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�©$^1�5�n�O��{, ± C/TM Ú N/TM ��, (%�LÞ7á��,Ú��LÞ7á��,)TiO2

�~, ©OO�
§���, TiO2 �åPU!U�(�Ú��Ý�, ÏLéV�,(��åPUO�, uy�7á
Ú7á,�kìà¤��ª³, Ù��åPU`²
�,�f�±���f¤�, Ï¤��^~��NXUþp
uÏAÛÆC�5�AåU. 3é N/V Ú C/Cr ��,U�(�Ú©f¤���[©Û¥, uy�7áÚ7á��
, TiO2, �¦�,� TiO2 �1áÂ>ù£��, 1xz5U�Ð, Ò�ÎÜ7áÚ�7á��,�ÓÅ�, =�,
�3��.e�Úd�ºþ�©OÑyd7á 3d Ú�7á 2p �Jø�,�U?.

'�c: TiO2, ��,, U�(�, "�/¤U

PACS: 71.55.−i, 71.15.Mb, 71.20.Nr, 78.20.−e

1 Ú ó

TiO2 duäkûÐ�> [1,2]!^ [3]!1x
z [4] Ú>zÆ5� [5], 3L��A�cp�2�
ïÄ; Ó�, TiO2 3¢SEâ¥���
2�A^,

~X, ^�xzJ!Daì, ô� [6] �. AO´g
l 1971 c, Fujishima Ú Honda ��
k' TiO2 �
1>zÆ5�� [7], TiO2 �1xz5�m©É�
�5�õ�5¿, ld, TiO2 ±Y31xz+�Ó
âé��/ .

~§~Øe TiO2 �3n«¬�, ©O´7ù
��!bv¶�Ú�v¶�, Ù¥7ù��Úbv
¶�zÆ5�½. ��@�, bv¶� TiO2 x
zJ1xz¹5Ð, 7ù�� TiO2 Ãxz¹5
½öxz5U�, �Ï´7ù�� TiO2 B�°Ý
� 3.0 eV(��u 410 nm Åäk�Uþ), ��> 

� −0.3 V (vs. NHE),  O2/O2− �IO�z��
> � −0.33 V (vs. NHE), Ïd��>fØ�U
�7ù�� TiO2 L¡� O2 Ð¼, l\���
>f�d��Ç9 OH gdÄ�EÜ±�uü$
xz¹5. bv¶� TiO2 B�°Ý� 3.2 eV, �
�>  −0.5 V (vs. NHE), O2 éN´����>f
¦��>fÚd��Çk�©l, lJpbv¶
� TiO2 xz¹5. �´bv¶� TiO2 ´�«°
B���N, =éb	Åã�1�A, ¤±�ï<

F"ÏL�,é TiO2 ?1U5, ±Jp TiO2 �
1�A��. 3L��Ac¥é TiO2 ü�,��
�éõ, X B, N, F, S, C[8−12] ��7á���,Ñ
U¦ TiO2 1ÆáÂ>ù£, ��1�Ap�UJ
p1xz�Ç, �,���±Òlf�/ªO� O

lf?\¬�. 7á��ü�, TiO2 ����é
õ [13−16], ��´±�lf�/ªO� Ti �,, 
��LyÑéÐ�1xz¹5.
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�CAc, Ü©¢�<
mÐ
 TiO2 ��,
�¡�ïÄ, ¢�(JL² [17−21], ��, TiO2 �
á��1áÂÚ1xz5U��é�Jp. cÙ
´�7áÚ7á��, [22−24], ÏLü«,��f
3 TiO2 ¥�ØÓ�^5ïÄé TiO2 1xz¹5
�J��²w. �´8c�ïÄ, ¢�þ�Ê33
¢��{�ïá, X: XÛ*Ð TiO2 �1�A��
ÚJp1xz¹5±9ü)�Ç�÷*�J�¡;

nØþ==éV����, TiO2 �¬N(�!U
�(�!��Ý!"�/¤U��±{ü�O�,

'uV���Ó�,��pK��Ån���Ø
´éõ, nØþ�´"y��XÚ�¡k��V�
,���{. Ïd, �©$^1�5�n�O��
{, O�
õ|��,NX�åPU!>f(�Ú
��Ý, ©Û
¤�U?NC,�U?� �, &
?
��,é1xz5U�K�, ¿3dÄ:þo
(Ñ
V����, TiO2 ��Ó�AÅn.

