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æ^Äu�Ý�¼nØ�1�5�n�{ïÄ
ü�LÞ7áv�fáN�©f�ÔnÅ�. ïÄL², ü�
v�f�õUáN 8 é�©f, áN(��é¡�ü�a7i©.(�, Ù²þáNU� – 0.28 eV. ÏLO�;�
U?Ú�©>Ö�Ý©Ù, ©Ûû½áN(�!áNU��±9áN�©fê8�S3ÔnÅ�. ïÄL², v�
f� 4s >f=£� 3d ;�þ, l�)�r�4z>|, ���©f4z, v�fÏL·>4z�^áN�©f.

�©�ïÄòé�Op�Ý;�á�k�½����^.
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1 Ú ó

�´�äF"�ÉÚ#U��, XÛS�p
�Ý;��U®¤�.�I���K. CA
c%B�(�á�ÏÙ'L¡È�!ü NÈ�
þ��`³�2�^uïÄ;�á� [1−6]. 2005

c Yildirim Ú Ciraci[7] ÇkuyLÞ7áv�f
?»ü9%B�+�#.;�á�, ;��þ�
Ý�� 8 wt%. ù«á��DÚá�ØÓ, vé
�©f��^´0uÔn�AÚzÆ�A�m,

Ù²þáNU� –0.54 eV (n�;�áNU��
´ −0.2—−0.6 eV),÷v3~§~Øe;����
¦, lÚu
¯õÆöéù«#.;�á��
ïÄ. Yildirim � [8,9] rv�f©Ñ3Ù¦�.á
�þ, X C60, %óÚ�$¡, ïÄ��Ù;��
þ�Ý©O´ 6.5 wt%, 13.3 wt%Ú 7.8 wt%, �©
f²þáNU©O� –0.49, –0.55 Ú –0.35 eV. Lee

� [10]2007 c��
3à¯#þ�,v�fÚ{�
f, ²þz�7á�f�±áN 5 é�©f, ;�
�þ�Ýp� 12 wt%, ²þáNU´ –0.3 eV. 2011

c Guo � [11] ïÄ
v�fO� C60 þ�%�f
5áN�©f�á�, ;��Ý´ 7.7 wt%, ²þá
NU´ –0.24 eV. W!�!q�7á�~�^5�
�áNJ, ©Ñ3�«B�(�á�þ?1;�ï
Ä [12−19]. nÜ5w, ù
;�á�Ì�´/Ïu
LÞ7áXv�f�áN�5��;��U�8
�, �.á�X%B�+!�$¡!C60 ��å
�©Ñ7á�f��^, éÙ;�þ¿vké��
K�, =z�v�f�õáN 4 é�©f. k��
´, 3ØÓ�.þ, v�fA�±�Ó�(�áN
�©f�ÙáNU���Ó. ù
ïÄý«, �é
ù
;�á�, ;�þ������ûuv�f�
��;�Uå. @o;�þ���!�©f�áN
(�ÚáNU���Ä¾d�oÏ�û½Qº�
&¢Ù¥�c�, 7L�\©Ûv�f��©f�
m��p�^Å�, ±d3nØþ��Ïén��
;�á�.

8c'uLÞ7ááN�©f�ÅnÌ�k
±eA«nØ�.: 18 >f�. [20], Dewar-Chatt-

Duncanson (DCD) �. [21,22] Ú·>áN�. [23].

¦+ 18 >f�.UéÐ/)ºáN�½êþ�
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�©f���½(�, �ØUýÿNX��;
�þ. ¯¢þ, éõïÄ�.� 18 >f�.��
� [24−27]. DCD �.@�v�f� d ;�>f�
�©f� s >f,z/¤¤�;�Ú��;�, Ï
ÏL,z�^áN�©f. ïÄL² [21,22], ��
©f±�f/ª�áN�, Ù��f(¢�v�f
mu);�,z, ù���f�v�fm�p�^
ér, Ø|u��º�. ��©f±©f/ª�
áN�, ïÄL² [28] �©f� s ;� u¤�¡
e –10 eV NC, v� d ;� u¤�¡e –2 eV

NC, Ù;�U?��Xd��, �©f�v�f
�m��p�^Ø�UüX/ÏL;�,z¢y.

·>áN�.w«LÞ7áÏL·>�^áN�
©f.

