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Fig. 1. Theoretical models: (a) BaTiOs; (b) Big.125-

Bag.g75TiO3 (green represent Ba atoms, red represent

O atoms, gray represent Ti atoms, and purple repre-

sent Bi atoms).
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#1 BiyBay ,TiO3 KM ZSH. SRS GRE
Table 1. Crystal lattice parameters, total energy and binding energy of BizBaj_;TiOs3.

misH/ A
Bi,Bai_TiO3 HBL/A EBi,Ba, ,Tios/€V  AEBi, Ba, ,Tioz/eV
a b c

=0 8.0600 8.0600 8.0600 523.6144 —28995.7448 42.3292
z = 0.125 8.0375 8.0375 8.0375 519.2349 —28442.0371 41.8898
x = 0.250 8.0014 8.0014 8.0338 514.3389 —27888.1550 41.4287
z = 0.375 8.0276 7.9779 8.0033 512.5625 —27334.1570 40.9530
z = 0.500 9.1124 7.8464 7.8251 559.4754 —26782.2078 40.7335
xr = 0.625 9.3227 9.3185 5.9627 518.0011 —26228.1035 40.2445
z = 0.750 9.3382 9.3382 5.9653 520.1860 —25674.5642 39.8262
z = 0.875 9.3125 9.3125 5.9843 518.9744 —25122.3041 39.5678
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Fig. 2. X-ray powder diffraction pattern of BizBaj_,TiO3.
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Ba 3 [ 5 95 if H AR 95 FE R T, © = 0.625 1), 1k
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R S EOCR RGO TR AR &
mi Mm% 25 SR RS T B A 205 & 22 DA HL 1
JREmo N WE. Mo N0EN0.875, X R =
A RO Ems 4y N 3.9386mg, 2.7745my,
2.7652mg,  2.4210mg,  3.0975mg,  1.4471my,
1.8092mg F13.1064mo; H T H & L & m?: 7 3l
i 1.4255mg, 1.4198mg, 1.3272myg, 1.2029mo,
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% Bi J& Big.g75Bag.105Ti03 1) 25 7 K LT RUR
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SRR E. HAM R BT BiocE B
e 25| A 7O LA AU R AR DN,

L N 300 K, 4 1F 54T 2 1 48 5
Eg, mp, mi 45 FARN (4) 2wk 7T DUAF )% i B
THER TIRE. M2 MN0F0.875, & T 1K
FE ny 4328 1.00 x 1020, 8.19 x 109, 7.67 x 109,
6.35 x 1019, 6.10 x 10'?, 5.20 x 109, 5.73 x 10 Fil
1.13 x 10%0 em 3. THE RIS REHr (1 2540, (670
B AR i T DA R IR FEE RIS, i BR AR A e A kI
TR EESE .

Kl 34 Bi,Bay _, TiO3 ¥ =05 £ (1) L1 ey
SERIE. AR 2ME S, ATE R TS A R
BCSRIE /D, HEUX RGO TR TR
EET B, R R GGA & S 83w
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VBRI —FIA 2 A T7 7%, R AT A 2 K 45
T A X B I 2 AR HE AR 0, AN 521 X6F R i 45 44 A
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% >
20 L 193
g -1E 5
2 i
-2 | ——
73 | % é
—4 %%\¥
G F Q z G G F Q z G
1 ——— %
0 /\x
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P S| (@)
& & —2r|E,=2371F3 eV
) 5] L
=] OO o S R S R
= a4 -3 —
hr L | Big g5 Bag s TiO:
2 Big.sBag s[O3 © > 0.625Ba0 3 TiO3
e
5 2| = 2 H B, =2.69285 e V ®)
2 E, =2.593p1 eV %
3} € £
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—
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1
%
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& % —2 [ BiosrsBagihsTiO3
: g (h)
= 5] E, =1.2468 eV
) R e
= — ——
—4 =—
_5 | \/‘I%

