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Abstract

A novel ZnFez01/NaNbOs nanorod composite with a heterojunction structure was successfully syn-
thesized via a hydrothermal method. An in-situ heating process of NaNbOs nanorods was achieved
through the photothermal effect of ZnFez04, followed by cooling to room temperature, realizing a
cyclic heating-cooling process for ZnFez04/NaNbOs. The pyroelectric-photocatalytic activity of the
composite was evaluated via methylene blue degradation experiments, showing a degradation effi-
ciency of over 98% within 90 minutes and a degradation rate constant of 0.043 min-1, which is
1.7~17.2 times higher than that of the individual components. This excellent performance is at-
tributed to the synergistic effect of the pyroelectric effect of NaNbO3 and photocatalysis. The study

confirms that superoxide radicals (-O, ) and hydroxyl radicals (-OH), generated by photogenerated

electrons and pyroelectric-induced charges, are the primary active species. This research eluci-
dates the coupling enhancement mechanism of the pyroelectric effect and photocatalysis, provides
anew strategy for the synergistic interaction between pyroelectricity and photocatalysis, and offers
potential applications for pollutant treatment.
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1. 51§

M AR R KBHAE I B F B, fE ARk S5 e S aei el r mBA E g ). | 1972
4E Fujishima I Honda &R FFBIPERF 7L LK, FefE btk CHUS R g . JR1M, et A B gy G iy sk
B L AT TET I P A o B, B HRF = 2O 2 26 v DA S OR B DGR R 28K [ 1]-[3] 0 BROKPBHBRSE, HARFR
58 HH P L P U B AR A — A AN R REIR[4] [5], PRI 22 R P 22 A 3 Gl P /K (i B AR A A B AR
AR R 7 6

PR AR, AORIBEIR FE AT, H B RIACIRES K AE SR RE[S] . AFFER L, FEHVREFEAL
BHAUE AR, IR RS SR IRS) 2 S BRI R, SEm 5K B AR, AR R T = A 4 H
5 XRAE B A BN A AR R T SR A [5]-[7]. BhAh, PR LTS 3 ISR T LT L BE
IS T E P (Reactive Oxygen Species, ROS), fLHE¥HE H HEE(-OH). % H HHE(-0;). FLEH(10)
FRL S AE(H20,) [8] [9]. H RTMFMEIN N, #HVBEH =4 (1) ROS 76 5 Ykl b B AT 2 AT T i B FH A 5t
Qian Z5K ZnO Kk (1 RE HL AN 5 AL A S &, BEFERIATE 22°C~62°CIUm# - B HIfEA T, &
FHEH B (RhB) AR 1 B fif 2 ] 1A 2 98.15% [10]. Jia Zfi i 1 B A K} BiFeOs 44 KUk 7E 27°C~38°C #4
TEIR T BB PR RS YE R BT B PR RE[11] [12]. Liu 2RI Bag-SrkTiOs LTI HRE - St
BB TRTE, JLJR DR R AR ARl o () A R AR AL F 3 R T 8T 4 B S R R [13].

BER #(NaNbOs, NNO) & — M A - FARRFE A B AR, BRI R AR e M RE . Bkt
B S PRI YRR T 2 B2 R [14]. BbAh, NNO EEA H e #R ik ge, HARHRHY
9100 pC-m2-K?, fi LR FE &k 370°C, 3 LaRe M A I By 2 iR PR LR A0 T R 1 R AR A RH 5] [16]
Zhang S5FESE T 78 NNO BE4A 5 iRl & R B0 5 0 AL 2 A A AT 280, B0 T FARE B i Bt Ak
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aR T

PEREM AT ATHE[L7]. You SERFTE T ARFIES NNO 1E 23°C~50°C Nk - A EIFEIA T i AR AL Bk R
[18]; Liu ZE@id ik NNO GRE5H I, Ak 5 (1 FARE HE RN 5 3R 1 s B 81 g 2 1 B [RIVE F T #2716
A R AR B T B R B 7124 M BE[19] - Wang Z5IBIESE T NNO YN K 27 4 1) [ L #ARE H SR A UM AR
KA PRI RENE[5] [20]. 4RTM, NNO FF7E %2517 (3.3 eV) AT i, XA A HBR ] 1 A8 K BH g itk X
BRI EE Ty, FEUR LG NNO YA TEy A 20F F 8 7 K FH B -