��\©ÛLÞ7á����©fm��p
�^Å�, ·�±v�f�~, ÏL1�5�n^
�� DMol3 XÚ/ïÄ
ü�LÞ7áv�fá
N�©f�L§!áN�©f�êþ±9��©
fm��p�^Å�. ïÄL², ü�v�f�õ
UáN 8 é�©f, ÙáNU� –0.28 eV. ÏL©Û
;�U?!�©>Ö�Ý©Ù, �²
v�f´Ï
L·>4z5áN�©f�, ��©fm�3�
�§�p�^?�Úü$
Ù(ÜU. ÏL©Ûv
��f;�Ó+ã, uy�©f�áN(�ÚáN
þ����ûu>Ö3v�f 3d ;��©Ù. �
©�ïÄl��þ�ã
�©f�v�f��p
�^Å�, �ÏL©Û>Ö�;�üÙ, ��
û
½�©f©ÙÚ�©fêþ�Ä�Ï�. ù
ïÄ
��¢��Op�Ý;�á�C½nØÄ:.

2 O��{

¤ k O � þ æ ^ Ä u � Ý � ¼ nØ [29]

� DMol3 §S�, >f��'éUæ^2ÂFÝ
Cq [30] Ú PBE[31] �¼, 3 double numerical plus

polarization (DNP) Ä|e, v�NXk�Ä8��
��»� 4.5 Å, O�gd�©f�� 3.0 Å. éØ
?n�ª� all election, NXg^ØÉ��. 3(
�`z¥, #N�©fl���ÝÚØÓ���C
v�f. `zÂñIO���: NXoUþÂñ�
� 10−7 Ha, �f����^å� 2×10−3 Ha/Å, ú
� £�u 5×10−4 nm.

3 (J©ÛÚ?Ø

3.1 áááNNN///ªªª

LÞ7á�±Ú�©fu)zÆ�A (/¤
�d�) ½öÔn�A. �&?�©f�7áv�
f��AL§, b½�©flÃ��?ÅÚ�C
7á�f, Ù(ÜU�Xã 1 ¤«. ã¥ål
½Â��©f¥%�v�fmål, Xã 1 ¥�
ã¤«. ã 1 L², ��©f�Cv�f�, v�
fÄkÏL·>�p�^áÚ�©f, l¦(
ÜUÅÚü$��áN: A. d�, �©f��
� 0.8 Å Ti—H ��� 2.01 Å, (ÜU� –5.7 eV.

��©f?�Ú�Cv�f�, Ù(ÜUò,p,

�L�� 0.51 eV �³^���½áN � B

:. ù� H-H �m�ål� 2.92 Å, Ti—H ��
� 1.77 Å, (ÜU´ –6.5 eV. ã 1 w«, �©fÚv
�f�3ü«áNa.: 1) A :, �©f±©f/
ª�áN; 2) B :, �©f±�f/ª�áN. du
�öáNU�, Ø·Ü~§~Øe�©f�áN�
º�. �Ä�l©fáN��fáN�3 0.51 eV

�³^, 3~§~Øe, �©fò�Ü©±©fá
N�/ªNX3v�f±�, Ïd3d��O�¥,

�©Ì��Ä©f/ª�áN.

� � � � �� � �
� 	 
 �� 	 
 �� 	 
 � � 
 �� � 
 �� �� � ��� �� � � � � � � � � �� � �  � � � � � !� " �� # �

ã 1 ØÓv�ål�(ÜUCz� (a) A :éA�áN
(�; (b) B :éA�áN(�. çÚ�¥�v�f, xÚ�¥�
��f

3.2 áááNNN(((���ÚÚÚáááNNNUUU

�&?ü�v�f�áNUå, �©3v±�
l���ÝÚØÓ��Å�O\�©f, ¿3Ó�
�©fêþe�O
�«�U�áN(�, �3Ï
é�½�(�. ã 2 ©O�Ñ
ØÓ�©fê
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��½áN(�, ÙéA�áNUÚ(�ëê3
L 1 ¥�Ñ. Ù¥áNU½Â�

Eads = [E(tatal)−ETi−n×EH2 ]/n, n = 1—8, (1)

E(total) L«v�fáN�©f�NX�oUþ,

ETi ´ü�v�f�Uþ, EH2 ´gd�©f�U
þ, n ´�©f�ê8. lã 2 ¥�©f�üÙ(�
5w, Ñ¥y�p�é¡/ª. XáN 4 é, 6 éÚ 8

é�©f�, þ� p4mm é¡(�, AO´áN 8

é�©f�(�Úv/ü9%B�+ [4]!v/�$L
(� [6] �©aq. d�¡�©Û�±��, ù
p
é¡(��ÑyÌ�´duv�f�>fÓâ 3d

;��AÏüÙ¤��. lL 1 �±wÑ, ���
�3 0.80—0.91 Å�m, 'gd�©f�� (0.75 Å)

