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Fig. 1. (color online) The structures of the titanium
dioxide nanotube on anatase (101) surface for (6, 0):
(a) the top view and the side view of the unit cell
for the (101) surface in TiO2 with anatase, in which
ajand ag are the unit vectors; (b) the top view and
side view for the optimized nanotube with (6, 0);
(c) the top view and side view of the unit cell of nan-

otube.
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73 A B Ogc M1 Ogc A7 BN, 45Ky 4b T A fa R
&, WM N, F LR Osc 2 BN 528 AR
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Hor) N T I EURS 24 5 9ok A 1) IX S8 46 i j )
HAUE, FIRTHRBREMF 5 Ti 55 [ f R S
AR, MN, FIB RN F 5 Ti 2 B f S SRR
BR.

#1 N, F, N-F 4 TiOo 49K & (1 T A% B R4 [,

XQ@TiOz F7n X TTHEIMARIB L TiO,

Table 1. The formation energy and the band gap of

the systems with N, F and N-F doped in TiOz nan-

otube, and X@TiOz means that X is doped in TiOx

and replaces the element O in TiOa.

s L .
WRBENE —————— HH/eV
HTi ®O

TiOg — — — 2.396
N@TiO, N@Os¢ 1.278 5.903  2.259
N@QO;¢ 1.226 5.851  2.035
FQTiO4 F@Os¢ 2447 7.072 2.374
FQO3¢ 2.053 6.678  2.362

N-F@TiOs N@Osc, F@Ooc —4.667 4.583  1.577
N@Oyc, F@O3¢ —5.187 4.063  1.580

N@Oj3¢, F@O3c —5.217 4.093  1.839

3.2 ETLEEMIMER

N T BB A5 TiOo 40K & HL 1 45 1) 1R 52
W, ASCHHE TN, FRBEMNTF LB RELT
MAZEMAE R, SREW, F RSBy
KA BRI 0.034 eV, KK 27 BRI K.
I, ASCHER T N BB R N-F S48 2 i 1 B i 45
P, Ho, B3 (a) B3 (c) R ARB I N B 2.
N-F B RENAKE R, HE LSS
H, RIBIH TiO YK N BT B 344, B
N 2.396 &V, IZAEAK TS KE 3.130 eV )] X &
F GGA FHIDFT 8 5 5284l BB K/ [0,
N Ja, 9eRER e B R Sk, W BRE A
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Fig. 2. (color online) The structures of the optimized TiO2 nanotube: (a) undoped; (b) N is doped and replaces
Oj3c; (¢) F is doped and replaces O3c; (d) both the N and F are doped and replace O3, respectively, in which

the values are thebond distance between the atoms with the unit of A.

V)

2.035 eV 1k

2.396 eV

1.839 eV

K3 fEEEME  (a) TiOg2; (b) NQTiOg; (c) N-FQTiOq, fitf 0 2 % oKAEL; H XQTiOy RR LRI TiO2
PARE P Ogc ML E
Fig. 3. The structures of the band energies: (a) the un-doped TiO2; (b) N@QTiO2; (c) N-FQTiO2 in which 0 is

the Fermi energy and X@TiO2 means that the element is doped in nanotube and replaces the element Ogc.
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N T UL 2R G R 9D X Ti0o 9K
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Bl 3 (c) TN, 5B 4R1AH L, 5440k R4 7 T
JRRELR LT T 0.449 eV, FAEIK N T 0.108 eV. R
5 TiOo e /K I S B G5 JIC M AZ A7 T 28 i
Wz b M A TNz T KA AT, B
DFT X B 2 Ak, (H I HTX TiOo MAH RH F 3R
B, 5 A 225 BRI RS T SR8 5 S 36 i BRUE 1 AR
e — 5 B30 AR A 5 A T B A T
TF1) )RR o BB AR R HE RS [2135]. TiOo 9K B4
TR 4E L 5 A e R AL B s, 5o I AR 98 5
B BREOR 2 IE3R19. B4 R 1 T A 5 T
AR B AR . B4 H T TiO 9K E N
THURIT S5 JE< 5 e v 0 P R RS RO AR X o B 7). R
Bl A AT RN, TiOo 44K R340 Ji 14 2 i T 1A ob 45 44
N B JGR R T R = T 9K, XK 8 R 1%
B, (H T BRI AS B L % RT L6 Il e
R59; F 13445 90K 8 R IONIE R 1 BRAK, At
i N-F LB 5K R 00307 KA T R, XK
(R S BEAIR, AELFZ MR AN R 45 244 R AN 5 O S
Perm, FAEAMRE A B FEAK, (5 TiO 9K X Al I
GRS RE J a2 3. Rk, 2% 5 TiO K
FEBR s m DL R B TR, S Y6 K i B AR T
RE IS FIEHA SRR,

