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æ^�Ý�¼nØïÄ
 Ru(0001) /BaO L¡��f�(�Ú�©f�áN5�. ïÄ(JL², 3$CX
Ýe�z���u±�Ó��./¤ Ru(0001) L¡�f�. 3d�.¥, ��f uL¡ p(1 × 1) (�� hcp �
 , 
��fK uÓ� p(1 × 1) (��º NC. n�����u 0.209 nm, ' EXAFS �¢��� 0.018 nm.

3 Ru(0001) /BaO L¡�©f��áNu��fNC. �A ���©fáNU u 0.70 � 0.87 eV �m, �u
��fNC��©fáNU. ��fNC�n�fé�©fäk�r�¹z5U. �A ���©f.��Äª
Ç�u 1946 cm−1, '��fNC���©f�ÄªÇ�� 130 cm−1. Ru(0001) /BaO L¡�©f�rÝ0u�
' Ru(0001) Ú Ru(0001) /Ba L¡�m. Ru(0001)/BaO L¡ØÓ ���©fáN5��É´d�Ú��fzÆ5
�ØÓE¤�. L¡��f��^U
~�áN�©f� σ∗ ;�>f�Ý, O\ π∗ ;�>f�Ý, l
Or�©
fÚn�fm�;�,z�^, fz�©f�.

'�c: RÜ¤xzJ, Ru(0001) /BaO L¡, L¡/¤U, ©f�Ä

PACS: 68.43.Fg, 73.20.At, 82.65.+r

1 Ú ó

wè7á�´1��RÜ¤�AnxzJ�
p�ÏxJ, �±JpxzJ��A¹5� 2—3
�êþ? [1−3]. �ÏxJÏL���Ú\nxz
J�, 3��5�¸e©)�k�¤© [4−6]. ïÄ
ó�öé�ÏJ��^ÅnE,�3NõØÓ�
n). Hansen Ú Rossetti � [2,7,8] �Ñ��>f.
ÏJ, 
 Muhler Ú Kowalczyk � [1,9,10] K@���
(�.ÏJ, Zeng � [5] uy�Ó�äk>fÚ(
�ÏJ�A�. é�ÏJa.@£��É, �U´
d�ÏJ3nxzJL¡�3/ª�õ�5E¤
�. X ��1>fÌ (XPS)!X ��û� (XRD) Ú

§S,§���Ì (TPR-MS) �¢�uy�ÏJ�
±± BaO, Ba, BaCO3 Ú Ba(OH)2 �/ª�3un
L¡ [5,6,10]. �«�z�3nL¡��f(�´ï
Ä�ÏJ�^Ån�cJ��.

õ«¢��{ïÄ
�z�3nxzJL¡
��3/ª [8−12]. Muhler � [9] @��z�±�Ú
��f�áN��/ª�3unL¡. ß�>fw
�º (TEM) ¢�uy�z�3nL¡�3ü«Ø
Ó�(� [7,8]. �«´L¡Ø½.�N�, ,�«
´©Ñ(�. ©Ñ.�L¡�f�´�z�3x
zJL¡�k�Ïx(�. 2ò X ��áÂ°[
(� (EXAFS) ¢���L¡(��nÚ��fm
å�� 0.191 nm[11]. dmå3ê�þ�u��f
Ún�f�»�Ú, ±9 Ru3+ Ú O2− lf�»�
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Ú. duxzJL¡Ø�U�3��fÚ Ru3+ l
f, ��@��~�må´d;��fê~�E¤
� [11,12].

��¢�ïÄ�k�Ö¿, /Ï�Ý�¼nØ
�{�±?�Ú�« Ru/BaO .¡��f(�Úz
Æ5�, �¢�ó�öïÄ�ÏxJ3xzJL¡
��3/ªÚ�^ÅnJø7��nØÄ:. ·�
�|æ^�Ý�¼nØ�{ïÄ
õ�7áL¡
áNXÚ, �A�(J�¢��mäkéÐ���
5 [13−15]. Ru(0001) L¡´n¬N�­½�$�V
�êL¡�� [12,16,17], �´nxzJ��z�Ï
xJ�Ì��>¡ [6]. �©æ^�Ý�¼nØ�
{ïÄ
3ØÓCXÝe Ru(0001) L¡�z�á
N���f(�Ú�©f�áN5�. ïÄ(J
L², 3$CXÝe�z���u±�Ó��./
¤ Ru(0001) L¡�f�(�. Ru(0001)/BaO L¡
ØÓ �w«ÑØÓ��©fáN5�. ��fN
C�n�fé�©fäk�r�¹z5U.