BT FRFERE, AR K RGES BT RS (ZnFe,04, ZFO) B NNO HIE &6t —J5
[, ZFO HAY) 1.9 eV MEZEN WL, Refe A SCR FHRFHRE[21]. A — 71, ZFO fE N6 R I
A AR E PRI AR J1[22] . TEIXFHARER - JeRMP R A 25 R, SRR T Ik, T &
RSN ILFEAT A A, TGN - A HIEFE . AR ARA ELIURBHAE . FARESE 2 FPEE IR L FIR A,
HES AR A B A AR R S, & —Fiil BT 71 R A0S 55 5

2. SEWERSY
2.1. #amblE

T K S NG A JE SRR EE S R T NNO Z92K#:(NNO NRs) [23]. B %6, 4 0.57 g NbOs ¥ AR A
40mL 10 M NaOH 7Ky, Bid: 2he SRJE, KT a0l % 2 RIUR O AT AN R B g, 78
160°C FHHT /KR 4 he RMVEERSE, #RPFZHHIFERER T ERAE, S0 Y, HES
TKM Ok 2 FIE R, BEJS7E 80°C F 44 12h. & J57E 500°C T #b# 2h, 35| NNONRs.

KA A B ZFOINNO EAMEH15]. B, H—EmERN FiRKIH NNO NRs AN &H
0.06 mmol Fe (NO3)39H,0 A1 0.03 mmol Zn (CH3COO0),-2H,0 i) 2. — [/ R BE R S VA (AR e 5:3)Hh,
PR, E, BRMEHEEZE 50 mL RIS WA RN ES, 78 180°C FRM 12 hy HER
REEFERGE, SO0 8=, UK 3 IR TKOEYE LIk, WJE1E 80C N4 10h, 15EI1
KK ZFOINNO 4Ktk Z & 7= ¥)(FFk ZFO/INNO NRs). FZAIRAE, A E—13 F R AN NNO NRs,
FE[FIRE SRS R AT i £ ZFO Aok kL«

2.2. MRISRAE

KR A X BHEATHHX(D8-Advance, Cu I Ko $1£8, 4=0.15418 nm)xtEE S AT RAE, 6
A 0.02°, FFEE N 5 /min. RAES - WG R TH(UV-2600, F A ) IR 5t 5840 - wf
D38 [ 5O (UV-Visible diffuse Reflection Spectrum); %434 B 7 B 1485 (SEM, S4800, HAH
SE)FIZ S LT RAMBE(TEM, 2100F, HAS JEOL)MLEHE s oM IES . K Bilg R4 (h E) A R A
F] ) CHIGB0E 7Y H A2 T AR sl AR M AR A e Ak 2= e g o IR = AR R MORTH 5K HE AR (SCE)
NZLCHL, R AXTHAR, 0.5 M NapSO4 VBN AR . TAE RIS 7772 # 5 mg PG AR 2
mL ZEE, WA G, HAGELAE Lemx 1om BTAL BRI 22 8L B (FTO) Bk |, 7F 393K
AT 24 he FLALZEFHTIE(EIS) U2 G 0.1 Hz~1 MHz, A8 L ARIE A 5 mV.

