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æ^Äu�Ý�¼nØ�ÝKM\²¡Å�{Ú2ÂFÝCq\ Hubbard ëê�qC, ïÄ
bv¶� TiO2,

N �, TiO2 Ú N-V ��, TiO2 NX�Ä��f�.!>f(�. (JL², N �,�, Ù¬�NÈ'��,��
Ñ�O�, Ä��.¿�u)²wCz, 
 N-V ��,�, é¡5�»�, V �f� N �fNC�C. O����b
v¶� TiO2 �Y Egap � 3.256 eV, �¢�� 3.23 eV �~�C. N �, TiO2 �Yü$
 0.4 eV, 
 N-V ��,�
Yü$� 2.555 eV. d	, N-V ��,¬3d�ºÚ��.�m/¤ÉÌÚ�ÌU?, ù«U?é1)>f-�Çé
�©l´�~k|�, ü$
2gEÜ�VÇ. Ïd, N-V ��, TiO2 �±k�/J, TiO2 ��1xzJ�xz
Uå.

'�c: �Ý�¼, 2ÂFÝCq\ Hubbard ëêqC, �,, >f(�

PACS: 71.15.Mb, 71.20.Nr, 71.55.–i

1 Ú ó

bv¶� TiO2 2��3ug,.�õ«¶
Ôñ�¥, du N´¼�!¦^S��B!z
Æ5�­½!�±©)�íÚY¥�À/Ô

¤�n��1xzJ, 3�¸�o+�Úå
4
��,� [1−3]. ,
, 3��1xzá��¢S
A^L§¥, ¡�X�I)û�¯K, X°��
�Y (3.23 eV) ¦��UáÂb	«� (Å��
u 387 nm) ���1, 1U|^�Ç$e. =¦1ì
U�)1)>f-�Çé, �ØUk�/©l
�4
´EÜ, ØU�	.x�u)�z���A, ��
ü$
1xzUå. Cc5, �,bv¶ TiO2 Ø�
�)ûþã¯K��k��{ [4−16], Ù¥�7á
���!%!1!�!Í!Å!�!9��üÕ

�, [4−12] Ú7á��c!�!q!�!�!�!
Ô��üÕ�, [13−16] ÑUØÓ§Ý/Jpbv
¶� TiO2 3��1«��1xz¹5. �C��
�7á��Ú7á����,XÚ, X�Ú%��
, TiO2

[17], �Ú���, TiO2
[18], ù
��,X

ÚØ=Ué�§Ý/ü$�Y, 
�'üÕ�,�
UJpÙ3��1«��1áÂXê. 8cÿ��
�æ^Äu�Ý�¼nØ�1�5�n5ïÄ�
Ú���,bv¶� TiO2 ���. �©¥O�

��,!N �,Ú N-V ��,bv¶� TiO2 �>
f(�, �ÑB��YCÄ�ÅnÚé1Æ5��
K�.

2 �.�ïÚO��{

bv¶� TiO2 ��m+� I41/amd, á��¬
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X(�. 3 TiO2 ¬N¥, Ti4+ u��� 6 � O2−

¤/¤�l¡N¥%, ��f±��� 3 �v�
f, ù 3 �v�f u 3 �ØÓ�l¡N¥%, z
�¬�S¹k 4 � Ti �fÚ 8 � O �f, ¬�~
ê� a = b = 0.3782 nm, c = 0.9502 nm[19]. O�¥
æ^ 2×2×2 ��¬� (¹ 32 � Ti �fÚ 64 � O
�f), Ù(�Xã 1 ¤«. N �, TiO2 (��ã
¥ 1 �� O �fO�¤ N �f, 
 N-V ��,
�(��ã¥ 1, 2  �� O �fÚ Ti �f©O
O�¤ N �fÚ V �f. �,�/¤ TiO2−xNx

Ú Ti1−yVyO2−xNx NX, Ù¥ x = 0.015625, y =
0.03125, 3¢�þ'�N´��TßÝ [18,20].

ã 1 bv¶ TiO2 � 2×2×2 �¬�(� �ÚÚçÚ¥©O
L« Ti �fÚ O �f, �, TiO2 �ã¥ 1, 2 �©O� N �
fÚ O �fO�

�©O�æ^Äu�Ý�¼nØ� vasp ^
� � [21,22] ? 1. � ³ æ ^ Ý K M \ ² ¡ Å �
{ (PAW). 3?n>f���'éU�, du 3d
>f�r'é5, æ^2ÂFÝCq (GGA),  
 ¬ $ � B � ° Ý, Ï d, ·� æ ^ 2 Â F Ý
Cq\ Hubbard ëê��{ (GGA+U )[23,24], Ù
¥ U �q¡�3 ¥ÕU. ÏLO�ØÓ U �
e�Y Egap �¢���ÎÜ§Ý5�ª(½ U

�. é b v ¶ TiO2, © O O � 
 Ø Ó U � � �
Y Egap, Ù'XXã 2 ¤«. �±�Ñé Ti �f,

� U = 7.0 eV �, Ù TiO2 ��Y Egap = 3.256 eV,
�¢�� 3.23 eV �C. é V �f, À� U = 3.5 eV
?1O� [23].