2 Ôn�{Ú�.(�

�©O�æ^
Äu�Ý�¼nØ (DFT) �
²¡Å�^�³�{ [25]. ébv¶� TiO2 O
�L§¥, ��'éUæ^2ÂFÝCq (GGA)

¥ PW91 �{ [26]. T�{O�Ñ� TiO2 AÛ(
�ëê' PBE Ú RPBE �Y��C¢�� [27]. g
U|$�¥, A^
 Pulay �Ý·Ü{, gU°Ý
��z��fUþÂñ� 2.0 × 10−6 eV, �fÉ
åØ�L 0.1 eV/nm. 3é�.(�`z¥, æ^

 BFGS �{, z��fUþÂñ� 2.0 × 10−5 eV

±S. 1�Ùp�«U 5 × 5 × 3 ?1©�, �äU
À�� 380 eV.

3�.(�ïá�, À� Ti Ú O � 48 ��f
ïá
�� 2×2×1 7áÚ�7álf��,�¬
��., =^LÞ7álf�� Ti  Ú^�7ál
f�� O  . ùp�Ä
ü�X����,µ�
�LÞ7á��,Ú%�LÞ7á��,, = N/V,

N/Cr, N/Mn, N/Fe, N/Co, N/Ni, N/Nb, N/Ta Ú C/Cr,

C/Mo, C/W. �ùp�
O�ü��,lf�"
�åPU, 7álfÚ�7áÓ���
�C�
� Ti  Ú O  . éu�C��f�O , �âü«
,��f3¬�¥��é �, �±©�Xã 1 ¤
«�ü«�,�ª: î�Úp��,.

ã 1 ü«ØÓ�C����,�. (a) î��,, (b) p
��,

3 O�(JÚ©Û

3.1 ������,,,���åååPPPUUU

Äké��, TiO2 �.?1AÛ(�`z,

uy7áÚ�7á��, TiO2 éAÛ(��K�
§ÝØÓ, �,�NX�½5�u)
��Cz.

�
'��,�á�(��½5, O�
 TiO2
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¥,��åPU. åPU½Â�

Eb =ET(MTi) + ET(NO)

− ET(MTi + NO) − ET(TiO2), (1)

Ù ¥ ET(MTi) � 7 á � f � � Ti   � N X o
U, ET(NO) � N �f�� O �f�NX�oU,

ET(MTi + NO) �7á�f�� Ti �fÚ N �f
�� O �f�NX�oU, ET(TiO2) �X TiO2 N
X�oU. �ü���,"�Ñy3á�¥��ÿ,

��åPU Eb L²"�¬ª�*d¤�, /¤"
�é. 3O���,NX�åPU�, ·�Ó��
�Ä
©fm�g^4z�^, O�"�åPU�

·�� ISPIN = 2, L 1 Ð«�´�Äg^4z�
^�����,NX^Ý, §Ú¢�(J [28] '�
�C.

lL 1 �±wÑ�,NXØÓ, ¦��g^^
Ý´Ø���, Fe, Co, Ni n«�f� N �f�,
NX²wLyÑ�r�^5. l,��åPUþ�
UNyTA5, ,�åPUXã 2 ¤«. �±wÑ,

3¤k�Ä��.¥, ��,"�é�åPUþ�
�, ùL²
��á�"��', ��,"�é(
���½, ùÌ�8Ïu��,��,�lf3
¥Õ�^ekìà¤��ª³. ù�L²
��,
k|uJp,�"��M)Ý.