2.3. REER - SEENURIE

ARSI A HLAURLE 2 i (Methylene Blue, MB) A B fiff S B pFAL Tl 6 A s DG HEAL PR RE . B %,
¥ 50 mg Firill &G HEAL AN BEA 50 mL MB MV A SEmid, 7R RIS S0 FHEE 1h, DUAFIMf
T 5 Gk or 1 18] B - Bt BRP . BEJE KR EEAMA R B TR FHOG(300 W R AT OGYER, ACE
AML.5G JE6H) N ST 90 min, & 15 min BX 3mL &VFK, £ 8000 rpm F OB 5, KA EHE T
3% 664 nm KA RISUE, Fon BB MB IR . fEAL IR B BB IE P AR AR I R
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Horh, Co Rl C 43 B AHIHERZ(t = O)F t Bt %) MB 3R .
3. BR 5118
3.1 EAFINEMSER

1(@) o A AT &K 5 (NNOL ZFO. ZFO/NNO)) XRD KEi . NNO NRs [#] XRD i7E 20=22.9°,
32.6°. 46.5°, 52.6°. 58.1°Hl 68.1°4bHHIsRATHIE, 5HIEZAH NNO Rt fr(JCPDS 33-1270)58 4 VLT
[24]. ZFO BEfH ) XRD E#ELE 20=29.9°. 35.3°, 42.8°. 53.1°. 56.6°F1 62.2° Kb 3N - EATH G, K RiAT
75 A8 ZFO (JCPDS 22-1012) [25], AT A1 X5 B 1) g i 45 5 O /E Bl 457 . ZFO/NNO NRs 1) XRD i &2
WL ZFO Al NNO WIAHR B INRHIE, HARME B HAD YA AT 0, R FE NNO 5 ZFO
REAEWFEIR . % ZFOINNO fT5HG# AT L a5 12 f5 vl TH A BIPI A B i 2 b, 45 3R wnl& 1(b)pr
7~ ZFO 5 NNO Jii 2 HE 2554 mzroy:meunoy = 28:72.

] 2 B N sEae il 2 S 1 SEM AT TEM B Fr. B8 2(a)rT L, 2E1) NNO EHRIESN, KL%
WOk, RIEBOEH . HE 2(00)rT W, 246 ZFO =¥ A R gk iohs, BT R3/NRiE TEM g
—BREINE . HIE 2(c)rT WL, NNO F1 ZFO 73 Al fRFE& HIESE, H ZFO 99KMUR3Y) 5] 73 A /£ NNO NRs
K. & 2(d)y ZFO/NNO 1] TEM JESRIEL, HERT L, NNO NRs [ EARZI24 100 nm, 2 [f b5 AN KLU
FERGUKFURL, oA ar (7 HEAR K 20 3% TEM B 2(e)Fm. BRI L, NNO NRs Z i i il 82 5] —
LTI SR 50, H T AT EE D 0.28 nm, %R NNO ff1(200) 44 . ZFO 4K kL2 T w] A 22 31 9 41 7
AT A P AR 25 80, L SR THIR) 2623 5904 0.25 nm F110.29 nm, 43 51 %6 2.(311) A1(220) 4 T [26] -

(a) O e——

Intensity (a.u.)

Intensity (a.u.)

1] TN N O T N 1 AN I ST |

3I0 4:0 5.0 6I0 70 20 30 40 50 60 70
2-Theta (deg.) 2-Theta (deg.)

Figure 1. (a) XRD patterns of the prepared samples; (b) ZFO/NNO content analysis
1. (a) SEI&HIZHEMAY XRD EiE; (b) ZFO/NNO HIE 245

3.2. FMRBridsE

eI BE AL 2 SR AL B EE . &) 3 BT N SESG FT i 4 1) NNOL ZFO 1 ZFO/NNO &
BRRHRE AN - 0] WOEIR IO . KRBT NNO £E4) 375 nm Ak H B 58 K AN . 4l ZFO NI B i
M AR BAT WG X3 (29 650 nm - Ab)IF FE b i R e, IX — 4P R T ¥ 58 S A AR R IR I B
ZFO/NNO E &M R IO TE (7 ZFO 5 NNO MRISGERFIER 0, EILH NNO 1 ZFO HIW s
. Ah, 2T Kubelka-Munk 757, I Tauc 24 xUTHRRE 5 52254 58 B [27] -
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(ahv)% = A(hv— Eg)

o, AHIBIHEEL o ARICREL h S, v AR TR, By AR % . X NNO FI ZFO,
N AN 2, X A 2 SRR RFE[28] [29]. B LA AXMER W4, NNO. ZFO F1 ZFO/NNO [¢)2%
M5 B8 P (Eg) 7 A 3.33 eV, 1.85eV Al 2.87 eV.

