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æ^�Ý�¼nØ (DFT) �1�5�n�²¡Å�^�³�{, ïÄ
 La, Ce Ú Pr �,é VH2 �>f(�Ú
)�5U�K�. O�(Jw« La, Ce Ú Pr �, VH2 �¬N�.�¤�U? Ef ?>fßÝ N (Ef ) �O\, L²
NX(�½5~f, )�UåOr; >f�ÝO��w« V-H �m�p�^~f, )�UåOr; Ó� Mulliken Ù
ØêO�(J�w«�,±�)�UåOr� V-d ;� Mulliken ÙØê~�, V-s ;� Mulliken ÙØêO\k'.

'�c: Dè�,, >f(�, )�5U, 1��nO�

PACS: 36.20.Kd

1 Ú ó

�9�Ä�MNÜ7���)¤ VH, VH2 ü
«�zÔ, Ù¥ VH2 �nØÑ�þp� 3.8%(¿�
>Nþ� 1018 mAh/g), ¿�äk¿§á��Äå
ÆûÐ, ØIp§¹zÚxzJ9Ï, �3Ü7¥
�*Ñ�Ý¯�`:, É�.�IÆö�2�'
5 [1−5]. �ü����;�Ü7�3k���þ
 $!á��Øå¢��":, kÆöÏLV\Ù
¦��, X Ti, Ni, Cr, Mn, Fe, Co, A1 ��7á�/
¤��!n�±9õ��MNÜ7, U
²wUõ
7á��á��5U, ��
â»5?Ð [6−10]. ^
�q�>³K4á�� AB5 .�DèXÑ�Ü7
�®��z, ��÷v��Äå>³A^��¦,
mu$¤�!�Nþ!p�Ç�>�Ñ�Ü7E
É��E.Ú��.�À. Ïd, kÆöò�Ä
�MNÜ7ÚDè��(Üå5ïÄ.4ò� [11]

3�Ä�MNÜ7 Ti0.26Zr0.07V0.24Mn0.1Ni0.33 ¥
�,Dè��±�uy, Ü7��Ä�MN��¬
�NÈO�, Ù¥V\�ÚK�±JpÜ7>4�
���>Nþ, V\tÚjUUõÜ7>4�Ì
�½5. oZ� [12] �uyDè��\\�, Ü
7 bcc ��¬�ëêÑkO\; J3Ü7¥u) 

Û, /¤#�. V\Dè��U
\�Ü7�¹z,
DèéÜ7>4�Ö>�±Ç�)Ø|K�, �·
ÜDè�V\U
UõÜ7��Ç�>5U. �Û
[S� [13] ±�ÄÜ7�ÄN, V\DèX�>x
z¹5á�, æ^Å�¥�U5��
�Ä;�Ü
7EÜ>4á�, �¥��m t > 5 h �, EÜá�
/¤²w�EÜB�¬|�¿�kÜ©�¬z�
�, Ó��ÄÜ7 bcc �(��¬�ëê a Ú¬�
NÈ V þ²w~�, ¥�EÜá��;�þ�¥�
�mO\~�, >4�Nþ�±ÇûÐ. dd�
����(Ø.

�,Dè��é�Ä;�Ü7�¬N(�Ú
5UÄ¾k�oK�, l¢�þ��(ØØ��,
nØþïÄDè���,é�Ä;�Ü7�(�
Ú5U�K�����. �
�« VH2 )�Uå
�,�A�>fÅn, lnØþ?�Ú`²Dè�
��,� VH2 ¥ V-H �m��p�^Ån, 3�
�K|QïÄ
 Fe, Cu, Zr ����,é VH2 )�
5UK�Ä:þ [14−16], �©^1�5�n�á�
O�^� (Material Studio), `z
 V7MH16(M =
La, Ce, Pr) NX�(�, O�
NX�À>Ö!�
f;� Mulliken ÙØê!>f��Ý!>f�Ý,
F"lnØþ)ºDè�� La, Ce, Pr �,é VH2
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¥)�5UK�5Æ. l?�Úé�Ä�MN;
�á���OJønØë�.

2 �.Ú�{

3 VH2 ¥�, M (M = La, Ce, Pr) c��
¬ N ( � � q, Ï d · � Ä u VH2 ¬ � � E

� � � , � � ¬ N ( � � .. n � VH2 ´
á � CaF2 ( �, á u Fm3m � m +, ¬ � ~
ê a = b = c = 0.4271 nm, α = β = γ =90 ◦[17]. �
©O�¥æ^� VH2 (1×1×2) ����.. ��
��.d 2 � VH2 ü�|¤, z� VH2 ü��¹ 4
� V �fÚ 8 � H �f, �� 24 ��f. �
ï
Ä���,é VH2 )�5U�K�, ·��Ä^�
,�� M ��Ù¥�� V �f, =���ØÓ�
��,� V7MH16 Ü7�., = V8H16, V7LaH16,
V7CeH16, V7PrH16(ã 1).

