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Study on the piezo-photocatalytic synergy in Ba,
Sr 3, T10;-CuO heterojunction for enhanced

visible-light catalytic performance
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Abstract To address the issues of low piezoelectric catalytic activity and visible light nonresponse of tradi-
tional piezoelectric materials, a type III heterostructure was constructed between the piezoelectric

Bay, ¢5Sry 5, TiO4 (BST) and the narrow-bandgap semiconductor CuQ. This structure utilizes the dynamic

1 #s B HA : 2025-09-02

HETH : BRARBFELTH (52202129) s WA -5 BRI B B8 9T B (2]2023110) 5 55 JEBR K 2400 0 75 A A1) 3
W B (YKJCX2421608) % B

BEVEE U, 2, DUG W 0%, WE 58 5 W DI BB AL A A1 8, E-mail: baoyanfan@ cqust. edu. en; F52 76, 20, BUK, i+,
A W, R 2E R L R 5 1) KR A AR E-mail : wangzonghua@qdu. edu. cn,



514 TLARHE 45 Bag, o5 Sro, 54 TIO5-CuO S B ES T FOG AL PR [R) 4 55 0T WG AR P REDFE 85

built-in electric fields generated by BST under mechanical stress to effectively drive separation of photo-
generated charge carriers. Meanwhile, the CuO with narrow-bandgap broaden the photoabsorption range
of the piezoelectric material into the visible spectrum, thereby achieving synergistic effects between the pi-
ezoelectric response and photocatalytic activity. The BST-CuO photocatalysts were fabricated using a com-
bination of hydrothermal and wet chemical methods. Phase structure and microstructure characterization
reveal that CuO nanosheets agglomerated on the BST surface with the increase of CuO loading. Under the
synergistic action of ultrasound and visible light, the BST-CuO2 heterojunction achieves 59% rhodamine B
degradation in 150 min, which was 1. 6 times higher than that of pure BST. Notably, this efficiency was
3.3 times and 2. 7 times higher than the degradation rates obtained under ultrasonication in the dark and
stirring with light irradiation, respectively. Based on the comprehensive analysis of the active species,
photocurrent spectroscopy and electrochemical impedance spectroscopy. the incorporation of CuO with a
relatively narrow bandgap extends the optical absorption edge to the full-spectrum solar spectrum (200~
800 nm). The ultrasound-activated dynamic built-in electric field induced by BST sustainably drives photo-
induced charge carrier separation, thereby achieving optimized photocatalytic performance in BST-CuO.
This study provides a novel approach for understanding the synergy mechanism of piezoelectricity and pho-
tocatalysis.

Keywords piezo-photocatalysis; heterostructure; charge carrier separation; band engineering
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FEFR A TR R, B B R R (d 5, = 190 pC/ND Y BaTiO, » Ho R B AL G MEA R, 82 IR T 40k
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SRR T X F RS (MO 1 9% i 3K 22 8 8508 B B — ALY 6. 1 5 A — R sk 1Y 7 f%. Reddy
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WY T A IS BaTig g0 Sno. 1 O B T WHER 40 C, HE AL AL AR 2 I B(RhB) K fi# Ak 7= A 5%
RGF R ERE ., ERTEEFE Y R S R Ba® T 133 T (Bag, 65 Sro 5 TiO,) , H T, BRI E 23 °C, JE
F I AR A Bay, g6 St 50 TIO, (BST) SRR} B 52574 Bl SR CuO B4 13 81 R G A
B BST-CuO, AUFIH T W3 Sk BST M08 (19 B R AR 7= A4 9 B 5 3R sl oAkl 725 U R
AT BT FLE AL 5 A B SR CuO $h 58 G IS L, 385 1 X6 AT D6 4 WA BE g, Be 28R FH R L S50k
AL RIE S T etk BE Y 5

R 4 5

L1 S8k

1.1.1 BST @ k&4 &, RIAPILKIEGER% BST 9Kk, #9568 M Na, Ti; O; (NTO) 4K LR R .
BB T TiO, ¥R M MBALE 25 mL NaOH(10 mol/L) W B R W 28 8 T 200 CA# 48 h —#7K
A NTO B, J5 23 H GBSO TS LIRS NTO 9Kk 45 . Hk A BST 490K 4
NTO ZKLM A /3HiE 30 mL &K, b5 # ik =1t = lin A Sr(OH), « 8H,0 5 Ba(OH), -
SH,O J5 . 5 % 50 mL RN & 7 K G 5.(80 “CL24 h), HAHG . HER T /KEZE DM, oG
80 “CF T4 12 h 15 BST 4hkk.