N7 iU & TR AR R EEH, A
AT T EATIASEE, b . HEDS (a)—
Bl 5 (d) /T LAE th, NB 445 5248 % B 1 4 s Tl B
TR P8R A R B2 A K, T N-F &

B2 0 B B S, IF HLA A T T A
R, DS (e) 4% E AT LLE I, TiOs 41K
M FE R O-2p FUESRL, I E L EN
Ti-3d JUil; S5 1 E il Ti-3d YU i ft, wH D&
fl1O-2p8LiE. M3 () 3 (g) AT LAFE HH, Bl
BN A J5 7 BRECE Bk, 52 N R 75 1k
RAEM A TGE I T — AN RS, B4 F 5
TJa, FWIREE T FoREEH LT, U8 T 90K
B THAKE, F2p 7 T awic, 5
O-2p U FBEAE FHEE /N, X6 TiO Y6 IR IS 5 5 1
AR, KT E S (h) 1 N-F 3L 48 26 10 5 4 % B ]
DL, FEM TR O-2p, N-2p A1 Ti-3d [A I 3T
B, PR IE B 28 R R O, N, Ti R4t
FRIRRELR, M F-2p WG IMAE TR, 1S
KB IR R ML, N-F L8 Z A5 40135 T0UH BT
5T JEC BA SR B AR, X8 A9 DK A I i R A R R Uk /)
AT PREGS AT I [ R SORI R F .

—3.5 1 N@NT i Bt
CBM —4.0 1 NT N-F@NT | C
FQNT| H+/H
—4.5 4 T —"
~5.01 T 0%
=} (2]
55 2 5 i
: ico o~

—6.0

—6.5

VBM —7.0 -

B4 (MTERE) S SRR E R B,
N#4. FH 4 N-F LB RN HT (VBM) 551K
(CBM) fif &, HF XQTiOs Rt KL TiO2 44k
B Ozc fLE

Fig. 4. (color online) The positions of the valance
band maximum (VBM) and conduction band mini-
mum (CBM) of the undoped TiO2, N doped, F doped
as well as N-F co-doped, in which X@TiO2 means
that the element is doped in nanotube and replaces

the element Ozc.

T8 2% 1 2 9 K BEZ I 3h vk U
5 TiO PKE Z AR A T HAgHeds, R, A3
T TR TR AR (R 2) MR R ZE
L. WE 6 R, HAEBNIRT IR,
AT B HAG, IF ARSI B MR
T RA TR AT HN-FILB RS
RBRHERIL, NIET 5 F E 7152 7 1R
#EL Osc 89, R 245 T BB R IE & R T 1 H
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Kl 5

doping O3¢ in nanotube.

TR VEME L. AP N AT B4 TiO, Ja, i
AP RO, Gk R TS 80, AR
T BT - SO I A R T = e IR AL TS
PE. 78 N-F 3£ 45 24 (0 TiO, 91K & b, N R 113 5

(IR ) 25 i 4 Ho o 2

(a)—(d) 7 HERBA N BIF B N-F 3£B5% TiO oK E RIS
T (e)—(h) AN (a)—(d) MBI AEERE; Hh XQTiO Ran L HRIUL TiOe H1KE H Osc frE

Fig. 5. (color online) Density of states (dos): (a)—(d) the TDOS of the undoped, N doped, F doped and N-F
co-doped TiO2 nanotube; (e)—(h) the PDOS corresponding with (a)—(d); X@TiO2 means element replace

1.206 e, FJR 71551 0.712 e, MR T-Fl il Ti R
TSR B OLIRATT LLE i, N1 4000
Ti 7B FREOK, RN N R B FRE 15T
F 1.

