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Fig. 1. (a) Structure diagram of ABX; type perovskite ferroelectric material; (b) P-E hysteresis loop. (¢) photocatalysis, piezocata-

lysis and pyrocatalysis of a ferroelectric semiconductor and their application.
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Fig. 2. (a) Basic principle of photocatalytic water-splitting process; (b) photocatalytic reaction steps for hydrogen and oxygen pro-

duction.
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Fig. 3. Energy band structure diagram of the BiFeOj; thin film after (a) +8 V and (b) -8 V poling; (c) external quantum yield spec-

tra of BiFeOj film before poling and after +8 V and -8 V poling; (d) photocurrent—potential characteristics of the photoelectrodes

with different polarization states2*.,
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Fig. 4. (a) Mott-Schottky plots for the 50-nm-thick epitaxial BiFeOy thin-film photoanodes with different crystallographic orienta-

tions, where the flat-band potentials are obtained from the intercepts of the extrapolated lines; (b) absorbance measurements for
these three BiFeOs thin films with incident light at 400—800 nm wavelength; (c) band positions for the epitaxial BiFeOs thin-film

photoanodes; (d) electrochemical impedance spectroscopy spectra of the BiFeOy thin-film photoanodes!™.
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Fig. 5. Energy band diagrams for BiFeO; photoanodes in PEC water splitting cells: (a) Changes in the band structure of BiFeOs

thin films under different polarization states; (b) linear sweep voltammetry of 50-nm-thick (111),, BiFeOg thin-film photoanodes in

different polarization states; (c) photocurrent density versus time curves for (001),, and (111),, BiFeOs thin-film photoanodes with

different polarization states under zero bias (0 V vs. Ag/AgCl)ll.
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AR B S I G |G U B R 2
JEFEE M 50 nm #EA1%)] 100 nm, H TR 79 8k
BE/INT R B R a1 AR -2 O O A T
INERSE G, D FE It 288 T T b5 188 1) 185 A 7 ik ).
2019 4F Huang 5§ ™ #|H] BiFeO3 MERRETE
1 Sn 4 TiO, #KHE (Sn:TiO,@BiFeO;) I, 528
TOUEAHL A SR, KGR 1.76 mA /em?.

AR Z2 Bkl pDRELA = A R BRI A 20 1
Fo DR ORI FH K F R A T B TR APk
b e TN A M NTTPAS sviiia R/ % = DO ER Y i
B sz, SRR AR FTO B4R 1A
KA Sn:Ti0, K, 7 450 C B AJF, FIH
7 I -5 VA AE FTO 3555 /Sn:TiO, ik E — )2
BiFeOq HilE, il &1 2 M AHUE S T & 6(a) A
/8. 83t Sn #8245 BiFeO, {4 B HAENS I E HL 5
TiO, KL RE. WA 6(b) B, TAE
AR L AR 1.23 'V IE, TiO, 40K FE 1Y 6 HL i 2% 1
4 0.54 mA /em?, Sn B4 TiO, KRR EHLT
IR EF] 0.83 mA /em?, Sn:TiO,@BiFeO; HG
PEALH R B TF 2] 1.51 mA /em? T BiFeO,
(2.16—2.7 V) B B I TiO, (3.2 eV) /I, df it
B4 2555 Sn:TiO,@BiFeO, 45k 1Y 1 TG
T 2 L [, AR A AR
[ 77 18] B9 Z fin H 3%, BiFeO, 8 1 2 (19 1B #1163
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Fig. 6. (a) Schematic representation for the growth mechanism of Sn:TiO,@BiFeO; nano rods; (b) photocatalysis performance of

TiO,, Sn:TiO, and BiFeO3;@Sn:TiO, nano rods. Schematic electronic band diagram of (c¢) positive poling BiFeO5 and (d) negative

poling BiFeQs/8.

Ep AT LA $E Sn:Ti0,@BiFeO; 5% B AL 850K .
WE 6(c) IR, SME R AL BiFeO, MRS 2K H
WAk T8 1) A i, LR A A48 18] Sn:TiO,, Sn:
TiO,@BiFeO4 F i 4b A REHF ] 25 i, HAERZ
A GE, PG T -2 7O B ACR, K
(R A Ak H U 28 BE R 1,51 mA /em? BE N & 1.76
mA /em? WE 6(d) Fi7n, 2458k b B 45 )
FTO 3 H B}, Sn:TiO,@BiFeO; F i Ak 1Y #E R 2
A BRI T -2 AT B RICR, DRI Ak
REEH 1.51 mA /cm? FFIKE 1.02 mA /em?
YEH n BPESR, BIVO, AT BRZIN 2.4 eV,
AR 378 T BT LAWK WSO 43 T Dol 1900, 2 H
AR A 4038 Hh fe AT A SR RS S B 07 P 17 516 BE AR
WAL AL L 2 — 191961 A5 BiVO, 19 JF A4 R 5% 5
F &, AR, HE7E AM1.5G FrifE A BHERE 1
R 1.23 VIUTEDL T, BiVO, FJ6GHL I %5 B
NTHBEAE 7.5 mA /em?9799, 3% F BT K T4+
R 2R T Bk B LA B 3R T kR B R R R Y
HL 28 SO AR, A ST 48U B N 3 A v = A 1)
R EL 7 91005 S AR BIVO, 98 K A 3 T Al 2
BiFeO, %1 2, Xie & 102 i Z 8 T BiVO, Y
JEAEALACE. BiFeOs BkHLZA AT LIXT BiVO, 2
BT, B EGRE bk 5122 ok, [F B BiFeOs