SUB000JHUN 3.0kV

\ 0:25 hm
ZFO (311)

D ﬂzg nm
—*\ 0.28nm
NNO (200) 3

5 nm
T

Figure 2. SEM morphology of (a) NNO nanorods, (b) ZFO nanoparticles and (c) ZFO/NNO samples;
(d) TEM morphology and (e) high resolution TEM of ZFO/NNO

2. (a) NNO 4:K#%. (b) ZFO K BukiFn(c) ZFO/NNO #EMmAY SEM 257 El; (d) ZFO/NNO
A TEM F25REIF(e) ZFO/NNO HERBIE 28 TEM [E
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Figure 3. (a) UV-Vis absorption spectra of NNO, ZFO and ZFO/NNO; (b) Tauc plots and bandgap
widths
3.(a) NNO. ZFO #1 ZFO/NNO HJE&5h - A BLAEMRULSEE; (b) Tauc Bl R TETRE

33. BRFIIHE

AR BRI T 170 B ROCR AR K HLFE A 26 e AL IR RE . 1 4(2) 7y B AR Ak 771 il 46 1) ' F R A [
WA G BRI 0 HIA - B TRN (-t 2 2 o R BRSO, BTG A R DI R T S B 2 It 375 i i 52 L e 24
ShE. PEE. Hd, ZFOINNO E & G IFR I & m G AR EE, 29709 ZFO 1) 2.5 £%, NNO
(1 17 £ . SEsddd AG 2= BR TS (EIS) 70 M 1 FF R HL AT R R T o ] 4() o 9 = P A FRURE il
EIS-Nyquist . @A, Nyquist e BE5R:15 15 5 Ak ) s 8 BB OE LE[30] . BT L,
ZFO/NNO E & EHO R IRE 42 3] /T NNO At ZFO, R A7~ i T, BEm17m
PR S ES R
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Figure 4. (a) Transient photocurrent curves and (b) EIS Nyquist plots of NNO, ZFO and ZFO/NNO
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Figure 5. Degradation performance of catalysts NNO, ZFO and ZFO/NNO: (a) relative concentration-
time curve; (b) reaction kinetics fitting curve; (c) cyclic degradation curve; (d) ROS trapping experiments

[ 5. &4k NNO. ZFO 1 ZFO/NNO %} MB HF&fR M Gt

HMAOFUAHL; (o) BIFEMEL; (d) RETEMEYFRER

3.4. R -

ST

K 5 F@x T4 HILL NNO. ZFO F1 ZFO/INNO 7 i 45

: () HEXTREE - BHERRZ; (b)) RAC

NN MB B fEPERE. P S(a) R L, &

WA A AL, LI T MB #95E —E RE LI B . 24 LL ZFO/NNO S35
TR BN 2 N Gl RERS [AI7E 25°C~B0°CHEM AL L, T JE-mf A thZkan s 5(a)), MB HIFEMERCRE %R
by 3R I FH UL e B e it AARE FLARE AR ) el B2 — A ARG o [ 5(b) 9 AH L 1 Ak S 2 F) 3

ORI, FE

715 B, R Langmuir-Hinshelwood 21 /) #5800 I REEAT R0 G, 8 7 F2 1 R [31]:
-In(C/C,) =kt
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aR T

Horp k ARER IR M B F12E 5 4. BT, MB IR EE LG 9 SR X6 £ (—In(C/Co)) 5 A] t ML R,
B &AL FIRE G 5T MB IR & — PR BN ) 5, [ N 6 k FIHG BE(RY) W& 1 BT

NPl ZFOINNO S A M BHESLFRM i o] S G AP, B8 7 HAEGIE 5 iR R %4 R
B et R e . Seae gl BRI (A 5(c)), SFILESHIRMEIN G, ZFOINNO R KR 57 it 45 I B fif 2
RAPRAEFF B R, RO R AT RRR .