�©æ^Äu1�5�nO���Ý�¼n
Ø (density functional theory) (Ü²¡Å�³�{
� CASTEP (cambridge serial total energy package)
§S?1 [18]. æ^±Ï5>.^�, ¬NÅ¼
êd²¡ÅÄ|Ðm. O��, ��'éUæ^
2ÂFÝCq (GGA), �³��´�mLã��
^ (ultrasoft) �³, ÄU�ä:� 300.0 eV, K :�
�ê� 6×6×3, oUO�æ^gUS� (SCF) �
{, gUO�A^ Pulay �Ý·Ü{, ¿A^Ä8?
�. ��O��c, k^ Broyden-Flecher-Goldfarb-
Shanno(BFGS) �{ [19] ?1AÛ`z, ±¦�§�
�Û��½(�. gUO��, NXoUþ�Â
ñ�� 1.0×10−5 eV/atom, �^uz��fþ�å
$u 0.3 eV/nm, ú� £�u 1.0×104 nm, Aå 
��u 0.05 GPa. O�¥��f	�>f�>f|
�©O� H 1s1, V 3s23p63d34s2, La 5s25p65d16s2,
Ce 4f1 5s25p65d16s2, Pr 4f35s25p66s2.

ã 1 M �, VH2 ��¬��.

3 O�(J�?Ø

3.1 ÜÜÜ777zzzNNNXXX���¬¬¬NNN(((���

ÄkéÜ7zNX�¬N(�?1
`z.
ã 2 �(�`zL§¥�NX¬�NÈ�NXo

Uþm�'X�. ¬N(��NXoUþ��k
X���'X, NXUþ4��éAX¬N�½
�.. l(½NX�¬�ëê. O�����,
� VH2 NX�¬�ëê a = b = c = 0.4266 nm, �
¢�� [16] Ø��k 0.1%, L²�©ÀJ�O�^
�ÚO�ëêÜn.
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ã 2 V7MH16 (M = V, La, Ce, Pr) ¬�NÈ�oUþm�'X�

½�.�¬�ëêÚ¬�NÈ�L 1. l
L 1 ¥�±wÑ, �,Dè��±�, V7MH16

(M = La, Ce, Pr) Ü7�.�¬�ëêÚ¬�NÈ
ÑO�. ù´Ï� V ��f�»´ 0.135 nm,  La,
Ce Ú Pr ��f�»©O� 0.188 nm, 0.182 nm
Ú 0.183 nm, Ñ' V ��f�»���Ï.

L 1 ¬N�.�²ï¬�~ê!¬�NÈ

Model a/nm b/nm c/nm V /nm3

V8H16 0.4266 0.4266 0.8627 0.1569

V7LaH16 0.4388 0.4388 0.9065 0.1797

V7CeH16 0.4327 0.4327 0.8979 0.1681

V7PrH16 0.4346 0.4347 0.8942 0.1689

3.2 ���fff;;;��� Mulliken ÙÙÙØØØêêê999ÀÀÀ>>>ÖÖÖ

Mulliken ÙØ´L«>Ö3�|�f�m©
Ù�¹��{. du§�6uÄ|�ÀJ, �ê�
����¢��k�½ �, Ïd^T�{��
�äNê�¿Â¿Ø�. �§�±m�/?Ø©f
S�p�^å�rf, cÙ´éÓ�X��©f
�,�©s�. ÏLé�f;�ÙØê�©Û, U



)�f;�m (d;�) �>Ö=£�¹, k
Ïu©Û�fm��p�^. L 2, 3 ©O�O�
� V7MH16 (M = V, La, Ce, Pr) ¬N�.¥ H �
f�À>Ö±9 V �f!M �f�À>Ö9d