1.1.2 BST-CuO f4& kgt ttsteg sl &, RAILDIE LGl BST-CuO &AM B, 158t BST &
MR 150 mL 2B TR A A m (BST) @ m (CuO) (12 1,1 ¢ 2.1 ¢ 3), FREL Cu(NO;), « 3H,0 %
fift 2 IR AR Ll i At A NaOH A5 2] A9 DU3E » 2 0e i M6 T BF B8 FB b (200 °C/2 h) 45 3
BST-CuO B4 ME, HARE m (BST) = m (CuO) (1 : 1,15 2 F 1 = 3) %R BIARE SR K A5 4 A BST-CuOl,
BST-CuO2.BST-CuO3, 534k, KRR T 2504 FEAR G BST ZKZm i 00 F il %4l CuO FIPEXT LE
1.2 BB &S B e HE AL Pk fE & il

K X AT (XRD, Smartlab-9, Japan) A4 4 HL 7 2 5455 (SEM, JSM-7800F , Japan) F fiE A
HIARES A FIROMIE SR . SR AR 43 BT 1 ( Aytosorb-1Q-MP, USA) FRAEFE & 14 H 3 1T F1 (Brunauer-Em-
mett-Teller: BET) FIFLEEH) . SR A0 WL 6B 1T (UV-Vis, U-3900, Japan) U ASFE & 1) 18 52 31615
(DRS) , HEHAEW IR . SR X ST T-AE1E (XPS, ESCALAB Xi+, USA) 43 HrAE i 92 i 70 K 4%,
Az s . R TAES (Autolab, Switzerland) 238 #1BH B AL FHPTTE (EIS)

LA RhB(10 mg/L) K HFRT5 34, 098 BST-CuO & A JCHEA AR AR A 15 1 . DGt sl il 7e
WEGHR T DEHRBEFE L BOB IR —Fp 4 T b T, SRS &0F F AL R N AN - i e R A
RhB %W TR A A SRR i HE 30 min Dhak B0 EHF B PEs 258 200 r/min. B 2 mL IR G WIS
100 0 min, SR 5 BH IR A VA TR B T8 5 I 5 vE 2% (LC-DMS-H, 50 Hz, China) H7, B T4 K FHOG IR (7-
IV100S, China, 300 W)~ #ATHEMLSESS . B 30 min BUAR —IK. W05 i UV-Vis 4066
(UV-Vis, T10, China) il & F &R IIWEEE .

Stk — 01 B AR RhB 0 280G A 8 e H AR I AR AT 438 A R 8 500 6 Ak s
PR Z 0 F W CAE A SR = A BTG Rl . AR SEEG BE T S N EE (TPA L 1 mmol /L) KRR (BQ, 1 mmol/
L) FFFREE (AO,1 mmol/L) 43 5I7EH « OH. » O, Al h' BiERRHA.

2 Zihihig

2.1 BST-CuO SEHEALSE SRR IR &5 H 5IE S
RHPIE K AFIIEDIIE L ] % BST-CuO 5 0CHELATRL, il 25 T 2B WA 1 FroR. BB
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8 TiO, BAN BRI — KL G R NTO GIARLBR L B H NTO 99K 7 e 2 8 1K 3
FERINE BaCOHD, » 8H,O 4RI Sr(OHD, « 8H,O £ —Wk/KHUZ Wi il 75 BST 4Kk, 78 BST 44K%:
193 BOR P A AN TR B G Ca(NO) 5+ 3H, O /R 51A NaOH #33] BST-CuCOHD, 1y )4y , 22 5 il
iR AR BST-CuO B

E 1 BST-CuO £ &##H &iREE
Fig. 1 The preparation process of BST-CuO composites

MHE BST-CuO E AR RS AIES, A1 XRD,SEM, TEM, XPS K N, W - Bz 46 25 2 1F
FBOREM s R IETE S X L R AL (BET) 2547 TR AE. K 2(a) 4 BST-CuO & &+ K H Al A1 1)
XRD &, NE AT IR H L BST-CuO & A4 EHMI A BST 5 CuO BYFFAENE , 435 %00 T P4 J5 A BST (JCP-
DS 05-4150) XA 7 i % CuOJCPDS 48-1548) IFFIEIE  AHR 1Y 20 2R & A= W A% o A Aar ) 1) 55 —#H 2%
U, 2B BST-CuO B A MK 4l CuO 1 BST @8I58 W 1A I AR AR YA 254 26 B i oy 44 2
TP ) 5L