ã 2 TiO2 �Y Egap � U ��'X

�²¡Å�äU E = 450 eV, ¦UþÂñ�z
��f 1.0×10−5 eV. 3?1µþ¬N(��, Ùp
�«æ^ 4×4×2 � MP �: [25] ��, 
3�·
�O�Ú��ÝO��, æ^ 9×9×4 � MP �:
��. O��d>f|�©O� Ti 3s23p63d34s1, O
2s22p4, V 3s23p63d44s1, N 2s22p3.

3 O�(J�?Ø

3.1 (((���`̀̀zzz

ÏLO�¬�oUþ��z��{, [ÜU
þ�NÈ�'X, ��Ä��¬�NÈ V Ú¬
� ~ ê a Ú c, � � ¬ � � ( � ë ê X L 1 ¤
«. O � ¤ æ ^ � 2×2×2 � � ¬ � � � � (
J ® ² ò Ü ¤ ü ¬ �, ± B u ' �. L 1 ¥ �
(�ëêÎÒXã 3(a) ¤«, Ù¥ d L«��,
θ, η L«��. `z�bv¶� TiO2 �¬�~
ê� a = 0.3831 nm Ú c = 0.9631 nm, �¢�
� a = 0.3782 nm Ú c = 0.9502 nm '�, Ø��
u 1.5%, ��!���¢�� [26−28] é�C, 
�
'Ù¦nØO�� [28] �Ð/ÎÜ¢�(J. ù`
²·��O�´Ünk��. é TiO2−xNx 5`, N
�fO� 1 �� O �f, du N ��f�»' O
�f�, ��Ù¬�NÈÑ�O\, `z�Ù (001)
¡�Ü©(�Xã 2(b) ¤«, � TiO2 �(��q,
��!��Czé�. Ù¥`z�� Ti—N ��
©O� 0.1955 Ú 0.2027 nm, ù�©z [9] �O�
(J��. �du V �fO� 2 �� Ti �f�,
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/¤� Ti1−yVyO2−xNx (�ëêCz²w, V �
f� N �f�páÚ, 
�lNC� O �f, �
� N-V �mål~�� 0.1682 nm. lã 4(c) ¥
� Ti1−yVyO2−xNx NXÜ©��Ýã�±wÑ,
d� N2p �Ú V3d �®²¤�. Ti—N �målO

ã 3 (a) TiO2; (b) TiO2−xNx; (c) Ti1−yVyO2−xNx (001) ¡�
Ü©(�

\� 0.2065 nm, Ti—N—V ��� θ Ú N—V—O
��� η C���, Ti—N—V—O ó�²�, é¡
5�»�, (�u)Û­, �ù«Û­�u)3 N,
V �fNC, �l N, V �f�«�¿�u)²wC
z. Ød�	, Ti, N, V, O �f©ª3 (001) ²¡S.
�
'� N �, TiO2 Ú N-V ��, TiO2

/¤(� TiO2−xNx Ú Ti1−yVyO2−xNx �­½5,
©OO�
ü«(��,�/¤U, O�úªæ
^ Ef = Etot−EP−

∑
µi +

∑
µj , Ù¥ Etot Ú EP

©OL«�,�Ú��,G�e�Ó¬��oU
þ, µi Ú µj ©OL«Ú\�,��fÚ�O��
f�zÆ³. �Ä�)�^�é/¤U�K�, ©
OO�
LvÚL��¹e�/¤U. 3Lv^
�e, Ti �zÆ³�g Ti 7á¥ü� Ti �f�
Uþ, O �zÆ³�â µTi + 2µO = µ(TiO2) �
Ñ. 3L�^�e, O �zÆ³�g O2 ©fUþ�
��, = µO = 1/2µ (O2), Ti �zÆ³�âþªO
�. éu N �f, zÆ³�g N2 ©fUþ���,
= µN = 1/2µ (N2), é V �f, zÆ³�g V 7á
¥ü� V �f�Uþ, O�(J�uL 1 ¥. 3L
v^�e, TiO2−xNx �/¤U'L�^�e��
�õ, L²3Lv^�e, N �f'�N´O� O
�f, ¢�þ��T�,(�'�N´, ù�©
z [9] �(JïÄ��. 
éu Ti1−yVyO2−xNx, 3
L�^�e, O����/¤U� –4.6991 eV, K�
`²3L�^�e¢���T�,(��~N´.