L 2 ¬N�. V7MH16 ¥� H �f�À>Ö

V8H16 V7LaH16 V7CeH16 V7PrH16

H1 –0.28 –0.28 –0.28 –0.28

H2 –0.28 –0.27 –0.27 –0.27

H3 –0.28 –0.28 –0.28 –0.28

H4 –0.28 –0.27 –0.27 –0.27

H5 –0.28 –0.27 –0.27 –0.27

H6 –0.28 –0.28 –0.28 –0.28

H7 –0.28 –0.27 –0.27 –0.27

H8 –0.28 –0.28 –0.28 –0.28

H9 –0.28 –0.27 –0.27 –0.27

H10 –0.28 –0.28 –0.28 –0.28

H11 –0.28 –0.27 –0.27 –0.27

H12 –0.28 –0.28 –0.28 –0.28

H13 –0.28 –0.28 –0.28 –0.28

H14 –0.28 –0.27 –0.27 –0.27

H15 –0.28 –0.28 –0.28 –0.28

H16 –0.28 –0.27 –0.27 –0.27
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;� Mulliken ÙØê. é'ã 1!L 2!L 3 �±
uy, 3 VH2 ¥ H �f�À>ÖÑ´ –0.28. �,
Dè�� La, Ce ½ Pr ±�,H �f�À>ÖCz5
ÆÑ��: ��,Dè�����^� 8 � H �
fÀ>Ö~��
 –0.27, = H �f��>fê~
�, Ù{ H �f�À>ÖKØC; Ó�, �,Dè�
�±�, V �f�À>ÖÑ~�, = V �f���
�>fê�~�. V-H �m��>fê~�L²§
��mlf5�p�^~f, �d5�p�^Or.
l V �d;� Mulliken ÙØê��±uy��5
Æ: �, La, Ce ½ Pr ±�, V-s ;�� Mulliken Ù
ØêÑO\ (Ø V1 	), V-p ;�� Mulliken ÙØ
êÑO\ (Ø V1 	), V-d ;�� Mulliken ÙØê
Ñ~� (Ø V1 	).

�, La, Ce ½ Pr � V Ú H �f�À>Öu
)ù«Cz��Ï�U´: Dè���>K5 (La:
1.10; Ce: 1.12; Pr: 1.13) þ' V �>K5 (1.54) �,
ÏdDè���� V ±�, �Dè����� H
�f (X H2, H4 �) ���>fê~�, l��
�ù
 H �f�p�^� V �f (X V3, V4, V5,
V6) ���>fê�~�.

3.3 ������ÝÝÝ

��Ý�N
ü Uþm�S>f�U�G
�ê, éu©Ûá�¥�fm¤�Úá�A5k
��¿Â. �
©ÛDè�� La, Ce Ú Pr �,
é VH2 >f(��K�, O�
 V7MH16 (M =
La, Ce, Pr) ��.�o��Ý (DOS) 9�A�f
�©Å��Ý (PDOS)(ã 3). ã 3 ´ V7MH16 3
–12 eV � 3 eV ¤�«m�o��ÝÚ����
©Å��Ý (±ã�±¤�U?Uþ�Uþ":).
l V8H16 �o��ÝÚ©��Ý�±wÑ, V8H16

�¤�¸Ì�8¥3 –11.5 eV � 2 eV �Uþ�
�S, ¤�U?±����Ý��, vkUY, L
² V8H16 äk7á5. 3¤�U?±e, ¤�¸Ì
�5g V-s, V-p, V-d ;�Ú H-s ;���z; ¤
�U?±þKÌ�5g V-d ;���z.

l V7LaH16 �o��ÝÚ©Å��Ý�±w
Ñ, �, La ±�, ¤�U?±þ�o��ÝÌ�
5g V-d Ú La-d ;���z; 3¤�U?±e,
Vs, V-p, V-d Ú Las, Lap, Lad ;�� H-s ;�8¥
3 5 eV �mk��¸, `² Vs, V-p, V-d Ú Las,
Lap, Lad ;�� H-s ;�k²w�¤�. V7LaH16

¬N¤�U? Ef ?���Ýd V8H16 � 12.3eV−1

C� 152 eV−1. l V7CeH16 Ú V7PrH16 �o��
ÝÚ©Å��Ý�±wÑ, �, Ce ½ Pr ±��
� La �¹�q. V7CeH16 Ú V7PrH16 ¬N¤�U
? Ef ?���Ý©O� 15.1 eV−1, 14.8 eV−1.

du¤�U? Ef ?�d>fê N (Ef ) �>
f�pÓkU? HOMO ��$�;�U? LUMO
��� (= HOMO–LUMO UY ∆EH−L) ����
�^5L�¬N½ìq(�½5�p$, N (Ef )
��½ HOMO–LUMO UY ∆EH−L) ��, K¬
N½ìq(�½5�$ [20]. Ïd�, La, Ce
½ Pr ±� VH2 ¬N�. Ef ?>fßÝ N (Ef ) �
O\, V7MH16(M = La, Ce, Pr) ¬N(�½5Ñ
' VH2 NXü$, `²�, La, Ce ½ Pr ±��±
Jp VH2 �)�Uå.