2 O��{

�©�O�L§æ^
Äu�Ý�¼nØ
� VASP �è [18,19]. lfÚd>f��p�^
³æ^ PAW �{ [20]. >fm���'éUæ
^ GGA Cqe� PBE �{O� [21]. k��^
³Ú>fÅ¼ê±²¡Å�Ä¥Ðm. Âñ5
O�L², Ðm>fÅ¼ê�²¡Å��U�
� 400 eV, �±�yO�(J�°Ý. Ùp�«
S�Ø�� k :d Monkhorst-Pack �Y (MP) gÄ
�) [22]. >fgUO��oUÂñ�â� 10−5

eV, (�`z� Hellmann-Feynman �fåÂñ�
â� 10−2eV·nm−1. L¡æ^±Ï.�¡��.�
[, ¡�k 5 ��f�|¤. e¡ 3 ��f��½,
JøN�¸; 
Ù{ 2 ��f��±gd£Ä, �
[L¡µþ. ¡�mý���þÝ�� 1.4 nm, �
y¡�m��p�^å�u 10−3 eV·nm−1. du
>Ö=£��3, L¡O�Ú\
R�L¡���
4z?�.

3 (J�?Ø

3.1 ���������fffáááNNN(((���

3�E Ru(0001) L¡�L§¥, Äk`z

�¬n¬N(�, ��n�¬�~ê (a = 0.273

nm, c/a = 1.578), � ¢ � � (a = 0.270 nm,
c/a = 1.584) Ä��� [23]. �XUìþã¬�~
ê�E Ru(0001) L¡¡��., `zL¡(�. O
����' Ru(0001) L¡�	��fµþ ∆d12/d

�u −3.2%. L¡gdUUìúª (1) O�. 3ú
ª (1) ¥, A � Ru(0001) L¡�.�ý�L¡È,
Er

Ru(0001) ��ý�½�ýµþ�¡��.oU,
Ef

Ru(0001) �üý�½�¡��.oU, µRu �n�
f�zÆ³, N ��.�n�fê. dúª (1) �
� Ru(0001) L¡�L¡gdU� 2.51 J·m−2, �Ù
§nØÚ¢��Ä�ÎÜ [23−26]

γ =
1

2A
[2Er

Ru(0001) − Ef
Ru(0001) − NµRu]. (1)

���f3 Ru(0001) L¡k 2 �pé¡�á
N �, ©O´ hcp Ú fcc � . �
'�ØÓá
N(��­½5, ±�á�fÚ�'L¡�Uþ
":, �fáNUUìúª (2) O�. 3úª (2)
¥, EX ��á�g^4z�foU, ERu(0001) �
�' Ru(0001) L¡oU, ERu(0001)−X �áNL¡
oU. ��f3 hcp � �áNU�u 3.27 eV,
' fcc � �� 0.04 eV. Ïd hcp � ´��f
3 Ru(0001) L¡��­½áN �. ��f3 hcp
Ú fcc � �áNU©O�u 6.08 Ú 5.64 eV. Ï
d hcp � �´��f��­½áN �, ù�$
U>fû� (LEED) ¢����(Ø�� [27].