I3 Bi,Bai_,TiOs i f A H A0 M F AW LEHIE  (a) @ = 0; (b) @ = 0.125; (c) @ = 0.250; (d) @ = 0.375;
(e) © = 0.500; (f) = = 0.625; (g) = = 0.750; (h) x = 0.875

Fig. 3. Electron band structure along a high symmetry point of BizBa;_,TiOs: (a) z = 0; (b) z = 0.125;
(¢) = = 0.250; (d) z = 0.375; (e) = 0.500; () a = 0.625; (g) « = 0.750; (h) 2 = 0.875.
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#2 BiyBai_,TiOsz FEMFH T (VBM). TR (CBM) MHHIERER (eV) MIZH WL Eg (eV), mAHR G ribfif it 25 7 &
HLTF I RURE (m), myy) BLRIREEN 300 K BT AOER TIKFE i (em™3)
Table 2. Characteristic energy (eV) at the top of the valence band (VBM) and the bottom of the conduction band

(CBM), their band width Eg (eV), effective mass of holes (m}) and electrons (m}), and the carrier concentration

P

n; (cm~3) nearby the high symmetry G point of BizBaj_;TiOs3.

o z=0 z=0125 £=0250 2=0375 x=0500 x=0625 =0.750 x=0.875
CBM 1.7605 —0.1370 —0.4222 —0.3914 —0.4248 —0.4809 —0.8188 —1.6825
VBM 0 —2.0981 —2.5654 —2.7631 —3.0183 —3.1738 —3.2970 —2.9288
Eq 1.7605 1.9611 2.1432 2.3717 2.5935 2.6928 2.4782 1.2463
ngp [33] 3.2 - o - - . . .
mi/mo 3.9386 2.7745 2.7652 2.4210 3.0975 1.4471 1.8092 3.1064
mk/mo 1.4255 1.4198 1.3272 1.2029 1.2467 1.4212 1.2819 1.9006
n 1.00 x 1020 8.19 x 10'9  7.67 x 10'? 6.35 x 10!  6.10 x 101 520 x 10'° 5.73 x 10'° 1.13 x 1020

K3 (h), AIF H Bi B BACEEES 8™ R & | e ™
B TARZHIR M A, BRI 28 i RE S
R BT AR 5 & 3 4, IR 24, i it
E M Bi R T BURESERY A T Ba R 15, N T
UEFRES PR R A AR P, 2T R —E sk
B B s 0 BOST ) BT R BE TR . T34,
Bi*t & 1 5 Ba?t B 7 AHEL, EER 72 IO G
AL ELAE, ARt — 2RI T, XA TE T
SR G IR SN, BT, 4B
ARPCRAEL BRI HEN T 7. FEE DURE RIS, 2
APORRES R 2 P A R TR S
H S A T B N 82, Bi IG5 Y
BT 2, K 2058 Bi, Bay —, TiO3 AL 19 e
ke,

Kl 44 Bi,Ba;_, TiOs KL T & HEE, BR
e 7 & A A A I TTER. 7E BaTiOg
R A EER O-2p &I TR, T R EF
Ti-3d & 0Tk, PR T, S p B3k,
M H Bi B Ba 2 J&, W1E Big.125Bag. 725 TiO3 4514
L B PCKBR AL T S, In BBk B
EHBiBRENIN, KK SR BIRN R
X [a], Bi M2, Bi JUREME, S A
WEZ T (ZHONERT), & EOEYRIR:
RUSUBR R BR 5. 7E Bi U A B, % A A
BaTiO; iR 2. XTHREF WA, XEERHT
Bi A5 3 BUR A5 ERA™ & kg 7 A i b B4 2 6 A
Mg TR Z 2% T Re g, Fop s X [a] 5% B2
R 1 1 O-2p BITTHRAL, 1A B4 K B T Bi-6p,