L 1 �Ä©fm�g^4z��,NX�^Ý (ü : µB)

N+V N+Cr N+Mn N+Fe N+Co N+Ni N+Nb N+Ta C+Cr C+Mo C+W

4.823 4.615 4.404 4.117 3.095 1.96 4.331 4.44 5.906 6.074 5.671

ã 2 �7á�7álf��,�åPU

3 N �7á��,NX¥, N/Cr k�p�å
PU, �� 2.67 eV;  N/Ni ��,k�$�åP
U, � 0.76 eV, ùÌ�´Ï� N lf�7álf�
¥ÕåP�^rfk'. �X7álf5�Or, N

lf�7álf��d�^~f, ¥ÕåPU�
~$. 3 C �7á��,NX¥, "�é�åPU
�é�p, �²wpu N lf�7álf�åP

U. ùÌ�´Ï� C �>K5$u N �>K5, ¦
"�é��d�^�r, /¤"�é�Ù¥ÕåP
U�p. o�, ��åPUL²
��,�,�l
f¬guìà/¤½�"�é(�. �Ä�C�
�f�O , �âL 2 �, î��,�ª���Â
ñ�oU��$, `²î��,�ª�k|u�,
�XÚ�½, ¤±3�Ù��C���,�.¥
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Ñæ^î��,�ª.

L 2 ü«�,�ªXÚ�oU (ü : eV), ±î��,
NX�Uþë�":

�,�ª
²¡Å�³ V4z;�Ä|

V/N C/Cr N/Nb C/Mo

î��, 0 0 0 0

p��, 0.151 0.124 0.306 0.210

3.2 ������,,,���>>>fff(((���

ã 3 ��7á�7álf��, TiO2 NX�
U�(�Ú��Ýã. �±wÑ, ��, TiO2 �©
Oü�, TiO2 �U�ãÚ��Ýã²wØÓ, Ì
�Ly3,�U?3�Y¥� �u)
é�U
C. éu N �7á��,NX, �±uy N/V, N/Nb

Ú N/Ta �U�(��~�q, =3d�ºþ�N
CÑy�^d N 2p �Jø�ÉÌU?, LÞ7á
,�� 3d U?þ£,  u��S.  N/Cr ��,=
¦��e� 0.3 eV NCÑy Cr 3d �. éu N/Mn,

N/Fe, N/Co, N/Ni ��,, 3�Y¥þÑy
õ^
,�U?. éu C �7á��,NX, �±u
yÙ�ÓA:´3d�ºþ�NCÑyÌ�d C

2p �Jø�n^,�U?. ��5¿�´ C/Cr �
�,�¬3��.Ñyd Cr 3d Jø�,�U?,

 C/Mo Ú C/W ��,¿vk3��.Ñy,�

U?. é'©z [29,30] Úã 3(a)—(k), ù
,�U
?é TiO2 1xz5�K��±o(�

1) 3��.e�Úd�ºþ�©OÑyd
7á 3d Ú�7á 2p �Jø�,�U?, X N/V

Ú C/Cr ��,. ��¡,�U?�Ñyü$
>
f�[I��1fUþ, ¦1ÌáÂ��ù£, 
�du��,��>fgÖ��^, ¤�U?fÐ
 u�7á 2p ,�U?�þ�, T,�U??u
÷W¿G�, �±k�~�>fÚ�Ç�EÜ, k
|uþf�Ç�Jp.

2) =3��e�NCÑy,�U?, ùÌ�´
dLÞ7á� 3d �Jø, X N/Cr ��,. ù«�
�,NX�U�(��7áü�,��', kü:
��5¿: ¬ �7á�Ú\¦LÞ7á� 3d �k
��§Ý�þ£Ä;  ¤�U?fÐBL�$�,
�U?, `²TU??u�W¿G�, N´¤�>
f�Ð¼¥%.