WA () XRD EEFI (b~ SEM %
& 2 BST.CuO #1 BST-CuO £ &#1#1H) XRD Ei& & SEM E &
Fig. 2 XRD patterns and SEM images of the BST, CuO and BST-CuO composites
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& 2(b~1)Jy BST-CuO E &M K4t CuO F1 BST 19 SEM K%, & 2(b) iz, BST 2 B4 K £
AR K BE R 200~500 nm, FE7E 1 ZHRAE . B 2(c~e) R BST-CuO & A G RIS ] L 7T LI B 08
FL3 CuO YK 5 7487 BST KLk . Y4 CuO kB /D CE 2(0) 7, CuO H2] 15 HFE BST 94Kk
s A AR BN, CuO B IR TE BST K4 RIS, X CuO 5 BST Big ol 3 2 1 LA 2
()1, CuO FFIRKEHE . 2O TR FI4E CaO S BRI A48 K FRIE SR . 33 5 H s 0 b 2 i AR £
SR B REA— 2, AN, BST 9Kk b 63k CuO & K H A BLEERS R e 26 1 ALY K/ NG Ak 1%
PEOL BB, JE T 0 52 A R AL PERE

AR () 45185 (b) Ti 2p; (e) Ba 3d;(d) Sr 3d; (e) Cu 2p; (D) O 1s,
E 3 BST-CuO2 £ &5H# £l XPS it
Fig.3 XPS spectra of BST-CuO2 composite

itk — 0 E BST-CuO &2 ARk 2 1 4 s A fk 2
AL BST-CuO2 #E17 T XPS J6il 4. 4 3 iR,
Kl 3(a) Fis iy XPS SR E G4 8l Ti.Ba.Sr.Cu 5
O JTEM M. XS Ti 2p B9 XPS MATIELG 4, & 3
(D) i T 458. 31 5 463. 91 eV B L5 A B4 BIXF I T Ti
2p1. 5 Ti 2py, BUIE; B 3Co) a5 A RN T 793. 23 5
777.20 eV BYFRIEWE 53 5%5 N T Ba 3d,, Fil Ba 3d;,, HiE;
Bl 3(d) S5 A HERL T 132. 99 5 130. 20 eV BYHHE 443 5
XIREF Sr 3dy, M Sr 3ds, #iE; B 3(e) hE G REN T
954. 55 5 934. 63 eV F4RAE IS HI X B F Cu 2p,, 5 Cu
2ps, BAE, HAE 963. 28 5 942, 72 eV bR B WIS T 72 Bl 4 BST.CuO #1 BST-CuO £ & #HH N,

il £W] Cu TR Cuo” EBIE AL TS T B -t Y 5 1 £
3(DHHREEARERI T 531, 57 F1 529. 88 eV Y BHAE W 43 51 %+ Fig. 4 N, adsorption desorption isotherms of
@ BST iﬁ] CU() l:’:‘ E/‘J ()0 XPS 5 XRD E/‘J é'j:': é}*ﬁ%‘%%ﬁi BST\CUO and BST-CuO COmpOSiteS

Dyl 45 T BST-CuO & Ak,

TeAA AL B e T TE S0 B4R W R PERE . 18] 4 o BST-CuO & A5 AR K aliAH i N, I8 BR- o Bk 45 1R
M2, rA ARk R IV R S5 R 28 H By H3 R 5 306, RIHE G MR AN fLEm, £ 1H0HET
BST-CuO & &4 8F K 2l A7 1 b 2 1 AR L2 DA S FL AR 5 s . 45 SR R W, 4 BST B A /g e 2 i fR
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(14.587 m” » g ) MEAMBH LRI CuO 51 ATME K. 45 CuO HA KRR HLEMFL63.380 3 m’ = g 1),
F 1 BST.CuO #1 BST-CuO EA#MBIHILREAR FLERILE

Tab. 1 Specific surface areas, pore volumes, and pore sizes of BST, CuO and BST-CuO composites

i FERTAL/ (m® « g 1) L/ (em® - g7 h fL4%/nm
BST 14. 587 0 0. 047 140 11. 990 4
BST-CuO1 49.772 3 0. 200 063 18.499 4
BST-CuO2 48. 716 2 0. 249 288 19. 819 3
BST-CuO3 60.013 1 0. 313 344 21.695 9
CuO 63.380 3 0. 397 565 23.071 1