L 1 TiO2, TiO2−xNx, Ti1−yVyO2−xNx �(�ëê

(�ëê
TiO2 TiO2−xNx Ti1−yVyO2−xNx

O�� ¢�� Ù¦nØ [26] O�� Ù¦nØ [9] O��

a/nm 0.3831 0.3782[19] 0.3763 0.3834 — 0.3831

c/nm 0.9631 0.9502[19] 0.9851 0.9631 — 0.9624

c/a 2.5138 2.5124[19] 2.6179 2.5122 — 2.5122

dxy1/nm
0.1930 0.1934[27] 0.1939

0.1955 0.1932 0.2065

dxy2/nm 0.1955 0.1932 0.1682

dy /nm 0.1973 0.1980[28] 0.1955 0.2027 0.2009 0.1868

θ/(◦)
156.17 156.23[26] 152.1

159.60 — 163.52

η/(◦) 156.55 — 162.89

V/nm3 0.1413 0.1359[19] 0.1395 0.1416 — 0.1412

Lv Ef /eV — — — 0.3831 0.20 0.5697

L� Ef /eV — — — 5.6365 5.51 –4.6991

Etot/eV — –850.710[19] — –848.822 — –849.813
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3.2 ������ÝÝÝ©©©ÛÛÛ

O � � � ��� , b v ¶ � TiO2, N � ,
� TiO2 Ú N-V ��, TiO2 ���ÝXã 4 ¤
«. æ^ GGA+U �{O���bv¶� TiO2 �
�Y Egap = 3.256 eV, �¢�� 3.23 eV �~�C.
du N ��,, �� TiO2−xNx ��Y� 2.819 eV,
'��,� TiO2 �Y~�
 0.4 eV �õ, ù�©
z [9] �ïÄ(J��, �Y�~��Ð)º
¢
�þ*	��1áÂÌ�ù£y� [29,30]. 
d
u N-V ü�f��ÓÚ\, Ti1−yVyO2−xNx ��
YC���, ü$� 2.555 eV, �Y�?�Ú~�Ó
�Ñy3 Zr-C Ú Mo-N ��, TiO2 XÚ¥ [17,18].
é'n�NX�o��Ý (TDOS) ã, �±wÑ
�,NX�'��, TiO2 �d�Ú��¥�¸
/²wC$�:, 
��°Ñ�O�, ùL²d
u N ½ N-V ��,, ¦�¬N�é¡5ü$, ��
>f��Û�5Or, �k|u1)>f�Çé
�[£ [4].

l � N X � © � � Ý (PDOS) ã � ± w Ñ,
é TiO2, d�Ì�d O2p ��¤, 
��Ì�5

u Ti3d ���z. ¢Sþ, duz� Ti �f±�
k 6 � O �f, �â¬N|nØ [31], Uþ�p�d
�þ�Ü©d Ti3d � eg �Ú O2p ��¤, 
Uþ
�$�d�e�Ü©d Ti3d � t2g �Ú O2p ��
¤, �©O����bv¶� TiO2 ��ÝéÐ/
ÎÜþã(J. é TiO2−xNx, d�Ì�5gu O2p
���z, �Ü©
u Ti3d Ú N2p �, 
��Ì�
d Ti3d �|¤, Ó��·Ü
 O2p �. N �f' O
�fUõ�É��>f, � N �fO� O �f/
¤ TiO2−xNx, �5{¿� p ;�©¤ü�Õá;
�, ���>fW¿÷, ,���÷. =¬3B�¥
/¤,�U?, ù��,�U?�Cd�º, ´/
¤ÉÌU?, N´Ð¼d�¥�>f. ù�©z [4,
9, 14, 18] ïÄ�(J��. d	, B�¥�,�U
?�±��¥mLÞU?, ¦d�¥�>fk�[
�¥mLÞU?, 2áÂUþ���=Å����
1, 2g�[���¥, ùéuJp��1�|^
Ç´�~k¿Â�.