Bl 2 HIB M AL 3t AT DA R S R4S oA H -
23RBS RO, AR 7(a) B, i AL E i I
FUEAE BiVO, AOK R TEAZE T 10 nm LANJEREE
) BiFeOg £k HL J2 1031,y T Ak 2 O 32 ol 45 v
FEE, LRI A2 R 28 R S ECHR Y IE S 2 2
FLAR, AT ARG AR R WO, i 4 A R
SRR, AnE 7(b) FiR, £ AM1.5G Y6 B A
HL3# K 0.6 V&4 F, FTO/BiVO,/BiFeO,; & &
45RO L % E N 0.63 mA /em?, F FALALY Bi
VO, SRR AR R B (R 0.14 mA /em?) $25
2y 4.44%, It BiVO,/Co-Pi Yt B H iy Y6 AE Ak L vk
% (A 0.50 mA /em?) #2571 24%. iX B Co-Pi
LG 0P 2, F T B IS ph S e . 5
i 1) BiVO, M 1L, BiVO,/BiFeO, 4 L fif & & %
WM 17 s KIEBEFEARE] T 0.6 s Q1& 7(a) Al
Kl 7(c) B, BiFeOs B8k B B A6 J7 W) A LA 45
BiVO,/BiFeOs HGAELIERE, 5 A M A AR
1k 1) BiFeOs A L, BiFeO, £ B % Ak 48 1] H, A W
i} (+P by positive poling), BiVO,/BiFeO5 F [l
FIREH I 25, B Bivo, thAERZ I SRR, fig
i it 33 25 U BivO, #E A BiFeOg H1 HL fiff W
BiVO,/BiFeOsJt BHAR I G I % 42 5 1 19%.
BiFeOj #k Hi # Ak 45 ] IS LA B (—P by negative

127706-12


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 69, No. 12 (2020)

127706

(a)

20 nm

1.4 No poling

~ Negative poling

‘E 1.2+ Positive poling v

© | BFO (

< 1.0 i e—o — Al
x© E _4 Positive poling f
~ 2 0.8 o—a — f
S g Negative poling H f

3 0.6 s "

No BFO

-

2 0.4

=

E

0 0.2+ J

0~ JUUN il J L

0 0.2 0.4 0.6 0.8 1.0 1.2
Potential vs Ag/AgCl/V

Potential/V vs RHE
(b) 04 06 08 1.0 1.2 14 16 1.8 2.0 2.2

T T T T T T T T T T

2.0 —— BVO/BFO J
—— BVO/Co-Pi r
q BVO /
£ 1o /
< L :
£ //
= 1.24
g /U
5 A1 |
< 0.84
+ I|
=} H
3 A
5 0.4+ i
] ¥ ¥
04 AN ‘...
L} T T 1 T T L] T T
—02 0 02 04 06 08 1.0 1.2 1.4 16
Potential vs Ag/AgCl/V
Time/h
0 2 4 6 8 10 12
@ o8 - : : T :
—— BVO/BFO
3 0.74 ——BVO/Co-Pi
£ BVO
S 0.6
E
F 0.5+
Z
E 04
g BVO/BFO
T 0.3 - /
-
=}
S 0.2
&
j=1
O 0.1+

(=)

T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000
Time/s
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Fig. 7. (a) Electron energy levels of BiVO,/BiFeO; photoanode and the structural representation; (b) the photocurrent density

curves of three different structures of BiVO,/Co-Pi, BiVO, and BiVO,/BiFeOs; (c) photocurrent density versus potential curves at

three statuses of ferroelectric polarization; (d) long-term photostability of three photoanodes at 0.6 V (V vs. Ag/AgCI)[2.

poling), BiVO,/BiFeO, 't FHAR [ HL it 25 B 1%
T 2 24.4%, X W T BiVO, 2 I A REHT 454 )
AR TR - SO B A B RCR. B 7(d) 2
O H It BE - [ T 2k, 7EOBIR 12 h Z )5, BiVO,/
BiFeOg S A G HL IR BE Z W ARG R 59%,
SRR BiVO, 49Kk # 4 L, BiVO,/BiFeO; 1)
RoEME RS, H£E H BiVO,/Co-Pi Bt

3.2 Bi,FeCrOg RIS

Bi,FeCrOg HAFFR MRV R 454, i TH:
7R ELA /N, 76 AT LGRSl A SR AR S B T
HERMPLF. 2015 4F Li 25 19 ffi l§ PLD & %4
KT BiyFeCrOgq #ME IR I 53 ot A A Ak 500
BiyFeCrOg ¥ FL W I b1 BHE T A,BB'Og 1, Hirp
BAii Fe/Cr JCER 47 )7 BE 52 2Rk g 2544

DAL, ILIE Y Bi,FeCrOg B Fe/Cr FHES
T 7 BTG AR LR, LaAlO3/CaRuOs/
Bi,FeCrOq (120 nm) 1 BiyFeCrOgq HIAT 741 A1 TG
J7 RH BT X8 7 47 BB 73 53] R 2.12 eV FlT 2,68 eV .
(LaAlOj3), 5(SryAlTa0g)g 7(LSAT) /CaRu0,/Bi,
FeCrOg (130 nm) H' Biy,FeCrOq B4 7 4H A1 TG 7
HH R BRAG 4 2.05 eV Fl 2.61 eV. SrTiO;/
CaRuO;/Bi,FeCrOg (128 nm) H' BiyFeCrOq A
JFARFNTC AR AT BB 1.94 eV T 2,58 eV .
WME 8(a) s, 15 AM1.5G AR i K BHGIST |
pH = 6.8 i) 1 mol/L Na,SO, HLf# 1, SrTiO,/
CaRuO;/Bi,FeCrOq TAEHMTE-0.97 V FTHLHAT
(56 HL 3 1,02 mA Jem?2. WIE 8(b) FiR,
BRELH LTS [ H R (+P) B, TAEE A A 3
~1 VI, SGH IR E N -2.02 mA /em?, HEA )
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Fig. 8. Schematic illumination and variations of the photocurrent density with applied voltage (vs. Ag/AgCl) in 1 mol/L Na,SO, at
pH 6.8 under chopped simulated sunlight illumination (AM1.5G) of SrTiO3/CaRuO3/Bi,FeCrOg sample: (a) Before, (b) after negat-
ive (Py,, —25 V) and (c) and positive poling (Pygum, 25 V)%l (d) schematic diagram of the experimental setup and (e) photocurent

up?

versus potential (vs. RHE) curves of SrTiOs/SrRuO;/BiyFeCrOg/NiOL2.