O�
 7%—21%, ù�L²
�©f´±©f�
/ª�v�fáN. �©f�áNUL«�©f�
váN�¤º��Uþ. �©fáNU�ýé��
�, KXÚø�¤I��UþÒ�õ, =ø�§Ý
�p. �â{IUÜ�¦, �÷v~§~Øeø
�áNUI?u −0.2—−0.6 eV �m. L 1 ¥�á
NUþ3d��, Ïd±v��áNJ, �~·Ü

�Op�Ý;�á�. d	, *	L 1 áNU�C
z, �±w��X�©fê8�O\, ÙáNUÅ
Úü$, 3áN 7 é�©f�, áNU��. ��¡,

áNU�ü$´du�©f��©fm�p�^
��;,��¡, duáN 7 é�©f÷v 18 >f
5K, ÏdáN 7 é�©f�áNU�$. ÏLO
�, L²v�õUáN 8 é�©f, �©���á
Nêþ'©z [32] ���áNêþ�õ 2 é�©
f. d	, ·�|¢
áN 9 é�©f��«(�,

ïÄL², 1 9 é�©f½uv�fáN 8 é�
©f��¡½öý¡, �lv�fål�u 4 Å, �
áNU=�A�Î>fÏA, Tê�?uO�Ø�
��, Ä��±À�Ø�áN.

1 2 3 4

5 6 7 8

ã 2 váN 1—8 é�©f��½(�

L 1 Ti—nH2 (n = 1—8) �½(����!²þáNUÚ Mulliken 8Øê

�©fê 1 2 3 4 5 6 7 8

�� Ti—H/Å 2.01 1.93 1.78 1.85 1.86 1.82 1.83 1.99

�� H—H/Å 0.80 0.82 0.91 0.86 0.85 0.86 0.86 0.80

²þáNU/eV – 0.19 – 0.21 – 0.38 – 0.45 – 0.49 – 0.52 – 0.53 – 0.28

Mulliken Ti/eV – 0.035 – 0.016 0.088 – 0.044 – 0.115 – 0.250 – 0.510 – 0.498

8Øê H/eV 0.018 0.004 – 0.0145 0.006 0.012 0.021 0.036 0.031

3.3 áááNNNÅÅÅnnn©©©ÛÛÛ

U?´�*âfXÚ¤äk�(½�SÜU
þ�½G�, �±^5L��f	�>f�©ÙG
�. ÏL>f©Ù�±©Ûv�f��©fm�
�p�^. �©Ûv����p�^, �½�©f
d�C�Cv, O�L§¥�½�©f�v��
é �µþ�©f�(�, ¿O�NX�U?©
Ù. �©±váN 4 é�©f�~�ã�©f�v
m��p�^5Æ. ã 3 �ØÓv�åléA�U
?±9¤�¡NCU?éA��f;�Ó+ã, Ù
¥�v��©fmål� 1.85 Å ��NXéA�

�½(�. ã¥�ç�L«>fW¿g^�þ�
U?ù�L«g^�e�U?. lU?ã�±w
Ñ, v�f� d ;�Ì�©Ù3 –2—0 eV �m, 
�� s ;�Ì�©Ù3 −10—−8 eV �m. �ö>
fU?��Xd��, L²§��m�p�^Ø�
U{ü/8(u,z. ùlNX� Mulliken 8Ø
ê (XL 1 ¤«) ��wÑ, v��©f�m�k�
þ>Öu)=£, XváN 8 é�©f�, ²þz
���fk 0.031 eV �>f=£�
v�fþ, v
��m¿vku),z�A. váN 3 é�©f�
v��á�>Ö���, ù´duv�fáÚ�©
f�>f�, %�"Ñ�õ�>f, ��À>Ö�
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��. ¯¢þ, ·�uy�X�©f�Cv�f, v
�f� s U?Åì,p d ;�U?�éü$. A
O´��©fªu²ï ��, ¤�¡NC� 4 �
;�U?���v�f� d ;�>fÓâ,  s >
f� “@�” 
¤�¡±þ��Óâ� (Xã 3 ¥
�J�¤«). ù«;�>Ö�=£¦�v±��
)
��É54z>|, lp��©fu)4z,

�©f4z>Ö�AÏ©Ù��
4�Ü©4z
>Ö?\v�f� 3d ;�, lp�
�©f s ;
��v 3d ;��,z, ù�:ÏLe©��©>
Ö�Ý©Ù��y¢. *	ã 3 ��ã, uy�©
fÌ�©Ù3v�f d ;���¡?. 3ù
«�,

>Ö©Ù��, Ïév�fØ¤�)�·>³|
¶-�f, lk|u�©f�4z. ù«4z�
A��±l�©>Ö�Ý��²w�Ny. ��B
å�, ã 4 �Ñ
v�f©OáN 2, 4, 8 é�©f
��©>Ö�Ý. éuÙ¦áN(�, þuyaq
�4zy�. ùp��©>Ö�Ý½Â�váN�
©fc�>Ö�Ý��, =