é N-V ��,� Ti1−yVyO2−xNx NX, O2p
�éd��z��, �Ü©5g Ti3d �!N2p �
Ú V3d ���z, ��Ì�d Ti3d ��¤, Ü©
d V3d �Ú N2p ��¤. duÉÌlf N3− Ú�
Ìlf V5+ ��ÓÚ\, >Ö��Ö�, Ø=¬3

d�ºNC/¤ÉÌU?, 
�¬3��.NC
�B�¥2�)#�,�U?, /¤�ÌU?, ù
��U?é1)>f-�Çé�©l´�~k|
�, ;�
2gEÜ, Jp
1xzUå. 3 Mo-N
��, TiO2 NX¥Ó��3d«�¹ [18]. d	,
�Y�?�Úü$¦�áÂ��1���C��
2. �' N �, TiO2, du N �,ßÝ�Jp¦
�NX�/¤UO\ [8,9], 3¢�þ��'�(J,

ã 4 (a) TiO2; (b) TiO2−xNx; (c) Ti1−yVyO2−xNx NX�©
��ÝÚo��Ý
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3L�^�e N-V ��,/¤�XÚ, /¤U
�K�, ¢�þr V �fÚ\ TiO2 ¬N¥�éN
´, �oU�é N �, TiO2 ü$
 1 eV �m, `
² Ti1−yVyO2−xNx NX'�­½. Ïd N-V ��
, TiO2 ´�«(�­½!¢�þN´��!3�
�1«�k�pxz5U�1xzJ.

4 ( Ø

3?nLÞ�7á�zÔ�, ����Ý�¼
nØvk�Ä� 3d >f�r'é5, �3O��
Y $�Û�5. �©æ^Äu1�5�n� PAW
�{, ?n��'éU�æ^ GGA+U Cq, ïÄ

bv¶� TiO2, N �, TiO2 Ú N-V ��, TiO2

NX�Ä��.Ú>f(�. (JL², N �,
�, Ù¬�NÈ'��,��Ñ�O�, Ä��.
¿�u)²wCz, 
 N-V ��,�, V �f l

�5 Ti �f �, u)²w£Ä, é¡5�»�,
N lf� V lf®²¤�, ��' Ti—O � á

� 0.025 nm, �(�Û­�u)3 N, V �fN
C, (001) ²¡S� Ti, N, V, O �f©ª3T²¡
S. ,�/¤UÚoUO�L² N-V ��, TiO2

' N �, TiO2 �´l¢�þ���(�­½. l
��Ýã©Û��, O����bv¶� TiO2 �
Y Egap = 3.256 eV, �¢�� 3.23 eV �~�C. N
�, TiO2 �Yü$
 0.4 eV �õ, 
 N-V ��,
?�Úü$� Egap = 2.555 eV, �Y�ü$¦�1
xzá�áÂ��1��Ç�ÌJp. N-V ���
,Ø=3�Cd�ºNC�B�¥/¤ÉÌU?,

�¬3��.NC�B�¥/¤�ÌU?, ù«
U?é1)>f-�Çé�©l´�~k|�, ü$

2gEÜ�VÇ, Jp
1xzUå. Ïd, N-V
��, TiO2 �±k�/J, TiO2 ��1xzJ
��U.
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First-principles study of N-doped and N-V co-doped
anatase TiO2
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Abstract

The ground state atomic configurations and electronic structures of anatase TiO2, N-doped TiO2 and N-V co-doped TiO2 are

studied by the projector augmented wave method and the generalized gradient approximation plus U (Hubbard correction) (GGA+U )

based on the density functional theory. The results indicate that the volume of cell is slightly larger and the ground state configuration

has no change significantly for N-doped TiO2, but the symmetry of cell is broken and the position of V atom is more close to N atom

after co-doping with N and V. The band gap of anatase TiO2 is calculated to be 3.256 eV, which is in agreement with experimental

value (3.23 eV). When N is doped, the gap is reduced by more than 0.4 eV. but for N-V co-doped system, the gap reduces to 2.555 eV.

Moreover, the acceptor level and donor level, which can be formed between the valence band maximum and the conduction band

minimum because of co-doping with N and V, are more favorable to the separation of photoelectron-hole pairs and reduce the rate

of recombination. Therefore, the co-doping of anatase TiO2 with N and V can effectively improve the photocatalytic performance of

anatase.

Keywords: density functional theory, GGA+U , doped, electronic structure

PACS: 71.15.Mb, 71.20.Nr, 71.55.–i

* Project supported by the National Natural Science Foundation of China (Grant No.11104001), the Excellent Young Scientists Foundation of An-
hui Province, China (Grant No. 2012SQRL135), and the Special Research Foundation for Young Scientists of Anhui University of Architecture,
China (Grant No. 201183-18).

† E-mail: xujinrong@aiai.edu.cn

207103-6