A RIRE SR PIAE, PR+ P A T3 s o B AR X K
o e PR W 8(c) Fim, MRS Z T, B
W ACTE G HEARET (—P) B, S i 5% B 2
FEAIE 2 -0.85 mA /em? X Ui Bi,FeCrOg 18k HL
WALSZ I T 2 SO A 40 1A%, il
AR A 45 BB A 2 A8 BT it i D' AR AN R BH i
AR RE R A TR Y.

BiyFeCrOq 452 K 5 5 7K W fiff BT 42 fih O &
A DG 23 R E AR T SRR R B SR, SGI
A/ FL i S5 v ) HL A 5 A PR L A e B 2l g 2
ST RORMRE R, T i s SO B

B JEEEN TR AR DR A K
73 i, IITFEAR T HOGAEALROTERE. DN IHE
A8 A 308 A 3% v Ak PR D i i
PRAP E R IR i 10107, g Ah, S Sk BRI 250
CNS 2 1= 215 WA Ha S R R = UF =2 T O
P n BUARAEE SAOLRIM B CHEAL SO PERE. X
TOCPIBA R, R R iR Tk T7 R AE T30 T
—FREA PR AP PERE ML A 28 AL PERERU AL RL, i%F
BRI R I BAT A v | e et EUITEA
SRLPEADE AR B X A A I YRR
p BUE W S ALY, WAk p A R p Bl
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FAREALER (NIO) BA S 07 iR gy, HoA B
3.6 eV, M AY NiO 52 A TR &y 10 0 27 17 W 1
(10 nm B} 25 K 80%, 20 nm B Ky 75%), #H Xf %
I B9 L B R (120 Q-cm) AR & AL &, I
NiO ii & FIER )2 5 & 5 )2 108 &l 8(d) fr
7R, 2019 4F Huang 5% 2 #4# T SrTiOs/SrRuO;/
Bi,FeCrOq/NiO 5%k, #IH PLD RS 7E%E Y
SrTiO; 3 EA K TR SrtRuO;. St B JZ
Bi,FeCrOg M%7 i 2 NiO, Hi Nio JZ 18
J& >4 10 F1 20 nm. 7E 300 K i}, 10 1 20 nm JE
() NiO #EBRE A T2 3253 511 2074 0.13 F110.25 S/cm.
AT B SRR I, 10 nm A9 NiO 25 7k BE Fil T
B 1.2 x 108 em™® 5 0.7 em2V Ls'l; 1M
20 nm NiO 25 7R EREREFN 1.5 x 108 cm 3
5 1.1 em?V st 4NE 8(e) Fizn, 7EXFi n-BiyFe
CrOq/p-NiO FFREHEH 4, 78 1.23 V HL 3
HOG U AT S S DU, 1K 3] 0.4 mA /em?,
TE 4 h 9] DA RR R E M, BLZERRMERBAYOLIRT
PAF TR OCHREH AR (~3.7%). 1Ak, B
A +P 1 BigFeCrOy 1 15 i) 5 BH AR 1956 H 9 25 )3
/N T IR AR S T AR, B - P 1Y BiFeCrOg
FEEAE AR ) O F 't L O 28 Sl 253 m . R mT A3
T AR AR AR S R -8 U B s Ak

3.3 U754 BaTiO; $kEAHSEfEL

Fr A Yk | ROk sk R T R A T A A ML
Py Tl 2 7K HE TR > A4 23 iR A A R A ™
1 [A] O Sfe T B DA SRy 2 e i R 25 5 0 e P 1)
BROTEE ML £ 1XTH T BaTiO, %4k B b4 kL
T A BT AR R A RS ekl CO, PERE.
BaTiO; A& —Fl ) Z i IR gk H Ak}, o puJy tHE
AR Bk e LR R 2 R 120 °CUL 4 yE B
o T H: e B I B8 S T AR A R Y 3R T g
SRS K BT, BaTiOg MU J7 8k Fi AR % A% k57 J5 I
AH 2= BaTiOz BT BN 3.18 eV, A] LITEG IR
T B A LGSR, 91 G0 R R 2T R H A (110,
2013 4F Cui 4 PIRFFY T BLHUR BH G BS 1U 77 A
BaTiO, £k Hi 44 K #5 14 xf i 789 4y k) 4 1 % A
B B2 eGSO R v, ARt % P
B FH & 7R AT BB AE &k AT B M R 1w AR R
FEEG)Z, NI BOE KRR ekl + St
FIRMES A, S5 7 AR E Y BaTiOs 49K H;