Eads = EX + ERu(0001) − ERu(0001)−X (2)

3.2 Ru(0001)/BaO LLL¡¡¡(((���

½Â��fCXÝ�uL¡��fêØ±�
.�L¡n�fê. �â®k�¢�(J, Ru/Ba x
zJ3�n�fê'�� 0.3 �5U���` [9].
xzJ¥n¬â�º��� 1—2 nm[11]. ý¢¬â
�/Gd��É5�L¡gdUû½ (Wulff Con-
struction). �â1�5�n�O�(J, Ru ¬â�
¬¡± (0001), (1000) Ú (1001) ¡�Ì [28]. �
�
���xzJL¡���fCXÝ, eb½n¬â
L¡Ñd (0001) ¡|¤, �z��Üþ!©Ùun
L¡, �Ñ>��A, ��¬âL¡���fCX
Ý�� 0.20—0.40 ML(Monolayer). du�3�z
�N� [8,10], ¢S��fCXÝA�u���. ·
�ïÄ
��fCXÝl 1/16 � 1/2 ML äk�{
ü��� Ru(0001)/BaO L¡(�. ÄuoUÚ�
få�`zO���, c(2 × 2) (�´Ø­½�, Ù
¦CXÝe�L¡�­½(�Xã 1 ¤«. L¡á
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N�3 1/4 ML CXÝe/¤���fó, 
3C
XÝ�u 1/4 ML �/¤Ó��.�L¡(�. 3
d�.¥, ��f u�� p(1×1) (�� hcp �
 , 
��fK uÓ� p(1×1) (��º NC.

L¡(��CXÝ�Cz´dL¡�p�^Cz
E¤�. 3pCXÝe, áN�S��f�p�^
ÓÌ�, 
3$CXÝe, áNÔÚ�.��p�
^ÓÌ�.

ã 1 ØÓCXÝe Ru(0001) L¡�z�áN���­½�f(� (a) Ú (b) � 1/4 ML CXÝe� p(2×2) Ú c(2×4) L¡;
(c) � 1/8 ML CXÝe� c(4×4) L¡; (d) � 1/9 ML CXÝe� p(3×3) L¡; (e) � 1/16 ML CXÝe� p(4×4) L¡

U ì ú ª (3) ½ Â L ¡ / ¤ U ESF

(Surface Formation Energy), Ù ¥ ERu(0001)−BaO

´ Ru(0001)/BaO L ¡ � o U, ERu(0001) ´ �
' Ru(0001) L¡�oU, EBaO ´�z�3N�
�oU. Ru(0001)/BaO L¡�­½5dL¡/¤
U ESF Ú��fCXÝ λ û½. 3�n�fê'
����, �z�Ü©áNunL¡, L¡(��
­½5dL¡�gdUCz (�'u λESF) û½.
3�n�fê'����, �z��ÜáNunL
¡, L¡(��­½5dL¡/¤Uû½. ¢�^
�áu1�«�¹. Ïd Ru(0001) /BaO L¡�L

¡/¤U��, L¡(��­½. 3ØÓ��fC
XÝe, Ru(0001) /BaO L¡�L¡/¤UÚ��
XL 1 ¤«. p(2×2) Ú c(2×4) L¡�L¡/¤U
©O�u −0.31 Ú −0.17 eV. L¡/¤U�u",
`²3 1/4 ML CXÝe�¬�z�¬N�­½.
c(4×4), p(3×3) Ú p(4×4) L¡�L¡/¤U©O
�u 0.09, 0.18 Ú 1.05 eV. L¡/¤U�u", `
²3CXÝ�u 1/4 ML �L¡�f��­½. �
XCXÝü$, L¡/¤UO\, L¡�f�­½
5Jp. �z���u±$CXÝ�©Ñ(��
3uxzJnL¡, ù� Hansen ����(Ø�
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� [7,8]. L¡(���fmå��XCXÝ~�Ñ
kCz. n����3 1/4 ML CXÝe�u 0.217
nm; 
3CXÝl 1/8 � 1/16 ML �mK� 0.209
nm, '¢�� [11] � 0.018 nm. �XCXÝ~�,
�����l 1/4 ML CXÝe� 0.276 nm ~�
� 1/16 ML CXÝe� 0.251 nm. ù´d�z��
f��¥Õ³�XCXÝü$Åì l�z�¬
N�ê�9³E¤�.

