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��zv (TiO2) ���«5U`û�1xzJ®²É��5�õ�'5. �ïÄæ^�Ý�¼nØ�1�5
�nÚ2ÂFÝCq +U �{, ébv¶(� TiO2 ¬Nn«�U� (Nb, N) ��, TiO2 �AÛ(�!/¤U!U
�(�!>f�ÝÚ1áÂXê?1
ïÄ, ¿�ü�, (Nb/N) NX?1
é'. é�,�NX�AÛ(�?1�
O�L²,��f�\�¬�u)
ØÓ§Ý�ÆC. d	, (Nb, N) ��,NX�X TiO2 �', ÙB�°ÝÚáÂ
>��. Ó�, � N �, TiO2 �', N � 2p �3��,�/eC���Óâ, l
~�
>f�Çé�EÜ. 
�
��,NX�/¤U' N ü�,NX$, Ï
�\­½. Ïd, (Nb, N) ��,�±éÐ/J,bv¶. TiO2 3�
�1Åã�1xz5U.

'�c: >f(�, �Ý�¼nØ, bv¶, ��,
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1 Ú ó

��zv (TiO2) ���«1xzJ, äkÃ
Ó!r�z5!p1>=��ÇÚp­½5�A
:, Ïd31xz+�kX�©­��/  [1−3].

�´duÙB�°Ý�� (7ù�� 3.0 eV, bv
¶� 3.2 eV), Ì�1áÂ��3b	Åã, ÏdA
^��É�
��. �
Jp TiO2 3��1Åã
�1áÂÇ, ÏLÚ\,�5UC TiO2 �>f(
�´�«k���{. �7á�,´ÏLÚ\,�
U?½~�k�B�°Ý5*� TiO2 1áÂ��
��{. cÙ´� (N) �, [4], 3¢�ÚnØ [5−9]

þÑ�y²´�«�©k���{. �´, N �,
¬3d�NC�)Û� N2p �, é1)16f

ó´�²U?, ¿¬~�1>6, l
�� N �
, TiO2 �xz�Ç [10]. d	, LÞ7á�,Ó�

�´~� TiO2 áÂ>�k�å». �´LÞ7á
�)� d Û��Ú16fEÜ¥%Ó�Ø|uJ
p TiO2 �xz�Ç [11]. CÏ�ïÄ [12−15] uy7
á-�7á��,�{Ó�k|uJp TiO2 �xz
�Ç. 3LÞ7á�,¥, � (Nb) ´�«²~^u
�, TiO2 ��� [16−19], ¿®²��
A^. Ïd,

·�À� Nb Ú N ��,bv¶ TiO2 �ïÄé�,

¿O�Ù>f(�.

2 nØ�.ÚO��{

2.1 nØ�.

O�æ^ 2×2×1 �,bv¶�¬�. Ù¥ N

Ú Nb ©O?u O Ú Ti �O� . O��À�

n«�U���,�/, Xã 1 ¥�Þ¤«, Ù¥
� Nb-1, Nb-2, Nb-3 ©O� Nb �U�n� �,
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§����,(�©O�·¶� NbN-1, NbN-2 Ú
NbN-3.

ã 1 (Nb, N) ��,¬�

2.2 O��{

O � æ ^ 
 Ä u � Ý � ¼ n Ø (DFT)

� VASP[20] ^�, ¿ÀJ2ÂFÝCq (GGA) �
���'é³. �´du GGA 3£ã-u��
¬k�½Ø�, Ïdé�
NX (�) TiO2), GGA

¬î­$�B�°Ý [21]. �~�Ø�, O�æ
^ GGA+U �{ [22].

3�ïÄ¥, �,NX�>¥5"�/¤U Ef

�O�úª� [23]

Ef = Ed − Eh + nhµh − ndµd, (1)

Ù¥ Eh (h = Ti, O) Ú Ed (d = Nb, N) ©O�N
X�,c��oUþ, nh � nd ©O´�,NX
¥ (���,NX�') �£r��fÚ�,��
f�ê8, 
 µh � µd ©O�§��zÆ³.

� N á � � N õ 1 Æ 5 � � ± d 0 > ¼
ê ε(ω) �Ñ, ε(ω) ©�¢Ü ε1(ω) �JÜ ε2(ω),

0>¼ê�±ÏLO���¦�. áÂXê α(ω)

�±^úª [24] ��, =

α(ω) =
√

2ω
[(

ε2
1(ω) + ε2

2(ω)
)1/2 − ε1(ω)

]1/2

.