ARG, PUTTHE g 10 BaTiOs 29K B A i i (5,5
LIRS 3%, WR A 9(a) AIE 9(b) Bk, 2444
KEHN Ag Vi Ab2E 107 XTBUE BaTiO, R0
i, AL 2R R B Ag 9K BURLR 2 ]
JURLR R A2y 1.5 15, Sl s Rt — 4 &,
YeRHE 45 min 2247 56 4 6, FH I I Ak 2 i
B Bl 2R R R (K,,) oM 0.087 min L 3@ i
Fb 458 57 I E A A 3 1Y BaTiOs. 1B k5 DU 5 8k
HL A A £ BaTiO;. Ag-BaTiO; fliR k5 Ag-Ba
TiOz B GAE A IE E AR,  IR K F Ag 9K
B2 0T LI AL BaTiOs ofifbtEne. iR k5
B FE AR R S LA B g (R A A 6 P, X 1 AH IR
K5 DU T kAR BaTiO, (9 L i, M mifhik
THOb MR, TR R AR By 1Y
FEAE, BRE AR AT LA Ry B 2s XML 7, Bp 7
AT 5 IR PN S5 AL 2 (B R )2, DR AL
O3 B LT3 O I H A ) A
RIFH T T2 7O I A Ak, 1B K5 B
AT RIS B A YRR B K, 3o mT RLH BT
DU AH BaTiO, ik H e k.

2018 4F- Song 45 [M7] 315 J5i - ) b Aol S5 L 2%
27 BaTiO, B8k AR A 1 il e A Ak S AR A 5
NSO FE . 24 BaTiO, 2k B AL 15 15] Ha fff
A b TS 1 Ak F W 2% 1T 1T LIRS At Tl
Ag, FLRGCRIRER AR AL AT TR i 2% A 0R 11
3% R AR AR ) AR ST, e Ak ARk s I Pl
DUTERK LSRR P2 LA PbO,, ik ik
AT TR R EREAERE Po2 4Lk PbO,.

BaTiO3 HAEMICER A G 77 A G Ak S
2018 4F Li 2151 {45 7 BaTiOs BHA, SRJ57E 800 °C
A IR IE T AL BaTiO, ik 5 o Ak &
BaTiO; ,, \TifI% T BaTiO,@3E ik BaTiO,, #%
A, BaTiO; , Wi A KA S0, WER
RIS R OLI U &MY > ey ) = SR WD
S, 5 h AT AR 62.4% A L0 L)

2019 4F Alex 5% M AEH I 45 T 500 nm-
BaTiO5/67 nm-MoOs 584, M iy g 35 4 5% 1 H:
Feff R, il 9(c) Wi, T BaTiOg BYERH
e A SR af FI Mo Oy 2 AR [ F H far 7776 A
A4, W T BaTiO; A1 MoO, 1 BEHF 45 22
5, 7€ BaTiO3/MoOg FL A7 1EFE 7] MoOs 2B
Hdg, E A B4y B oA B TS O, Hod e )
MoOs iF#, 257XI] BaTiOs iE8%. UKl 9(d) PR,
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Fig. 9. (a) Schematic of BaTiOs-Ag composites with the effect of free carrier reorganization on band structure and photoexcited car-
riers, and (b) photodecolorization profiles of RhB with different catalysts under solar simulator*’; (c) schematic representation of
the 500 nm-BaTiO3/67 nm-MoOj heterostructure on glass substrate, and (d) its photodecolorization profiles of RhB under UV-vis-
ible and visible light (sun light)*!; (e) schematic of photoinduced hole and electron migration in BaTiO3-CdS composites and pho-
tocatalytic hydrogen process under visible light (A > 400 nm), and (f) its photoelectrochemical properties of pristine CdS, pure Ba-
TiO3 and BaTiO3-CdS (wt 20%) composite!!'sl.

TEZAN ] WLOC BRGT T, S BEs A 1 h N T
86% KX FHI B, HALARIE BaTiO, WRAY 1.7 1,
& MoOs MY 3.2 fi5. e 5 UOLMEILIEm D FH
W B IEER, SFREE R T 5%,
RSB — D UL R FL A SR 5 0] DL 25 4
R HOGEALAICR

N T A F ] BaTiO; Bkl b4 w2k &
TR R EHEAL SRR, 2018 4F Huang 25 18 i £
TR /e R ALY S B ah R, TG 5 7O AE H
T2 MY A BRI R I T HO AR MERE.
Il 9(e) [T 7w, CdS W B 75 B A 4 J5 % A0 1Y
BaTiOs 4K ER I, T BaTiO, &k Hi b4 1 HAR i)
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(a) TiO,@BaTiO; (BTO) 4K 1) e 45 H 7~ B E; (b) B kG TiO,@BaTiO; 44K 2k Y BH Ak Y 56 R 7 25 132 - e B il
£kl (c) 78 FTO B 85 F #1 % Ti0,@ BTO/Ag,0 44k #5 1 7 & K

; (d) FEARAE K FHOE I 5T, TiO,, Ti0,@BTO, #] 4 TiO.@

BTO/Ag,0, #H M Ab35 18] TiO, 1 TiO,@BTO/Ag,O VU T £ K 5 [ 3] 11 Y Hit I - L 20l 2k o0

Fig. 10. (a) Energy band diagram of nanowire photocatalytic reaction of TiO,@BaTiO3 nanowires; (b) photocurrent density versus

potential curve of TiO,@BaTiO; nanowires at three polarization statuses); (c) scheme of the fabrication process of TiO,@

BTO/Ag,0 nanorod array, and (d) photocurrent-potential curves in the dark and under Xe lamp irradiation of the different pho-

toanodes!0),
I EZ, CdS W= AR IR 1T DL s st 7%

R HZ 5 AT B2l BaTiOg iy BR
KFE, ] WIETEHETE BaTiOs 44K 5k vh i i &
L F-25 SO T T AL R, B 1™ Hy )
fi. CdS S B AR, oA T2 SO AR S R
WA G, 4 CdS WOGAIE TR K 9(f) AT LA
i, BaTiO5-CdS (20 wt%) & & ¥ kL Bl 1Y) Ba
TiO; B CdS R I & G ™ S0E M, H
HAJE CdS e S 0y 9.7 f5. ZE A WOk
HRS, 52 B RE %) St i Ak ol S 3 e v vl 3k )
483 pmol-h L-g ' 7E 32 h AEFA I H R B 4
NI R 2 RE, S R R e M.