ESF = EBaO + ERu(0001) − ERu(0001)−BaO. (3)

3.3 Ru(0001)/BaO LLL¡¡¡������©©©fffáááNNN555���

�
`²$CXÝe Ru(0001)/BaO .¡��
©fáN5�, ·�ïÄ
�©f3nL¡�z
�NCØÓ ��áN(�. O�L§�L¡
���� p(3×3). Âñ5O�L², 3T��e
;��©f��p�^U�u 0.01 eV, l
�±
3�½§Ýþ¶-áN�©fm��p�^. �
©f3 Ru(0001) L¡)lcR�áNuL¡º
  [28−30]. �©f3 Ru(0001)/BaO-p(3×3) L¡�
�UáN �Xã 2 ¤«. �©3 Ru(0001)/BaO-
p(3×3) L¡k 4 «�U�áN �. §�´Ó�;
����f� “S-A”  �, �l���f� “S-D”
 �, ±9;���f� “S-B”  �Ú;���
f� “S-C”  �. �©f3ØÓ ��áN5�X
L 2 ¤«. áNU�±3�½§ÝþL�áN©f
Ú�.m��p�^. �©f3 “S-A” Ú “S-C”  
��áNU�é��, 3 0.19—0.22 eV �m. �©

f3 “S-B” Ú “S-D”  ��áNU u 0.70—0.87
eV �m, 0u�' Ru(0001) L¡Ú Ru(0001)/Ba L
¡�áNU (0.56 Ú 1.36 eV) �m [15].

�â Bader ��{ [31], �� Ru(0001) /BaO-
p(3×3) L¡ØÓ ��n�f>Öê3 −0.31—
0.2 e �m. ��fNC�n�fw«Ñ�>, 

Ù §   � � K >. l z Æ � Ý þ w, ù ´ d �
�f�>K5E¤�. ��Ú.��ÄªÇ�
±3�½§ÝþL�áN�©f�©f�rÝ.
3 Ru(0001)/BaO L¡ØÓáN ���©f��
Ñ u 0.115—0.117 nm ��S, 0u�' Ru(0001)
L ¡ Ú Ru(0001) /Ba L ¡ � � © f � � (0.113
Ú 0.120 nm) � m. 3 ¤ k á N   � ¥, “S-C1”
Ú “S-D2”  ���©f.��ÄªÇ��, ©
O�u 2076 Ú 2070 cm−1; “S-B1”  ���©f
.��ÄªÇ��, �u 1946 cm−1. ¤k��
©f.��ÄªÇ�Ñ0u�' Ru(0001) L¡
Ú Ru(0001) /Ba L¡�©f.��ÄªÇ (2221
Ú 1745 cm−1) �m [15]. l©f��Ú.��Äª
Çþw, Ru(0001) /BaO L¡��©f�rÝ0u�
' Ru(0001) L¡Ú Ru(0001)/Ba L¡�m. 3L 2
¥, �©f.��ÄªÇ��þ�X�©f>fê
O\
~�. .��ÄªÇ��� “S-C1” Ú “S-
D2”   �, � © f > Ö ê � �, © O � u −0.53
Ú −0.54 e; 
�©f.��ÄªÇ��� “S-B1”
 �, �©f>Öê�é��, �u −0.68 e. �©
f�>Öê��, K©fS�¥Õü½�^�r,
©f��f, ©f.��ÄªÇ��.

L 1 ØÓCXÝe Ru(0001) L¡�z�áN��L¡/¤UÚ��

�CXÝ/ML 1/4 1/4 1/8 1/9 1/16

L¡�� p(2×2) c(2×4) c(4×4) p(3×3) p(4×4)
ESF/eV −0.31 −0.17 0.09 0.18 1.05

dRu−O/nm 0.217 0.217 0.209 0.209 0.209
dBa−O/nm 0.276 0.259 0.253 0.253 0.251

ESF ´�éu�'L¡ÚN��L¡/¤U; dRu−O Ú dBa−O ©O´ Ru—O Ú Ba—O ���.