K2 PRWEBAFRTHETEANGL. L, AQ BRBRFESBAMHHL TR TANEM; XAQTiO2 &

RICER IR TiO2 PAKE  Ogc LB

Table 2. The electron gain and loss of the undoped and doped nanotubes, in which AQ is the electronic

changes of the atoms for the doped and un-doped nanotubes, and X@QTiO2 means that the element is doped

in nanotube and replaces the element O3¢.

TiOs N@TiOs AQ F@TiO, AQ N-F@QTiO5 AQ
04 1.047 1.030 —0.017 1.052 0.005 1.206 0.159
09 1.047 1.052 0.005 0.722 —0.325 0.712 —0.335
03 1.051 1.030 —0.021 1.047 —0.004 1.038 —0.017
04 1.051 1.027 —0.0024 1.042 —0.009 1.039 —0.012
05 1.050 1.024 —0.026 1.059 0.009 1.056 0.006
Os 1.050 1.029 —0.021 1.057 0.007 1.038 —0.012
Tiy —1.886 —1.841 0.045 —1.880 0.006 —1.849 0.073
Tia —1.883 ~1.831 0.052 —1.883 0 —1.874 —0.001
Tig —~1.911 ~1.833 0.078 —1.851 0.108 —1.825 0.086
Tiy —1.889 ~1.872 0.017 —1.855 0.034 —1.856 0.033
Tis —1.873 —1.911 —0.038 —1.859 0.014 —1.857 0.016
Tig ~1.893 —1.869 0.024 —1.862 0.031 —1.874 0.019
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6 (MTEE) ZammE  (a)—(d) 2AlRABR NBRF B N-F L35 TiO 49K, Bl g
SEEHEE 0.005 e/ A, MEFREHMT, WERRALHT
Fig. 6. (color online) The figures of different charges: (a)—(d) represent the nanotubes of undoped, N doped,

F doped and the N-F co-doped, respectively; and the charge density value is 0.005.
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Fig. 7. The spectrum of the optical properties, in

which X@TiO2 means that the element is doped in

nanotube and replaces the element O3¢.
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Abstract

The method of co-doping is very useful to improve the photocatalytic performances of titanium dioxide nanotubes.
The absorption capacity to the visible light of the titanium dioxide nanotubes can be improved significantly in experiment
by doping both N and F' in titanium dioxide nanotubes, but the theoretical explanations are still not clear. Doping the
atom N alone, the atom F alone, and both N and F in titanium dioxide nanotubes respectively, their atomic structures,
electronic properties and optical performance are studied by the first principles method based on the density functional
theory. It is found that formation energies are lower in titanium-rich environment than that in oxygen-rich environment.
In titanium-rich environment, the N-F co-doped TiO2 nanotube has the low formation energy and stable thermodynamic
system compared with the N alone and the F alone doped TiO2 nanotube. Besides, the Osc can be replaced more easily
than the Ozc when doping N alone, F alone and co-doping N-F in TiO2 nanotube. By analyzing the energy band, we
can find that the band gap changes little with doping N and the change of the band gap for the co-doping N-F case is
the most prominent, which reduces by 0.557 eV compared with that for the un-doped TiO2 nanotube case, and this is
mainly from the contributions of the impurity level near the top of the valence band. Besides, the different charges are
calculated and it is indicated that the ability to gain electrons of N is stronger than that of F, and through analyzing
the photocatalytic performance, it is found that though the gap of the nanotube is larger than that of the body, the
reducibility of nanotube is better than that of the body. Both the reducibility and the oxidability of the nanotube are
reduced but its activity is not lost when co-coping the atoms of N and F in titanium dioxide nanotubes. Moreover, the
optical absorption spectrum shows that the red shift phenomenon is obvious for doped system and also for the co-doped
system. Therefore, co-doping both N and F in titanium dioxide nanotubes is the most useful method to improve the

photocatalytic performances of the TiO2 nanotubes.

Keywords: titanium dioxide nanotube, doped, electronic structure, optical property
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