3) =3d�ºþ�NCÑy,�U?, Ì�d
�,�7á��� 2p �Jø, X N/Nb, N/Ta, C/Mo

Ú C/W ��,. ùA«��,âÑ�A:´¤�
U?fÐ?u,�U?þ�, =ù
ÉÌ,�U?
��>ÖÖ�, ¦,�U??u÷W¿G�, ùk
|u³�>fÚ�Ç3,�U?þ�EÜ.

4) 3�Y¥
Ñy�7áÚ7á,�Jø�
U?, X N/Mn, N/Fe, N/Co, N/Ni ��,. ù
��
Ì½ö�ÉÌ,�U?�ÑyN´¤�>fÚ�
Ç�EÜ¥%.
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ã 3 �7á�7álf��, TiO2 NX�U�(�Ú��Ýã (ùÚÒK�L7á 3d ;�þ�>f|¤���Ý, çÚ
ÒK�L�7á 2p ;�þ�>f|¤���Ý) (a) N/V; (b) N/Cr; (c) N/Mn; (d) N/Fe; (e) N/Co; (f) N/Ni; (g) N/Nb; (h) N/Ta; (i)

C/Cr; (j) C/Mo; (k) C/W

3.3 ������,,,������ÓÓÓ���AAAïïïÄÄÄ

lþ¡��, TiO2 �U�(�Ú��Ý¥,

·�uy�7áÚ7á��,�±é�§ÝU
C TiO2 á�3¤�U?NC�>f(�. Ïd, ·
��±ýÿ N/V, C/Cr ��,NX�Uk�r�1
xz¹5. §��,�3��.e�Úd�ºþ�
©OÑyd7á 3d Ú�7á 2p �Jø�,�U
?. ��¡,�U?�Ñyü$
>f�[I��
1fUþ, ¦1ÌáÂ��ù£, ,��¡du�
�,��>fgÖ��^, ¤�U?fÐ u�7
á 2p ,�U?�þ�, T,�U??u÷W¿G
�, �±k�~�>fÚ�Ç�EÜ, k|uþf
�Ç�Jp. �
�\&? TiO2 ��,¥�,l

f��Ó�^, ·�± N/V Ú C/Cr �~, é§��
U�(�?1
��[��ïÄ, loéÑ TiO2

��,�Ó�AÅn.

lã 3(a)N/V ��,�U�(�ãÚ��Ý
ã�±wÑ, V � N ¤�¦�YO\, V 3d Ú N

2p U?©O3��.Úd�ºLyÑ�r�Û�
5, =�,�*Ñ�Â ; ,��¡, V � N mr
�¤��^�� Ti—O �¤��^~f, ±�u O

2p Ú Ti 3d U?©�~f, U�Ð°~�, �YO
\. ?�Ú`²
 V Ú N V�, TiO2 �, V Ú N

��p�^éU��N�ké�K�. V—N ��
d�^¦,�U?� �u)
é�Cz, Ì�
Ly3 V �,�U?�þ£Ä, � Ti 3d U?k�
��U,  N 2p U?Ñye£. V—N ��==
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� 0.1659 nm, §�É�±� Ti Ú O �¬N|�^
~f¦U?©�~f, �ª¦U?Â Ñy
,�U?£Ä. 3d�ºÚ��.NCþÑy
,
�U?, Ø=�±k�~�>f�[¤I��1f
Uþ, �Ñy V 3d t2g ,�U?þ���>f=
£� N 2p ,�U?þ, ¦T,�U?fÐ�>f
W¿÷, ¦¤�U?fÐ u N 2p U?þ�. �±
n)���.e���Ì,�U?þ���>f
fÐÖ�d�ºþ��ÉÌ,�U?þ����
Ç, ¦�,�� TiO2 á�LyÑwÍ���NA
�, ùò©O¤�>f½ö�Ç�Ó¼¥%, ~�
>fÚ�Ç�EÜ, Jpþf�Ç. ã 4 äN��
N
 N/V ��, TiO2 U?��Ó�^.