2015 4F Yang & P13 52 F FH 7K #4078 5 4
TiO, KL XKEAK T 5 nm BEEMEA [ L8k
LR BaTiO; )2, M 3K15 T TiO,@BaTiO;
Kise2iAe. N 10(a) iR, i i 2k i fh U 45 %
Bt a5 M aent, KoRHE & 16k tkge. T

BaTiOs iRtk Ep MAEAE, (15 TiO, MFHIH
-2 NS 5 o3 8 S5 . 5 R TiO, 44K
LA, TiO,@BaTiO; YCHIRE R T 67%.
W E R Ti0,@BaTiOs 52 LAY $501i , B
7% Ti0y Al TiO,@BaTiOs 44K 2k i G IR | FE frf
AR ERE, KK BaTiO; 4 AL & 42
fe 1 OGAE L -2 O I 3 B ORI R R 5 T
TiO,@BaTiOs M GHEALIERE. A0l 10(b) PR, 8
T AN LA ARk P AR AL, Rk FAR S ) F A
W (B +P) B} TiO,-BaTiO M6 FHAR 1Y 44k f i
M 0.74 mA Jem? $2 5 F] 0.96 mA /em?, BN
T 29.7%, M b, Bk AL S 7] TiO, B (BI-P)
TiO,-BaTiOg J6 FH M 1 ' 4 1k H I 2% 5 B AR &
0.65 mA /em?, FEAKT 12.2%.

2019 4F, Liu %5 06 7F FTO 3535 Ll 45 T
TiO,@BaTiO; ¥ 5 45 14, I HAE JLAN KR 1Y
BaTiO; MR A K T Ag,O 4Kk F, TiO,@
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BaTiO3/Ag,O il # i B AN Al 10(c) FiR. TEHAE
K1 Ti0, GOKREA RAF 1 T i, S T RERS
A EPEERAE ] FTO il L. TiO, J& T n 2
SR, BaTiO, 4122, Ag,0 & p RIS, B
B n-i-p 2544, 7 BaTiO, v I P B AL 1 AE 7R 1R
] TiO, Ay N L3, WNIE 10(d) FroR, e -8
FOMTENHVE T 408, W17 FTO i, =5
7 Ag,O iF %, I it TiO,@BaTiOs/Ag,0 4
P AT B 3G 38 T O AR -2 O 1 43 B FE R
. AgyO SR B K, AT AR IS 300—
900 nm HY K FHOGIF#EAT G R L. FESh i AR
T BaTiOs MRk AR A4 ) B ARV, LR AR AR Ak
Y Ep J7 I FINH T o —3K, WG O L.
TEFHH 0.8 V (vs. Ag/AgCl) i}, TiO,@BaTiO,/
Ag,O HOGHL R LA F] 1.8 mA /em?, X2 TiO,
YRR 2.6 fi5. Z45HH, BaTiO, £k
F, YR A6 (7] B T I 8 o BB 4K TiO, Fi p Bl
TR AgyO HOGHLEIETERE, AgyO 3N 1Ml
JGIG T L, n-i-p S5 44 N H 37 Ak AR Tk AR A Ak
GG T -2 O I A B FLE R RO, R,
TiO,@BaTiO3/Ag,O HA L 5 1Yt i i Ak P B .
DCHE— U0, BRI SR TR R
MR DGR A PERE 7 THEAT ) R T 5.

2019 4%, Yang & " il & 7[R B H A (100)
F(111) A TE Y CupO GKRITREL, K BRIX B i T
HARMREEHEZER 23 mV, 7774 2.3 kV/cm
I LY. 78 Cu,O ki py fb i Bk — KT
BaTiO3 49K/NK, JE L CuyO@BaTiOs 554544,
SR 5B L 5 RO K K BER B A — . 1
10 mW /em? AT WOGRRSF T, 764 35 (9 2R 85 v
150 mg 1Y Cu,O@BaTiOs FIKEENE A PR AT i i
o3 26.5 mg (7K. TEIZITREH, K EER IR
2 P K EIF R S Cu,0@BaTiO,, BaTiO,
YKL F L B BOGAE F 25 76, Cu,O #%
A3 JE RS SO e RS 2] (111) 1 (100) &
AT 7= A 3 S SOy R SN . 1% TAE A L AL
SRR K AR BT BN Y .

3.4 [M748 PbTiO; 1 SrTiO; $kEE KAy
304

U J5 A PbTiO; A& 35 45 B4k H 4 R, 15 Bl K
T 2.75 eV, WH KM T & BRI 4k, 78551
BB A — BRSO 120, 5@ it Cu,