S XA ASEEEEH Ti-3d &kE, iElbw
Bi-6p 1 O-2p 25 HL T DTk,

4 (a) AT ATz = 0B 2 KR8 AT BT,
HL IS % B LT 58 &k B T Ti-3d 1 0-2p L1
[Tk, 2 B Ti-3d M1 O-2p %18 & A= 98 21 1 B3
Ak, TiJ&E T F1 O i1 2 (M A7 15 55 21 i SL 40 1
S Bl Ti-3d Ml Ba-5p HLIE M R, (K, Ba-
TiOz Y H i ia P 5T & B0 1 2R 48 3 2 Ti-3d
A5.0-2p &A1 Ba-5p A HL T E.

4 (b)—& 4 (h) /T4, £ > 0.125 f 7
B RTOKBER LR R AL, B PINESEE
KEB4y K E Bi-5d, Bi-6s, Bi-6p 2 HL T TTHR, 1M
W T Sk E T Ti-3d 1 O-2p 4b, A —#5rk E
T Bi-6s. [, Bi,Ba,_,TiOs i HL T-4is 4 5 K&
2 H il Ti-3d, O-2p, Bi-6s Al Bi-6p Hi
TEETHRE.

FF MR

KA JE IR BN Bi,Bag _, TiOs #5477
SRS, SRS T W 5 BRI g, A
Bl 5 (a) ME 5 (b) A& H, BaTiOs HIWR S I K4
£ 290 nm P, B Bi BURER I3 0, Mo & 4R
BWMMER. Mo = 0.5, WU iEF 2 200 nm
BT, Bi PEURE ARSI N, 32 W% Ac e 4k iy % T
2IF%, Yo = 0.875 B, WRUSIELIFE % 230 nm Ab.
FJE R R 5 BaTiOs #H b, 065 5 389 n, A B
TSN, $E R ARG IR, (15
EREMAZA, YBiMIUCE 2 = 0.375, 0.625, 0.750,
0.875 I, £ 600—800 nm 705 B P H ¢ i FY Wz Wi
U B A SRR AT LA — e IR R

3.5

117101-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 % R  Acta Phys. Sin. Vol. 67, No. 11 (2018) 117101

st 60 F
4t @ 30 F (b)
= Total ~ Total
% Z - T T T T T % 0 T T T T
2 200
S 4r Ti-3d S 10 Ti-3d /\/\
£ 0 i i : : : <
2 S 0 : : : .
2 2
< o8 L 60
S 4 S w0 ~\/\/\
O-2p -
g ok ; : . ; 2 O-2p
—4 -2 0 2 4 j j ! j
2t L
Baw6s 2 Bi-6s
0 T 0 T T T T
-5 0 5 —6 —4 -2 0 2
Energy/eV Energy/eV
30 r
20 | 40 (@
T 10F Total - 20r Total /\/\
> 0 > 0 : : : :
© ©
It e
£ L Ti-3d g 10¢ Ti-3d
(9] (9]
2 0 i g o0 ; : : :
Q 30 Q
g 20 g o1
A 10 \/\/\ g 20p 0-2p
A0 i &~ 0 T T : T
2+ 4+
Bi-6s 2r Bi-6s
0 : : . ; 0 : . ;
-6 —4 —2 0 2 4 -6 —4 -2 0 2
Energy/eV Energy/eV
60 60 F
40 ¢ (e) 40 (f)
_ 201 Total /\ _o20f Total /\
! 0 T | T T T T
3 3
g 20 g 20p
S 10k Ti-3d S 10p Ti-3d
§ 0 T § 0 T T T T
™ < 60
40
n n
8 "t Aﬁ O-2p 8 20_/\ 0-2p
g 0 : . g 0 . : : :
4 4+
2 | Bi-6s 2 Bi-6s
0 : : T : 0 . : : :
-6 —4 -2 0 2 —6 —4 -2 0 2
Energy/eV Energy/eV
60
40
L h
- 38 i Total/\ (&) . 20f Total (b)
| | L
> 0 T T T T > 0 T T T T
© ©
£ 20} z 20 F
2 10f Ti-3d g 10 Ti-3d
(9] — (9] 0 -
9 0 T T T T 9 T T T T
Q Q
» 40 F % 40
Q 20F 0-2p Q 207 0-2p
Ao . . . . A Of . . . .
4 + 4+
2k Bi-6s 2t Bi-6s
0 T T T T O T T T T
-6 —4 -2 0 2 -6 —4 -2 0 2
Energy/eV Energy/eV