ã 4 N/V ��, TiO2 ��Ó�A�nã

Ó�, lã 3(b) C/Cr ��,�U�(�ãÚ
��Ýã�±wÑ, C/Cr ��, TiO2 �¦d�º
Ú��.NCþÑy
,�U?. � N/V ��,
�', ��¡ C/Cr ��,��Y�� 0.23 eV, �

� 2.33 eV; ,��¡, ù
d�ºÚ��.NC
�,�U? ��é��. dd��, C/Cr ��
, TiO2 ¦>f�[¤I�1fUþ�$, ¦1á
ÂÌk��ù£. �lã¥�±wÑ��.e�
� Cr �Ì,�U?þ�ü�>ffÐÖ�d�º
þ�� C ÉÌ,�U?þ�ü��Ç, ¦¤�U?
fÐ u C 2p �p,�U?�þ�. ù«>ÖÖ
��^ò��~�>fÚ�Ç�EÜ, k|u1x
z�A¥þf�Ç�Jp.

¤±é�7áÚ7á��, TiO2, �¦�,
� TiO2 �1áÂ>ù£��, 1xz5U�Ð, Ò
�ÎÜ7áÚ�7á��,�ÓÅn, =�,�3
��.e�Úd�ºþ�©OÑyd7á 3d Ú�
7á 2p �Jø�,�U?.

4 ( Ø

·�$^1�5�n, ± C/TM Ú N/TM(%
�LÞ7á��,Ú��LÞ7á��,) ��
, TiO2 �~, ïÄ
7áÚ�7á��,é TiO2

1áÂ>�K�, lýÿÙ1xz5U. ÏLé
V�,(��åPUO�, uy�7áÚ7á,
�kìà¤��ª³, Ù��åPU`²
�,
�f�±���f¤�, Ù¤��^~��NXU
þpuÏAÛÆC�5�AåU, L²7á�,k
|u�7á�ßÝO�, ùU*� TiO2 �1áÂ
>, ¦� TiO2 �1áÂ>���1��u)ù£,

é TiO2 �1xz5U´k|�. ¿± N/V Ú C/Cr

�~, lU�(�Ú©f¤��Ý, ïÄ
7áÚ
�7á��,��Ó�A, é�7áÚ7á��
, TiO2, �¦�,� TiO2 �1áÂ>ù£��, 1
xz5U�Ð, Ò�ÎÜ7áÚ�7á��,�Ó
Ån, =�,�3��.e�Úd�ºþ�©OÑ
yd7á 3d Ú�7á 2p �Jø�,�U?.
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Abstract

We present a first-principles calculation study of matal and nonmetal codoped anatase TiO2. We mainly investigate C/TM and

N/TM (carbon and metal codoped, nitrogen and metal codoped) codoped TiO2, are calculate their bound energies, energy band struc-

tures and densities of states. We find that impurities of metal and the nonmetal have an aggregate tendenty by calculating the bound

energy of codoping structure. Positive bound energy show that the doping atom and the peripheral atom will combine into a bond, the

boding-effect-produced system energy is higher than the geometric-distortion-effect produced stress energy. We analyze the energy

band structure and bonding of N/V and C/Cr –codoped TiO2, and further find if we want to extend TiO2 light absorb edge and improve

TiO2 photocatalysis properties by metal and nonmetal codoped TiO2, we should make codoping by the codoped joint method, namely,

on the bottom of the conduction band and on the top of valence band can arise impurity energy levels contributed by metal 3d and

nonmetal 2p orbits respectively

Keywords: titanium dioxide, codoped, energy band structure, density of state

PACS: 71.55.−i, 71.15.Mb, 71.20.Nr, 78.20.−e
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