3.4 >>>fff���ÝÝÝ

>f��Ý©ÙU
L��fm�Ü��¹,
�
��Ù/*	 La, Ce, Pr �,±�éÜ7¥
�fm��p�^, ©OO�A«NX�,±�
�¬��.�>f�Ý, �
Bu*	, A/��

 (010) ¡�>f�Ý (ã 4). lã¥�±w�, >

L 3 ¬N�. V7MH16 ¥� V �d;� Mulliken ÙØê9 V, M

�fÀ>Ö

V1 V2 V3 V4 V5 V6 V7 M1

V8H16

s 2.15 2.15 2.15 2.15 2.15 2.15 2.15 2.15

p 6.39 6.39 6.39 6.39 6.39 6.39 6.39 6.39

d 3.90 3.90 3.90 3.90 3.90 3.90 3.90 3.90

Net Charge 0.56 0.56 0.56 0.56 0.56 0.56 0.56 0.56

V7LaH16

s 2.19 2.35 2.26 2.26 2.26 2.26 2.18 1.37

p 6.37 6.55 6.45 6.45 6.45 6.45 6.45 5.87

d 3.91 3.87 3.90 3.90 3.90 3.90 3.90 2.09

Net Charge 0.53 0.23 0.39 0.39 0.39 0.39 0.46 1.67

V7CeH16

s 2.15 2.23 2.20 2.20 2.20 2.20 2.15 2.07

p 6.36 6.42 6.42 6.42 6.42 6.42 6.42 5.78

d 3.92 3.89 3.89 3.89 3.89 3.89 3.91 2.19

f — — — — — — — 1.00

Net Charge 0.57 0.46 0.49 0.49 0.49 0.49 0.53 0.95

V7PrH16

s 2.16 2.21 2.20 2.20 2.20 2.20 2.15 2.02

p 6.36 6.46 6.43 6.43 6.42 6.42 6.42 5.55

d 3.91 3.86 3.88 3.88 3.88 3.88 3.90 2.27

f — — — — — — — 2.28

Net Charge 0.57 0.48 0.48 0.48 0.50 0.50 0.53 0.89
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ã 3 �¬N�.�o��ÝÚ��f�©��Ý

fÌ�8¥3 V, M �f±�, H �f±��>f
�Ýé�, V-H �mk>f�U; V7MH16 ¥ V,
M Ú H �f±��>f©Ù¥¥/é¡. �, La,
Ce ½ Pr ±�, V7MH16 (M = La, Ce, Pr) NX¥ V-

H �m�>f�Ý' V8H16 ¥ V-H �m�>f�
Ý�, `²�, La, Ce ½ Pr �¦ V-H �m��p
�^~f, á����Nþ~�, )�UåOr, �
N´º�Ñ5. ëm�� [21] @��¤��ü��
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fm�$>f�Ý��µ>f�Ý���, �fm
Ì�´lf��^, �ü��fm�$>f�Ý
pu�µ>f�Ý�, KÌ�´�d��^. lã 4
��±wÑ, 3 VH2 ¥¤�� V �f� H �fm
�$>f�ÝÑpu�µ>f�Ý, L²3 VH2

¥ V-H �mÌ�´�d��^; `²�, La, Ce
½ Pr ±�, V7MH16(M = La, Ce, Pr) NX¥¤�
� V �f� H �fm�>f�Ý�����µ>
f�ÝÄ���, V-H �mÌ�´lf5�p�^.
ù�c¡À>ÖO�(J��.

ã 4 ��¬N�. (010) �¡>f�Ý©Ùã

4 ( Ø

æ^1��n�{, O�
Dè�� La, Ce,
Pr �,é VH2 )�5U�K�, �Ñ±eÌ�
(Ø: 3 VH2 ¥�,Dè�� La, Ce ½ Pr ±�,
V7MH16(M = La, Ce, Pr) Ü7NX�¬�ëêÚ

¬�NÈÑO�; V-H �m��>fê~�, =§
��mlf5�p�^~f, �d5�p�^Or;
V7MH16(M = La, Ce, Pr) Ü7NX� Ef ?>f
ßÝ N (Ef) O�, (�½5~f, )�UåOr;
V-H �m�>f�Ý~�, V-H �N´ä�, VH �
f�m��p�^~f, NX)�UåOr.
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Influence of doped rare earth elements on the
dehydrogenation properties of VH2
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Abstract

In this paper, using the plane waves ultrasoft pseudopotential method which is base on the first principles of DFT, we study the

effects of C, Si, Ge, Sn and Pb alloying on the electronic structure and dehydrogenation properties of VH2. The calculated results

show that the electron density of Ef fermi level is higher than that of pure VH2 alloy, exhibiting that the structural stability becomes

weakened thus the hydrogen desorption property of VH2 can be improved. Moreover, the computed results of electron density of V-H

bond also demonstrate that the interaction between V and H atoms decreases, also showing that the hydrogen desorption property of

VH2 is improved. At the same time, it is found from the calculated results that the Mulliken population of V-s orbital increases whereas

that of V-d orbital decreases, which is related to the enhanced dehydrogenation property alloyed by La, Ce and Pr.

Keywords: rare earth doping, electronic structure, dehydrogenation properties, first-principle calculation
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