K4 BiyBa;_,TiOs K T4 &% E (PDOS) B (a) 2 = 0; (b) = = 0.125; (c) x = 0.250; (d) = = 0.375;
(e) = = 0.500; (f) x = 0.625; (g) = = 0.750; (h) = = 0.875

Fig. 4. Partial density of electronic states (PDOS) of BizBai_,TiO3: (a) x = 0; (b) x = 0.125; (¢) = 0.250;
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Fig. 5. Optical absorption spectra of BizBai_;TiO3: (a) z = 0, 0.125, 0.250, 0.375; (b) = 0.500, 0.625, 0.750, 0.875.
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Abstract

Some perovskite structured catalysts have narrower forbidden band widths than pure TiO2, and they have been
widely used in a number of photo-catalytic reactions. The ions in the perovskite may be replaced by other ions while
maintaining the structure unchanged for its tailorable character. Bi—Ti—O can form into the typical perovskite com-
posite oxide BiTiO3 under specific preparation conditions. The regulation of the energy gap of the perovskite BaTiO3
can be realized by substituting Bi for Ba to form the Bi;Ba;_,TiO3 perovskite structure to improve its photo-catalytic
activity. But the improvement mechanism and the electron and band structures of BiyBaj_,TiOgs are still not very
clear.

In this study, we exhibit a detailed theoretical investigation to predict the electronic structure, band gap and opti-
cal absorption properties of Bi,Baj_,TiOgs structures based on the first-principles plane-wave ultrasoft pseudopotential
method. The exchange and correlation interactions are modeled using the generalized gradient approximation and the
Perdew-Burke-Ernzerhof exchange-correlation functional. The cutoff kinetic energy of the electron wave function is
340 eV, and the k-point sampling sets 3 X 3 x 3 division of the reciprocal unit cell based on the Monkhorst-Pack scheme.
In the geometrical optimization, all forces on atoms are converged into less than 1 x 10> eV /atom, the maximum ionic
displacement is within 0.001 A and the total stress tensor decreases to the order of 0.05 GPa.

The DFT calculation results reveal that the symmetry and binding energy decline in the BizBa;_;TiOs structure,
and the bond lengths of Ba—O and Ti—O decrease a little after Ba has been substituted by Bi atom, except for the
structure of Big.5Bag.5TiO3. The photo-catalysts of Bi,Bai_,TiO3 are direct band gap semiconductors, and the substi-
tution Bi can regulate the band gaps of BizBai_,TiOs. The band gaps become wider from z = 0.125 to = = 0.750 with
the carrier concentration decreasing, and then decreases with the higher carrier concentration increasing when x = 0.875.
It is predicted that the band width of Bi-based perovskite will be much lower than that of Ba-based perovskite. In the
case of the density of states we reveal that the top of the valence band is hybrided by O-2p and Bi-6s and the bottom
of the conduction band state is mainly constituted by the Ti-3d state. The electron transport properties and carrier
types are mainly determined by Ti-3d, O-2p state and Ba-5p electronic states in BaTiOs and Ti-3d, O-2p, Bi-6s and
Bi-6p electronic states in BiyzBai_,TiOs respectively. The absorption spectra indicate that the ultraviolet absorption
performance can be improved in BizBai_,TiO3 system, which may effectively improve the photo-catalytic activity of
BaTiOs3.

Keywords: Bi,Ba;_,TiOj3, binding energy, electronic structure, absorption spectra
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