Fe S5 B F184%, I LIS asaz B L oo ole
HotpAbagony 120122 [RE, o] A7 PbTiO4 &1
FhlE Ag, Pt Gk T 63, 8§ & TiO,@PbTiO,
WZse b #1281 DT U358 3 35 M 4 i Tz g A ot
TEALRCR. 2020 45 22N K% Lin 46 124 il T2k
WA 3 BT (001) 21 1 B HL W PbTiOs 49K
R, WESE TAZRE S A BRSO R R
M58 3) ) R IR Ak Bp. W&l 11(a) PR,
TR BN R4 3R £ T IE SR AT, 20
KR AR LRI LY Ep JF- S BOLReH S i,
B LT LA DB, 8K JEE B B AT 4 gl
KA EFERmKEEZE AV WE 11(0Db) iR, 6
PSR 9ok v BT R Z A FL 3B 5 9 oK &
JE B 3E T N, 2P R T OB A H A X
X F 4 B R RN G K 38 sk Ol A i SR RICR
Ak, 78 PbTiOs 44K i 1 F Kz A4 K Sio,
A HLJZ AT LA B gh oK e 3R 10 L ER R AT B ik
HLIR M Ab Y. 25T 8 B T 2k FRAR AR A b 1 B LB
FL A7 X0 DA A e o Y F -2 X 43 B A R g 11241,
2018 4F Li 4 145 il 45 T (001) A4 PHTiOs H
Yk, IFEHSRIAREAERK T TiO, Haf .
PbTiO; AYEKHEMALTT ] TiO, R, 1% (PHTiO,/
TiO,)- 44K B FEGAT AT WOGHRS T, FLo3f F 3
M Kop 4 0.053 mint (& 11(c)); SHEkAM LSS
] TiO, M BERT, 1% (PbTiOs/TiOs,), 7 i K 7= A
AR AN 132.6 pmol-h g 1 (& 11(d)).
SrTiO; HUAR B 7 5 W AH , FLAE N 1R
B BB 5 T 45 5 kA s W A8 -5 AR
AU 5 2R HL A . 2004 4F Haeni 55 2] £ Natrue |
KR SCEE R, 24 1% 18U A 57 A8 m ] LA
SrTiOs £ 2 T 5648 R U Jr 8L A, 7E DyScOs
PR EE R E AR KA 50 nm JEEAY (100) SrTiO, 4k
GBI R B TE ) R P R S5 A . Y
SR, 55 Al S RY Y 2k B4 R AH A5 A FE L DU 7 A
SrTiOs 44K Fr ik L MAR 55, AR AEk iR AL | 2k
HLIESE B TAE M AR e 3. RAS L, SrTio; J&
FAROCEAA R, HERTWEFEEEN
5—8 cmV s, ik KT TiO, ) H Fif £ %
0.1—4 cm?V 1 W LK A fb 18 5 Y 4 AL RRUN;
B TAE AR TATIE— B 5T. 2017 4 Wu 45 67
TE FTO BB A Bl 48 7 55 TiO, 4Kk, If
PP T — 2 10 nm JE R 9 HA 1Y 7 2 A
) SrTiO, K, $45 T TiO,@SrTiO, #%7E 45 H4 .
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Fig. 11. (a) Schematic of energy band in thinner (001) PbTiO3 (PTO) with smaller built-in voltages (AV) and thicker nanosheet
with larger AV; (b) correlation between surface photovoltaic value measured by Kelvin probe force microscopy and nanosheet thick-
ness['?J; (c) the reaction rate of blank control and photodegradation of MB under visible light (A = 420 nm) irradiation with (001)
PTO, TiO, and heterostructured TiOy/PTO composites; (d) Hy evolution rate of water splitting under visible light (A = 420 nm)

irradiation!4],

£ TiO,@SrTiOs 4544, SrTiO; [FHHA & T
ER R B AP KAEH. 5 TiO,@BaTiO;
Wit a5 M 25 L, SrTiO4 HY 2k BB W ik 7 il 17
TiO,/SrTiOs FH W BEHH 2544, A A T HL F-75 /X
XTI 435, SrTiO5 iy i HL -1 7% A F T 80 +
FAE FTO MR, HOGA B F-25 700 19 43 B AL
. (Nyeparation) TEFTH 87.7%. 76 AM1.5G HBHLIR
FEOEHEE AN 1.23 V (vs. RHE) BB#VF, 7£ 1 mol /L
() NaOH HLAE ', Ti0,@SrTiO5 Yt FHR Y S H
WA IR H] 1.43 mA /em?, RIS TiO, 44
KL B R S T 83%. BbAk, #Ab B
SrTiO o5 1) JB B RNk r AR Ak Ty 1) 5 T A dd 259
PG A e

3.5 XNbO, (X = Na, K, Li) #1 Bi;TiNbO,
RISefE
XNbO; (X = Na, K, Li) &4k s b1 RHOG A
FLIBFFE IS 2 —. NaNbO, & —Fl n £kl 4 ik
YRl ek, B R B TR R A R K o

il BE T 45 4. 2017 4F Singh A1 Kharel6Y i 13 7K #4
il 25 7 NaNbOy ZK kL, IR 7E FTO FHL3E
Wb WESE T AR BRI AL A PR RE, 9K R
FEL 0 1) 2 b R T T 0 R Ak v TR B ) D A Al sk
R 7% 23%. W 12(a) iR, NaNbO, 44K
EAESMIN LA R AL | IR /H A 5T 5L T
FRE S i, ST AT RS RO R R, TG 5
TR GEAEOR. TR 12(b) Fﬁm, 51&5¢
MG AR LG, fEfL Ty 1V I, Bk A4 5]
FTO B{HEFEF (— P) B NaNbOy 49 K I BH 4% (1
JEHL A 0.31 mA/em? #2735 ] 0.51 mA /em?, i
Bk FAR AL A 1) F SRR (++P) B A I 19 FL IS IR
F] 0.09 mA /em?. Singh Fll Kharel'?) £ PVDF £
PERTIE Bl il % 1 4 PVDF/Cu/NaNbO3/
PVDF 6B, tilEl 12(c) Fias. A THF5E 5]
AL AR AR AR X NaNbO4 TR A 6 BH AR AT R A 5
M), AN 5V OELU LR A NaNbO, AR ™ A=
ZEAER AL, A& 12(d) Frs, 78 100 mW /cm?
B R REG S ACAE R L 3 1 Vi, il
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Fig. 12. (a) Band bending of FTO/NaNbOj for negative polarized; (b) current-potential curves of photoanodes with different polar-
ization conditions; (c) band bending of PVDF/Cu/PVDF-NaNbO; for negative polarized; (d) current density versus time curves
of NaNbO3/PVDF films with different polarization conditions('20.