(2)

3 O�(J�?Ø

3.1 (�`z

(�`z���Xbv¶¬�~ê©O� a =

3.789 Å, c = 9.524 Å, ÎÜ�c�¢� [25]. �
�
°(/ïþ¬�ÆC, X TiO2 ±9���,NX
���fm�²þ���O�Ñ (�L 1).

L 1 ��NX�²þ��/Å

� TiO2 NbTi TiO2 NOTiO2 NbN-1 NbN-2 NbN-3

Ti—O 1.957 1.964 1.974 1.975 1.974 1.978

Nb—O — 2.008 — 1.970 2.000 1.966

N—Ti — — 2.006 1.909 1.919 1.969

N—Nb — — — — — 1.895

XÀ� TiO2 ¥, Ti—O �²þ��� 1.957 Å.

3�,NX¥, Ti—O �²þ��Ñ�uXÀ TiO2,

��OØ�, `²ùA«���,é¬�(��K
�Ø�. d	, �±uy� Nb Ú N ��� (NbN-3),

Ti—O �²þ���X TiO2 m��O��, =d
�¬��ÆC��. d	, N ü�,���,NX
� Ti—O ����©�C, �Ñ�u Nb ü�,Ú
XÀ TiO2, `² N �f�Ú\é¬��K���.

3.2 "�/¤U

�â (1) ª�±�����,NX�"�/¤
U. 3 (1) ª¥, Nb Ú N �zÆ³��½�, 
 Ti

Ú O �zÆ³K�â)�^�
ØÓ. 3 TiO2 ¥,

Ti � O �zÆ³÷v'X µTi + 2µO = µTiO2 , 3
L O ^�e µO = µ0

O2
/2, Ù¥ µ0

O2
´ O ü��

zÆ³; 3L Ti ^�e µO = (µTiO2 − µ0
Ti)/2, Ù

¥ µ0
Ti ´ Ti ü��zÆ³. l��/¤U� O �

zÆ³�m�'X (�5'X).

�Lã�B, L 2 �Ñ
��,NX�/¤U
��. (JL², n«��,NX�/¤U�©�
C, Ù¥ NbN-3 �/¤U�$, Ïd§´�­½�
´�k�U/¤���,(�. ,	, ��,NX
3L O �/e�/¤U'�$, `²3d)�^�
e, ��,NX�N´/¤. 
 N �ü�,/¤U
'��, KL²�'Ù¦A«NX, N �,NX�
Ø­½, Ó��y²
��,�±¦�,��f�
N´�\ TiO2

[13], ��\­½.
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L 2 ���,NX�/¤U/eV

�,NX L Ti L O

NbTi 3.295 –6.776

NO 0.695 5.732

NbN-1 2.016 –3.021

NbN-2 2.034 -3.003

NbN-3 1.816 –3.221

3.3 >f(�

O����Xbv¶Ú�«�,NX�U�
(�Xã 2 ¤«. �â GGA+U �{, ò���X
bv¶�B�°Ý 3.16 eV �¢��?1'� [26],

B��Ñ�A�ëê U , J , 2òdëê�\Ù��
éANX¥O�B���?����Ù¦�,N
X�>f(�.

ã 2 ��NX�U�(�ã (a) X TiO2 �U�(�; (b) Nb �,� TiO2 �U�(�; (c) N �,� TiO2 �U�(�;

(d) NbN-1 �U�(�; (e) NbN-2 �U�(�; (f) NbN-3 �U�(�

3 Nb �, TiO2 NX¥, Nb ?u Ti �f�O
� . ÙB�°Ý� 3.34 eV, �¤�U??\
�
�, L² Nb �, TiO2 � n .�,. ,	, dNX
�B�°Ý'X TiO2 �, B�¥�vkÑy?Û

,�U?, ù��c�ïÄ�� [16,27]. éu N �
,NX, N ?u O �O� , l
Ú\
 N �ü
� 2p ,�U?, Uþ�$�,�U?�d��ë,

Ïd�½§Ýþü$
B�°Ý. 8céu N �
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,é TiO2 �K��3õ«)º. Asahi � [4] �
Ñ N O� O U/¤ O2p � N2p ;��·Ü, l

~�B�°Ý. Ù¦�ïÄ [28] K@�´3B
�¥�á� N2p U?¬E¤B�°Ý~�. 3
�
nØO�¥, X Di Valentin � [29,30] K@�
N O� O �±�) ud�º�þ 0.14 eV �
N2p �, 
 m Y N � f K ¬ � ) p u d � º

0.73 eV � N2p �, l
~�B�°Ý. O O� �
N �,¬�)Ü©Óâ� N � 2p �, ù´Ï�
O2− �O�¤
 N3−, l
 Ti4+ C¤
 Ti3+[31].