L 2 ØÓ ���©fáN5�

 � S-A1 S-A2 S-B1 S-B2 S-C1 S-D1 S-D2 S-D3 S-D4

Eads /eV 0.22 0.23 0.70 0.87 0.19 0.80 0.71 0.80 0.87
QRu/e 0.09 0.07 −0.31 −0.15 0.20 −0.11 −0.09 −0.07 −0.10

dN−N/nm 0.116 0.116 0.117 0.116 0.115 0.116 0.115 0.116 0.117
νN−N/cm−1 1994 1983 1946 1963 2076 1984 2070 1987 1962

QN2/e −0.60 −0.61 −0.68 −0.70 −0.53 −0.64 −0.54 −0.62 −0.71

Eads ´�©fáNU, dN−N ´�©f��, νN−N ´�©f.��ÄªÇ, QRu ´ Ru(0001) /BaO-p(3×3) L¡�
	�n�f�>Öê, QN2 ´áN�©f�>Öê.

136802-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 13 (2012) 136802

ã 2 Ru(0001)/BaO-p(3×3) L¡��©fáN � “S-A” �
;����f�áN �; “S-B” ���fNC�áN �;
“S-C” ���fNC�áN �; “S-D” ��l���f�áN
 �

3.4 LLL¡¡¡>>>fff(((���

3þãáN �¥, “S-C1” �C��f, �©
fáNU��; 
 “S-B2” �C��f, �©fáN
U��. �
3>f(�þïÄØÓ �áN5
��É��Ï, “S-B2” Ú “S-C1”  �áN�©f
�Û�>f��ÝXã 3 ¤«. 3 −7.44 � −7.07
eV Ú −6.77 � −6.61 eV �>f��Ý©Od π

Ú σ ©f;���.�f;��^/¤, ©O
^ π∗ Ú σ∗ IP. 3 −6.0 eV ? “S-C1” �©f�
>f��Ýd�©f;�Ú Ru-O ,z;��^
/¤. l −4.5 � 2.0 eV �>f��ÝKd� π

©f;�Ún�f d ;�,z/¤, ^ d-π IP.
“S-B2”  �� d-π >f��Ý' “S-C1” ��. ù
`²3 “S-B2”  ��©fÚn�fm�;�,z
�^�r.

þãL¡>f���m©ÙXã 4 ¤«. 3
ã 4 ¥, 1�1��©fáNu “S-B2”  ��, >
f�Ý3�©fÚ��f¤3²¡S�©Ù; 1
�1��©fáNu “S-C1”  ��, >f�Ý3
�©fÚ��f¤3²¡S�©Ù. π∗ Ú σ∗ ;�
�>f�ÝÌ�©Ù3�©fNC, ��á�©
f�C. ù`²L¡�p�^�,3�½§ÝþK
�
�©f�, �¿�»��©f�. >f�Ý�

CzÌ�Ny3ü��¡, �´ π∗ Ú σ∗ ;��
4z. π∗ ;��4zÌ�´dáN ��>|E
¤. π∗ ;�>f�3”S-B2”  ��C��f, 

3”S-C1”  ��l��f. σ∗ ;��4zKd�
©fÚn�f��p�^E¤. �´ π∗ Ú σ∗ ;�
��m©Ù����. π∗ ;�>f�Ý3�©f
áNu”S-B2”  ��©Ù���2, 
 σ∗ ;�>
f�ÝK3�©fáNu”S-C1”  ��©Ù��
�2. ©fÚ7áL¡�;��^nØ�±éÐ/
)º π∗ Ú σ∗ ;��>f�Ý�É [32]. d-π;�
Ì�©Ù3�.!�©fÚ��fNC, 
3��
fNC�ê�é�. ù`²3 Ru(0001) /BaO L¡
��f±lf/ª�3, 
��f��.±9�©
fÑ�3�½§Ý�;�,z�^. dL 2 Úã 4
��, ��fNC�n�fé�©fäk�r�¹
z5U. L¡��fU
O\;�n�f�d>f
ê (¦Ù�K>), l
Orn�fÚ�©f;�m
�,z�^. ,z�^¦áN�©f σ∗ ;�>f
�Ý~�, π∗ ;�>f�ÝO\. T�^3�½§
Ýþfz
�©f�, ~�
�©f��ÄªÇ.