2.2 CuO Faxt SEA BB FPEGE 1458

A FRH WOt R X LA AL B A kR A G L, 18] 5 O BST-CuO & & AR L4l H 1 UV-
Vis DRS Jti, & 5Ca) %, 4l BST 76 7] WG X8 (390 ~780 nm) JLF- TG i » HXF A<<400 nm 78 Bl
AWM 2l CuO X 200~800 nm IEIRIELLF . B A MRIRILE 5 CuO AU EI I BE . HEIR
WCPERERE CuO B2k it A0 i i 32 7 34 58 . 6 B CuO B0KE 07 2807 BST R AE 96+ v HOLWITE Fl. 2T
UV-Vis DRS i, BRI 20 (D H B AR R B (E )

(ah‘v)’i’ =Alhv—Ep, oy
Holoa Jhow FVA G350 SRS KA B 5 R A I AR R L BB s e SR R ) ek A e Sy
BIEL1/2 1 2, CuO FET A BRI 2 B 1/272 G308 5(by o, 40 BST Figl CuO 4 E, 43514 3. 25
1,70 eV, M L (E v) RT3 (E o) AT ARHE LN AU
Ew=X—E.+0.5E,. (2)
Egw=Ew—E,. (3)
H, X RSB B PE Ev FE o 20501202080 VB AT CB f3GE, 25 A Mo+ RE F6e
4.5 eV), BB BST 1 E vy M E g 43512 0. 01 F1—3.19 eV, CuO 55152 2. 16 H1 0. 46 eV,

1 : (a) UV-Vis DRS Y6#%E s (b) BST 1 BST-CuO LA K (¢) CuO i (ahv) " -ho £k,
E 5 BST.CuO F1 BST-CuO £ & #1118 UV-Vis-DRS St B F0 (ohv )" 12k
Fig.5 UV-Vis-DRS spectra and (ahv)"" plots of BST, CuO and BST-CuO composites

2.3 CuO & bt B hbhimnd 54 MDA P ] ¥ 5 mi

Ph 15 mg/L.30 mL RhB EA HARBEMEIG Y, FEEE G O IR PE L SO B 7S = 250, Ik
T BST-CuO EAMEHDEIEYERE . W& 6 () Fis  ERHDEH A T .45 BST X RhB fRFERCRR 6%,
XURT BST A & WAl =4 i e f Ak, 4l CaO IR EA Fe B RRmExE DL A e A2 307 1, X RhB B AfARL
HRZ%E, BST-CuO EEMEHEE CuO &g, ARG KGR, BST-CuO2 HAk(18%0) , It
2 G B BHE SIS R 5 BT TP X RhB R AR K F BST. X vl Be -5 MM fbad f2 A ¢, BB R H PR RE
BST 78R P AR R 0] JE I e/ B0 B b ) A FR e T CuO AR Ay vk vt e H e T 2 A ik
RV RhBY . 0 6 () FiR A BRBERE A T CuO MR RCR N 0 08T 820, BST MR fig
BCRH 6 Yo G N A 23 Y0, X IR TRIALLK BH G IR 28 SR 63O BT 77 AR G AR R T TR, e Ak A EE TR
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FLIFERE N A AN AT TCIE AT BST F= AL shaS L, IR BST-CuO2 & A 44k i i B AR A5 AL
WSROI A 22% . WA 6 (o) i ECRGB A ME T . BST BB MESCR TR 37 %0, TG 80 7 K&
FLAEE AL 8 DR [R50 T4l CuO B AR/, RIS XU CuO ARSI FRCR AR . @ % LA ) 2544
TG PR R RCR (B 6 (D, KB A MR BEE CuO & 34N, B RCR e K5 /0, H BST-
CuO2 IR MABCRIE (59 %) MR T4 BST $2 7 1 1. 6 4%, A% T8 68 75 FOG IR B P 55 148 F 43 B4 71
3.3 M 2.7 %, ik E—Z s S E A TR 6 (e~D A B AR BST-CuO2 7EGHEAL KR LA AL B3 7]
A FRTIRE G A i 5 0 B () AT 3K 0. 005 8 AR R A I RE FRe AT

T (0BG (b) JERREEHE; (o B LI (D AR CuO it 150 min BIFEMRCR; (o) MM /I T iE—83h =G
[El3% 5 (D BST-CuO2 EA MBI EREMR S5 AF N 1t — B 2= A .
6 BST.CuO 1 BST-CuO £ B EARR K4 TREBIXREMZH N EL S EIE
Fig. 6 Graphs of degradation efficiency and Kkinetic fitting curves of BST, CuO and BST-CuO composites under different conditions