∆ρ = ρ(Ti+nH2) − ρTi − ρnH2 , n = 1—8, (2)

Ù¥ ρ(Ti+nH2) ´v�f��©f�p(Ü��o
>Ö�Ý©Ù, ρTi L«ü�v�f�>Ö�Ý©
Ù, ρnH2 �(Üc�©f�>Ö�Ý©Ù. ã¥ù
Ú«�L«��>Ö, 7Ú«�L«��>Ö. c
[*	ã 4 ¥�ã, uy�©f3�lv�f�
«���>Ö3�Cv�f�«���>Ö. é
w,, ù´du·>|4z�^¦��©f>Ö
l�lv�f«�=£��Cv�f«�, �´d
uù«4z��
�©fáN3v�f�±�. d
	, 4z�=£�>Ö¿Ø´{ü�©Ùu�©
f�üý, ´©Ù3�©f�üà, ù«AÏ�
©Ù��¡k|u4z��>f?\v� d ;�,

,��¡�\r
�©f��©fm��p�^,

l¦�(ÜU?�Úü$. cö�´Ï~¤`
� DCD �.¥�,z, =�� s >fÜ©?\�
C� d ;�, Ó� d ;��>f�zÜ©>f� s

;�. Xã 3 �ã���, ¤�¡NC� 4 �;�
©O� dxz, dyz Úü�{¿� dxy ;�, du4
z>Ö©Ùu�©füà, Ïdù
4z>ÖN´
� dxy u),z¤�, ù«�þ�4z>Ö���
,z\r
v��©fm��p�^.

� � � � � � � � � � � �� � � � � � � � � � � � � � � �	 
 �
��� �� �� �� �� � � ��

ã 3 v� 4 é�©f?uØÓål�U?©Ù, ¥m�ã´
v�?uØÓål�v��f;�Ó+ã

(a) (b) (c)

ã 4 váN�©f��©>Ö�Ý (a) váN 2 é�©f;

(b) váN 4 é�©f; (c) váN 8 é�©f

4 ( Ø

æ^Äu�Ý�¼nØ�1�5�n�{ï
Ä
LÞ7áv�fáN�©f��^Ån, ��
±e(Ø.

1) v�fáN�©f�3ü«/ª: �fá
NÚ©fáN. l©fáNLÞ��fáNI�Ñ
� 0.51 eV �³^, Ïd3~§~Øe, �©f�Ü
©±©f/ªáNuv�f±�. ü�v�f�õ
UáN 8 é�©f, ²þáNU� –0.28 eV, ��O
p�Ý;�á�Jø
nØ�..

2) v�fáN�©f�Ì�áNÅn5u:

(i) v�f� 4s >f=z� 3d >f, du d ;�>
f�s�/G/¤��É5�·>³|, l¦
�©fu)·>4z; (ii) du4z��>Ö©Ù
u�©füà, N´�� s >f� d ;�>f,z,

ù«,z?�Ú\r
v��©f�m��p�
^; (iii) 4z�>Ö©Ùu�©f��©fm, Or

�©fm��p�^/¤�©f(�, ?�Ú
ü$
áNU.

3) �©f�áN �´ uv�f d ;��
�¡?, 3ù
«�©Ù�>Ö��, ·>|��.
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Ïd�©f©Ù�(�Úêþ�ûuv�f d ;
���¡©ÙÚ�¡êþ.

�©�ïÄ�ß/�ã
v�f��©f�

�p�^±9�©f�©Ù5Æ, ù
(Ø��O
p�Ý;�á�Jø
ûÐ�nØÄ:.
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A first-principles study of capacity and mechanism of
a single titanium atom storing hydrogen∗
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Abstract

Using the density functional theory of first principles, we investigate the binding mechanism of a single transition metal atom-

titanium adsorbing hydrogen molecules. We find that a single titanium atom can absorb eight hydrogen molecules. The hydrogen

molecules around Ti atom form two symmetrical pyramid-like structures with an average adsorption energy of –0.28 eV. By calculating

the orbital energie and the distribution of differential charge density, we analyse the intrinsic physical mechanism of determining

adsorption structure, adsorption energy and hydrogen storage capacity. The results show that a 4s electron of a titanium atom transfers

to the 3d orbit, which can produce a strong polarization electric field, resulting in polarization of the hydrogen molecules. Therefore, the

titanium atom adsorbs hydrogen molecules by electrostatic polarization. Our results will present a guidance for designing high-density

hydrogen storage materials.

Keywords: hydrogen storage mechanism, adsorption energy, adsorption structure, first principle
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