ã 3 Ru(0001)/BaO-p(3×3)-N2 L¡ “S-B2” Ú “S-C1”  ��
�©fÛ�>f��Ý

4 ( Ø

·�æ^�Ý�¼nØïÄ
 Ru(0001)/BaO
L¡��f�(�Ú�©f�áN5�, ���Ì
�(ØXe:

1) Ru(0001) /BaO L¡�f�3$CXÝe�
\­½. 3��fCXÝ�u 1/4 ML �, �z��
�u/¤äk�Ó�.�L¡�f(�. 3d�.
¥, ��f u�� p(1×1) (�� hcp � , 
�
�fK uÓ� p(1×1) (��º NC. n��
���u 0.209 nm, '¢��� 0.018 nm.
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ã 4 Ru(0001) /BaO-p(3×3)-N2 L¡>f���m©Ù

2) �©f3 Ru(0001) /BaO L¡ØÓ �w«
ÑØÓ�áN5�, ��áNu��fNC. �A
 ���©fáNU u 0.70—0.87 eV �m, ©f
�� u 0.115—0.117 nm �m, ���©f.�
�ÄªÇ�u 1946 cm−1.

3) áNu Ru(0001) /BaO L¡��©f, Ù©
f;���.�f;��^/¤� π∗ Ú σ∗ L
¡>f�©O u −7.44 � −7.07 eV Ú −6.77
� −6.61 eV ��S. d π©f;�Ún�f d ;
�,z/¤� d-π>f�K u −4.5 � 2.0 eV �
�S.

4) Ru(0001) /BaO L¡ØÓ �áN5���
ÉÌ�´d���f�zÆ5�û½. ��fNC
�n�fé�©fäk�r�¹z5U.

�©�O�(JØ=3�½§Ýþ�«
3
$CXÝe�z�3nL¡²���f(�, �l
>f(�þ`²
L¡�f����fK��©
fáN�^�äNL§. L¡��fU
¦;�n
�f�d>fêO\ (¦Ù�K>), l
Orn�
fÚ�©fm�;�,z�^. ,z�^¦áN�
©f σ∗ ;�>f�Ý~�, π∗ ;�>f�ÝO\.
T�^3é�§Ýþfz
�©f�, ~�
�©
f��ÄªÇ. 38��ó�¥·�ò?�ÚïÄ
�z�3nL¡�� (Step) NC�(�5�Ú�
©f�áN1�.

a�E��ÆÔnX�·1�Ç�?Ø.
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Abstract

First principles calculations are performed to study the geometric structures and the nitrogen adsorption properties of BaO adlayer

on Ru(0001) surface. It is suggested that BaO adlayer is more stable on Ru(0001) surface at low coverage. A configuration is observed

in surface phase at low coverage. In this structure oxygen is adsorbed on the hcp site of one p(1×1) cell, and barium is adsorbed close

to the top site of the same p(1×1) cell. Bond length of oxygen and ruthenium is calculated to be 0.209 nm, longer than the EXAFS

experimental value about 0.018 nm. Nitrogen prefers to be adsorbed on the sites close to barium. Nitrogen adsorption energies at those

sites are calculated to be in a range from 0.70 to 0.87 eV, which are bigger than those at the sites close to oxygen. Adsorption sites

near barium atoms have more activities to weaken nitrogen. The lowest N-N stretching vibrational frequency on the sites is about 1946

cm−1, less than the highest frequency on sites around oxygen (about 130 cm−1). Bond strengths of nitrogen on Ru(0001) /BaO surface

are between those on clean Ru(0001) and Ru(0001) /Ba surface. The adsorption properties of sites around BaO layer are determined

by chemical characteristic of barium and oxygen. Electron transfer from barium to ruthenium enhances the hybridization between

ruthenium and nitrogen by reducing and increasing the occupation of σ∗ and π∗ orbitals respectively.

Keywords: ammonia synthesis catalyst, Ru(0001)/BaO, surface formation energy, molecular vibration
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