2.4 BST-CuO 5456 BHYEHEIL DLEL 53 By

St — R E AR R AL HLER, L BST-CuO2 AL b Rl 28 5 B4R 2 o in AR Ta] B i 4
AT 43 BT AR PR OERE TR YA B 0L 1 = LG MR B, IR SR & 7 B, RSN AO F1 BQ J& . fiEfERE
R FREZE 41905 34%,. KA h' 5 « O, S5 TN . A IPA J5 , JEHEASORIE T [
% 19% ., « OH 28 &8k BST-CuO2 #EAL AR FE i 1Y FEEH YR,

ASCLAE R VE AT HL  AgClL 22 LE HL A8 8 — rERAS 22 0 6 52 5 9 't H U 5 32 R v Ak BT
P, MR A AT RS fE 1. 18] 8(a) ly BST-CuO &G hHEE R 4l Al 16 FL i 3 . & B0 564 B fdi BST
X AL DLSEA IR R HAEAMIN 0. 2 V iR IEHL I e/ (0. 006 6 pA + em™ %) A B CuO X ] WG B
IR RAOERI (1. 379 pA « em ®) . EEMEEEE CuO & i i35 in S i i 25 B e 38 hn s B
BST-CuO2 fx KGR 0. 334 pA « cm *. & 8(h) y BEME FR5E v i) L Ak 24 BT 133 A1 38 T 4l A
BST #il CuO,BST-CuO & A #EHEA FEX B IS 23 48 Bk i 26 4% o A 2= BHPT AR, A R T A i i+
R R TR ACR . Foh BST-CuO2 1 Ha Ak 2= BHAT 55 /N 3% B L Fa e iR AL BB ) dee i B AP IR T
F A PERR R P 5 0 LA

AT LR RE BST-CuO ZA B SGAELL SO HLEE, B 9 (a) 2511 T CuO il BST By fRet 454 .
B CuO M Ecp(0. 46 eV T O,/ « O, SRR (—0. 33 e V), R FA LI TG O, if
JEA e O siis AL e OH™ / « OH AR A LIS L H 3 (1. 99 V) &1, CuO 7l H B b BE 98K W B %)
OH #:4kHy « OHLE—UEB T » OH J& BST-CuO & & BHGHE AL FE o (%) 32 236G PR 5, L RE T 4544
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5 A MRS R — 2, TS s CuO fIKF BST, B &2 AT 111 A5 B 45 A e fe il -
25 GRS AT B RHETHE SRR R R O, A, BET PIRZE SR 8 BB AL SR 3R T+ 32 L
FEFBEEMEN, i — S UE T BST-CuO &AM RDEHEIL AR M $E T8 T8 75 5K 8 BST #8248
HLIA AR R TR B R . BST-CuO 24 MR S HLEE AN E 9 (b) fifzs . Se47 B BST X 1l I
SEARMA R AR AR 1 F R AN AR 6 A A 2 1T 7 A AR v A 08 B PN P 35 5 3 B CuO 5% T D
N AR AR A -2 O B A 3R R R, JE i 7E BST s | A n] WGma Rz 1) CuO, HoEA B F12s
AT B BEE BST B IE f e ey 28 10 » A0 1 L RIS XA R0 8 . B 6 AR HL TR A ORI ) BST
FRAE , TR A 25 L 37 2 Bl e A L Aoy 5 4 B e, R T X AR R e — 204 T . 3 b it o &1 30
PESNAF TR Ao B WK SRR U AR T3 O A 4 B . AR S el R 7 U T B 0T 4 S B A T
af BEW, 247E BST L ReLite in 53R T G 8 135 He [ R Ak i A sh AR Ak, e o 4l H fap I 5 | 4 2 1T 1Y)
Sz B RN ES 7 S 5 A R A L TR S AN W b R Y A R T B BRI IR B 4y L 4R T T BST-CuO &
BRI

TE: (@) AR AR RhB BRI 2 A (b~d) UV-Vis DRS i,
B 7 AEEHRFFEET BST-CuO2 Xf RhB P& fF {4 BEHI 400 & 48 L B9 UV-Vis DRS i
Fig. 7 The effects of different scavengers on the RhB degradation efficiency of BST-CuQ2 and the corresponding

UV-Vis spectra under ultrasound irradiation conditions

() JEHIREREE ; (b) HAL2ERE BT .
B8 BST.CuO Fl BST-CuO £ &4 #H9 S B i Fn B L S PR HLE
Fig. 8 Photocurrent and electrochemical impedance of BST, CuO and BST-CuO composites
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Fig. 9 Possible mechanism for the photodegradation of RhB with BST-CuO composites under ultrasound irradiation conditions
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