A B R T35 B A S T ) i
PEF IR T 80 T k. BRI 5, BagO Hi%
i I AR PR TR T B R R O
o3A, INTE— 2 HI 55 T N—N .

4 2 #®

ASCR T %z A 10 58 — M IR 3 7
EREFL T Bay, O, /N BIFEE Ru(0001) R 1 1) 454
R AR o TR M. ST SRR IR T4
MR B, 75256 261F K, BayO Hl#% L BaO,, BaO,
Ba f1 O 2% (JE1) 5 nfae. X8 BaO B
AL 7 0] AR 2 & SR AR 8 5, T A%
& & 1 R OUR T, BaoO HIFE VORI E T 54K
FAERFRBMHEEAER. AET MR T do 5
TEIRTGHF, R — 2 R 1) Ru—O 8, MR 1
W — 5850 L 6 75 4T 1 o B8, TR —
PRI Ru—Ba &R, BEARFIEMARE 724
AN TR (A 27 1 B, AN et 5 3 RN AR T T P
a3 B S AR ACL, A L %5 TR B RE 2 N
0.78 F10.88 eV. P43 # K T v K 1 1 & 5 1)
B RE (~0.67 eV). & T I EE FE 2 T I h A PR 30
WA Bao O BIFRAE— e AR RE Bid il 7 Wb 40
57 F. BagO HK A A5 I I 1 N— N 88 K 73
HIN0.117F10.116 nm, KFIHERMA 0.114 nm.
FHB. B B 53 7 P AR IR B 533 0] 43 301l 1888 F11 1985
em b, /NTIEE RN 2193 em ™~ BT R £ 5y
ERER TR, BT OE T RE R GER, &
I3 F OB T X IARRE N, HAE A AR T
Ay AR, X UL B Bag O 175 8 i i v/ FH B2
TR T OB B A, T E— 25
55 7B T
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Abstract

Barium promoter is widely used in the secondary ammonia synthesis catalysis, which could greatly improve the
performance of a catalyst. Although barium oxide is confirmed as the main component of barium promoter, the existence
of metallic barium has been argued. In order to theoretically clarify this issue, the first principles calculations have been
performed to study the geometric stability and the nitrogen adsorption properties of small Ba,O, cluster-modified
Ru(0001) surface. It is found that Ba»O cluster is more stable than other small clusters or atoms (BaO», BaO, Ba and
O) on the Ru(0001) surface under the condition that the pressure rate of HoO/Hz is below 1%o. This implies that BaO
promoter could be partially reduced by hydrogen gas in the experiment. According to the results of the projected density
of states and charge difference induced by modification of cluster, the O atom in BazO cluster gains electrons from d,2
orbit of the underlying Ru atom, and forms O—Ru bonds; while Ba atom in BazO clusters transfers electrons to the
nearest Ru atoms and forms Ba-Ru metallic bonds. As the adsorption of nitrogen is an initial reactant in ammonia
synthesis, we also study the nitrogen adsorption properties near the BazO cluster. Compared with the different chemical
properties of O and Ba atoms, the adsorption properties of nitrogen molecules on the sites close to O and Ba atoms are
similar. The nitrogen adsorption energies at the corresponding sites are calculated to be 0.88 and 0.78 eV, respectively.
The bond lengths of nitrogen molecules are about 0.187 nm near O atom, and 0.190 nm near Ba atom, both of which
are shorter than those on a clean surface (~0.197 nm). And the stretching vibrational frequency of a nitrogen molecule
is calculated to be 1888 cm ™! near the O atom, 1985 cm ™! near the Ba atom, both of which are also less than those on
a clean surface (~2193 cmfl). This suggests that BaxO cluster may weaken the bond strength of nitrogen molecules.
According to the charge difference induced by nitrogen adsorption, the electrostatic interactions of BasO clusters increase
the occupation of  antibonding orbital and the electric polarization of the nitrogen molecule, and thus weaken the N—N
bond.

Keywords: barium promoter, Ba,O,, clusters, Ru(0001) surface, nitrogen adsorption

PACS: 68.43.Fg, 73.20.At, 82.65.+1 DOI: 10.7498 /aps.64.016302

* Project Supported by the Shanghai Natural Science Foundation, China (Grant No. 14ZR1418600), and the Subjects
Construction Program of Shanghai University of Engineering Science, China (Grant Nos. 2012gp43, c¢s1421001).

1 Corresponding author. E-mail: bighunter@suse.edu.cn

016802-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.64.016802

	1引 言
	2研究方法和计算参数
	3结果与讨论
	3.1 BaxOy小团簇修饰Ru(0001)表面的原子结构
	Fig 1

	3.2 修饰表面的热力学稳定性
	Fig 2

	3.3 Ba2O团簇修饰表面的相互作用
	Fig 3

	3.4 Ba2O团簇修饰表面的氮分子吸附 性质
	Table 1
	Fig 4


	4结 论
	References
	Abstract