3 · � � ï Ä ¥, � , � ) 
 p u d � º
0.24 eV �Ü©Óâ� N2p U?, Ïd§U?¬r
?>f�Çé�EÜ, l
é TiO2 �1áÂL§
Ø| [32].

ã 3 ��Ýã (a) ��NX�o��Ý; (b) ��,NX,��f�©Å��Ý

du N Ú Nb äkUþØÓu O Ú Ti � p

Ú d ;�, ¤±§���,�±k�/UC TiO2

�>f(�. (Ü��Ý (ã 3) ÚU�ã�±u
y, n«�,/ª���,3�½§ÝþUC
B
�°Ý¿Ú\
,�U?. 3 NbN-1 ¥, ü� N2p

U?¥Uþ�$��d��ë, ¦�B�°Ý~
�, 
,�� N2p ,�U?KÕá�3�B�¥.

3 NbN-2 ¥, ü� N2p U?þ�B�¥Õá�3�
,�U?. NbN-3 ��/� NbN-1 aq, �du Nb

� N ��¤�, ÙB�°Ý��. d	, Nb 3��
./¤
,�U?, å�
~�B�°Ý��^.

,	, du��,, N � 2p �Ø2´Ü©Óâ, Ï
d§Ø¬2å�r?>f�ÇéEÜ��^, ùk
|u TiO2 �1áÂL§. dd�� (Nb, N) ��,
é TiO2 3��1Åã�1xz5UkéÐ�J,.

3.4 1áÂXê

d (2) ª � ± � � X TiO2 Ú (Nb, N) � �
, TiO2 NX�1áÂXê, Xã 4 ¤«. X TiO2

�áÂ>� 3.20 eV, éAu>fl O2p �� Ti3d

���[, ù�>f(�O�(J�Î. �X TiO2

�', (Nb, N) ��,NX�áÂ>~�éõ, ùÌ
�´du,�U?�����[Úå�. Ïd, �
±�Ñ�>f(�(J���(Ø, (Nb, N) ��
,�±éÐ/ò TiO2 �1áÂ�����1Åã
*Ð.

ã 4 (Nb, N) ��, TiO2 ÚX TiO2 �1áÂXê (®8
�z)

4 ( Ø

�©|^ DFT �{, ïÄ
bv¶(� TiO2
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±9 (Nb, N) ��, TiO2 �>f(�Ú1Æ5
U. lU�(�!��Ý�¡©Û
 N Ú Nb ü�
, TiO2 �>f(�, ¿±dé' (Nb, N) ��,
é TiO2 �>f(��K�, O�
��,NX�
1áÂXê. (JL² (Nb, N) ��,NX�/¤
U�$, B�°Ý��, ÙáÂ>���1Åã£
Ä, ���,¦� N2p U?lÜ©ÓâC���Ó

â, l
�Ø
 N ½ö Nb ü� TiO2 �Øv�?,

Jp
 TiO2 �1xz5UÚ­½5.

a�ÉÇ�ÆÔn�Æ�O�Æ�Ó�P�9zÍÆ

�ÇJø�Eâ|±, �ïÄ¤kO�Ñ3TÆ�� Sugon

TC5000A O�Åþ�¤.
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Abstract

Titanium dioxide (TiO2), as a kind of excellent photocatalyst, has been widely researched and applied. The geometry structures,

band structures, densities of states and absorption coefficients of three possible (Nb, N) co-doped anatase are studied by the density

functional theory based on GGA+U method, and the results are compared with those of the single doped (Nb/N) anatase. It is shown

that the introduction of dopants leads to the lattice distortion. Besides, compared with undoped TiO2, (Nb, N) co-doped TiO2 has small

band gap and absorption edge, and the level of N 2p state changes from partially occupied to occupied, which reduces the recombination

of electron-hole pairs. In addition, the smaller formation energy of co-doped anatase indicates that it is more stable than the N doped

anatase. Therefore, (Nb, N) co-doping anatase is a kind of stable photocatalyst and it has better photocatalytic performance in visible

light band than pure TiO2.
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