1515 PVDF 3t H (—P) BHGBHM 1) S AL 1 g
MR AR R, HOGPHAR AR R ik 1 mA /em?, i
Bk LM AL 8 18] HL AR IR (4 P) B Y6 BHAR A4 ' B 3 4%
FEALH 0.35 mA /em?. H T PVDF/Cu/NaNbOs/
PVDF St BHR 4 2 0% F e FL R, A R FL SO,
Al R ~26% HOYGHLI.

TEAS P GORM L, 2 SRR LR 1) T
BEHESIBES R 32 0, R e T RA K
PA /oL o S T ok AL, T LA i O A RIS A B
PR ZHLRE R I TIRE, TR YRR I T 3L
8 FEL A A% Ay 1271281 SRR B (KNDO3) J2& —Fh 28 it
MESERT E ey, AT ek tkae, HEA &
&R, Ak SRR e M DL R S AR Y R
P75, I T ARG T 20, a4k
p 129132 LY YL W i B A 195134 — AR Ak e e
AL RS, Park 45 159 40l Srp PR AH L,
A 2 Wk i AL 1Y K sNag sNbOy 5 A ] L 4
s HOGHEALAOR 7 4%, 2017 4F Li 45 137 72848 1Y
SrTiO, #1)E FAMEA K T KNbO, 44Kk, il 4%

AR 1 2 WA R AR, 1T AT R A T
Vi H AR ) FEL AT R R e, AT AL O A A 1 g
S+ V515 VR EWRIL I KL )S, 1
0V HL#T KNbO; HYGHL 3% B M 0.7 pA /em 2
HENE 11.5 pA/em 2 J#Ab, 2018 4F Fu %5 69 3@ 5
P A KA AR LiNbO; (16 i A 7K Y
AR R IE M, AT & B LiNbO, 7245 A [w) 7 1)
AL 5, R AR R FLEILaE ).

2018 4, Yin %5 18] 5 oo 45 R S5 AR K R
AL LAY 506 28 H {001} T % 5 { 110} &, 1T Sl 26
I () BigTiNbOy 442k K. BisTiNbOy E A [Bi,O,)
(A, 1BOsps ] ERARESERH 2540 A7 Bk 3.3 eV 1Y
YK R, HEREAR AT LIAr B AE -2 O, B
TR = S0 51 318 342.6 pmol-h g ! Al
275.2 pmol-h gL,

3.6  SERE SKEEAEISE- - R E L

e R PR R i R A S ) B it A A 52 1) ) s
VA% AL M e WL DR T NG P T
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30 BHAH sz B A5 L ey PR B, A T )
SRR o AR VR A0 2 1T P Ly L B 2 B A 138190, 44
TR FL 000 A2 Uk B AR A 5 | A P A AR B ek 2
R RO, 2 L1 2 ek 32 72 A o0 o A 7 i 14 B
H R B AR B A 1(c) B, kB RhRE R I
A R R R MR, LRk Rt T
DA IR H A R AL . PR HL v i AL N s FEL IR
SHEIL T EE. A11E 13(a) FiR, J6IR7E R B Y
By A A A O FE R AR BB A Ak 3
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KW AR AR, DT e 1 Y A8 oA e

BB PIAH I A 1) s R L LA B 4 e rE
AE, FEICER A 1 A N ) B AR AL 145190 550 e )
XUAH F FEL AR AT BB HLAT B 47 9 e FEL AL P BB 2019
A4F Lin 45 190 % 3 i 1E 22 T AH Bay 7Cag 93 TiO;
FPY T 8k HAH A 1Y) Bag o7Cag g3 Ti05 B A T,
B I L I S AR B 5 A A S kL AR AR 180°8k
W 22 [0 77 A AH ERR R, 2 TR T (AR P i A PR
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W T — %% Ba,_,Ca,TiO; 41KZE. Xt Bag sCag -
TiO; (BCT-0.2) il BaTiO4 (BCT-0) BifFeds, B
KA YR BIAE 40 F1 100 min N 58 2 FAR, X5
i) B 2 A7 55 016 R SRR 7 i 3l T L, e 2 Tl A
FH A e b B, P R FDGEIE I H
FH FEL A7 28 3 3 B 9% 18 0 R s F A Ak F 3 0 2 v
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AL AL PERE . W& 13(b) FraR, FEHE 7 Al
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Fig. 13. (a) Schematic understanding of free carrier reorganization and photo-excited carrier separation in ferroelectric, pyroelectric

and piezoelectric materials under the influence of ferroelectric, pyroelectric and piezoelectric effects respectively'; (b) degradation
reaction kinetic rate constants (K,,) of methyl orange over BCT-0 and BCT-0.2 under UV light, ultrasonic vibration and the sim-
ultaneous assistance of ultrasonic vibration and UV light!"""); (¢) K, (i.e. k) of the RhB solution over the KNbO; nanosheet (NS)
and nanotube (NC) under different conditions®™); (d) the RhB dye solution degradation activity and (e) the amount of hydrogen

evolution of ZnSnOj_, nanowires as a function of time under applying light and ultrasonic vibration simultaneouslyP?.

ZnSO, HKL AT 300 °C PALHE 3 h, #1451 H A
P S EE Y ZnSnO; , KLk, HaRi T ikEY
5 x 10" Jem?, 3R FiT B KL 300 cm2V s,
B T A2 8.3 ns. W&l 13(d) Fron, 7E
40 kHz ARSI G R I #E1TEY, ZnSnO; ,
YKL 60 min PFERFE T 92% M FHEH B ek, L
PRV O R B B R RS R AT 1.5 F 2.3 £%;
W 13(e) FioR, MAE RS GXTOGRR @A IR
AT G IR =R 5L T 1Y 7™ S 2857 51l 35 3] 3562,

3453, 3882 pmol-h'-g . X {a B K HL MG H AL
TEHA TG KRN S 0 T EA TR KT ).
AP, 2017 4F Simrjit Al Kharel*? ZEAUBN AS
TR NaNbOg 7 Az 114 < i, F 30k B A YLt i1y
SRR R T 29 115%. Huang 25 B3 F HIHErpC%f
PR 9 s i FDG M BiOIO; 2 S A 78 8 75 1 3h Al
SR T A A% f# 2 FHB B(RhB) 44k}, 2018 4F
Mushtaq 55 15U R H 5L BiFeO3 4K 7 fghK Lk
AR, 38 A T UG FLAR R Sl R A BT
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SR R, BT IEE CO, AR A AY
BRoRE, W CO, CH;OH 1 CH,, 1M 45 7 n] L& 1L
H,0 JF 774 0,19, il il izt ik s vz, K H g T
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(CO,y + & — CO,), HILZAH T RIAH I E s Y
T AR A B 2 5 A2 O, ki ERIE T A 3 4R
A Ve 2 G0 WSR2 A4 22 20 43 S 1y A B 1161162,
FeMALIR TR COy S =] LIARTR], X B F
2 54k N FL T RIS L. Sl A S A T
TRIFA TR CO, M CH, 755 A\
HL R\ . Gl 2= P2 fbid )i CO,

H,0/OH (42.32 V)

pH=0.7
Redox potentials

Kl 14 (a) 2 AARA R OB ™ A B 128 70N, BT 28 7O, 25 TR AR HoO 37 AR SR, LTI I CO, Al HoO FF 7% AR 4
Bl (b) JURIAE SO AR B S8 Il BRI B, 25 CO, i AL & W TE pH=7 I 5 ALt it v 34 158

Fig. 14. (a) Schematic illustration of photoinduced generation of an electron-hole pair in semiconductor that transfers to the surface

for CO, photoredox; (b) conduction band, valence band potentials, and band gap energies of various semiconductor photocatalysts

relative to the redox potentials at pH 7 of compounds involved in CO, reduction!'®8l.
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Fig. 15. (a) Schematic diagram of polarization-field enhanced separation of photogenerated charge carriers; (b) diagram for the band
energy levels of SrBiyTiyOq5; (c¢) the corresponding rates over SrBi Ti,O.5, BiyTizOy, P25 and BiOBr; (d) CH, yield curves of

SrBi,Ti,0;; with different annealing temperatures!'64,
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Fig. 16. (a) Dielectric response at 204 K of a CH3NH;Pbl;
crystal, showing that ¢, dominates the dielectric response;
(b) P-E hysteresis loop obtained from integration of e,

over applied electric field!'™,
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Fig. 17. (a) Schematic diagram of the water-splitting device based on CH3NH;PbI; film; (b) generalized energy schematic of the per-

ovskite tandem cell for water splitting; (c¢) J-V curves of the perovskite tandem cell, and the NiFe/Ni foam electrodes in a two-elec-

trode configuration; (d) current density-time curve of the integrated water-splitting devicel™.
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Fig. 18. (a) Schematic diagram of FTO/m-TiO,/CH3;NH;Pbl;/Spiro-MeOTAD/Au/Catalyst integrated photoelectrolysis device
with perovskite photoelectrode; (b) photocurrent verus potential comparison diagram of perovskite photoanode with Ni catalyst and
Ni catalyst under simulated light/¥; (c) energy and work function matching of FTO/PEDOT:PSS/CH;NH;Pbl;/PCBM/PEIE/Ag;
(d) photocurrent verus potential diagram of photocatalytic device switching/6.
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Abstract

There are two types of perovskites, i.e. ABOs-type oxides and ABXs-type (X = F, Cl, Br and I) halides.
Both of them exhibit rich physical properties and excellent photoelectric properties, such as ferroelectric and
photocatalytic properties. In this paper we introduce the methods of preparing the ferroelectric semiconductors
(i.e. BiFeO3 and MAPbDI;) and their heterogeneous junctions for photocatalytic applications, and summarizes
the research progress and applications of photocatalytic devices. Various researches about oxide photocatalytic
devices have been carried out. At first, several methods have been developed to absorb more visible light, such
as reducing the band gap of ferroelectric materials, preparing junction composed of ferroelectric layer and light
absorption layer with narrow-bandgap semiconductor, and growing nanosheet, nanorods or other nanostructures
with large specific surface areas. Second, some electric fields are introduced to effectively separate light
activated electron-holes pairs. In addition to the external electric field, an inner electric field can be introduced
through the ferroelectric polarization perpendicular to the surface and/or the energy band bending at the
ferroelectric/semiconductor interface. Thirdly, the degradation of dyes, the decomposition of water into
hydrogen and the conversion of CO, into fuel have been realized in many photocatalytic or photoelectrocatalytic
devices. Fourthly, the synergies of ferroelectric, pyroelectric and piezoelectric effects can largely increase the
photocatalytic efficiency and the energy conversion efficiency. Furthermore, MAPbI; and other halogen
perovskites show excellent semiconductor properties, such as the long carrier diffusion length and long minority
carrier lifetime which may originate from ferroelectric dipoles. The MAPDbI; can be applied to photocatalytic
devices with a high energy conversion efficiency by optimizing the photocatalytic multi-layer structure and
adding a package layer that prevents electrolyte for decomposing the MAPDI;. Finally, we analyze the

challenges of the high-efficiency photocatalytic devices and look forward to their application prospects.
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