NS5 RN EEMEYR, FRATTE ZFO/NNO &R MB ¥R RN 7 AR 1 d R #1771«
BT EE(TBA)H T3k 25 F thZE(-OH), X 2KER(BQ)FH T skl S H (-0, ), 4 %Y Z.FR(EDTA)H
FHigRa () [8] [32]. WA 5(d)w, 23t 90 min JefAL IR 5, MB (1 B AR 2R R AS R 3750 i 4
MERES, RWEEDFERE-OH. .0, fil h*. ¥ BQ JEMMEZHRICN 23%, Uil -0, &M Ed R+
FEEMEYIF . BRI TBA Hi3K-OH 5, MB IIFEfFEZEN 27%, FRI-OH 78 B 2 o A e 5 224
o THEIN EDTA J5 MB BEARZRAZ BRG], BEHT h2e 6 A A e ik 42 o 1) S med AE D A7 B

Table 1. The degradation rate and fitting degree of MB by each catalyst sample
= 1 SEAFIEFRI MB MERRESHIEE

Catalysts NNO ZFO ZFO/NNO
Reaction Conditions Light Light + AT Light Light Light + AT
k 0.0025 0.0058 0.015 0.025 0.043
R? 0.99 0.97 0.99 0.99 0.99
Solar light
& ® a0

_ A a A @
OH @ U S )
= ‘\‘ () 0,
LY 5 L
) \ e _
20V OV 0| @
o Na \A NbO,

# Positive compensation charge

ZFO NNO

@ Negative compensation charge

Figure 6. Schematic diagram of pyroelectric and photocatalytic degradation mechanism of ZFO/NNO
[&] 6. ZFO/NNO AFEE - SetE (LS EE

3.5. FARER - REMNIES R

FT UL ESRIG SR, $EHH ZFO/NNO #REHL - el b F%fE MB LI . 4l 6 Fror, @R T NNO Fl
ZFO 5 i B AP I HR TR 12 . NNO F1 ZFO il f5, TERE 1 B R 45 450, (8 ST ab = A=
W . 2452 BB BH YIRS, ZFO A1 NNO 4317 (VB) 1 HE T #2225 11§77 (CB), ZFO &
7 A A B 4 X N il — B RS 2 NNO 3317, 1 NNO 7t i il 2= U6 R8 &5 ZFO hati.
WHL () B IS RN, AT LLS 58 E RS, IR AR O2 ib R A H (-0, ), i /X (h) B A5
At ATRAZ 58RI aR K (H0) Bl A F R (OH) B v Fe 5 H B 2R (-OH), BB MA LTS
Py, TEX—id R, AR FADRL A B 52 21 56 HE T 5 20N R R 0 B AR AT, AERE B 1 B R R Ak
SRS (PS) 2 Bl 2 U . B R T IX S AR 31, A HL R S R HL O T R 24 S (R
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TR AN, AT 1A G — ) [33]. ARSI B SR, S H
BEHEHER T S 5 RSN RS A SN 7 B R
ZnF,0, —ZnF,0, (" +h")
NaNbO, —— NaNbO, (q" +q~)
0,+e (q7) >0,
OH +h"(g") »-OH

-0, and -OH + Dye — Decomposition production
4. 45ig

AW T K PRI T ZnFe,04/NaNbO; (ZFO/NNO) S i 45 4l Kb 52 A A1kl 37 P R A
ZnFe,0, FIFEHIN BR 5] NaNbOs FIFVEE FRLIAI N, SEIIL T #4 - S6 2 W AL IR, BRTE T HRE F kR 4l
BTG TERE . 255 B, ZFO HG RS T SE LT NNO AL P # - A0, A% NNO
PR LI B, FERLRUOK PG RS SRS s W RE R, 2B APPRE 90 Z34h Akt 7 R 4k 5 (MB) 1)
Ffi e ik 98% LA b, SNBSS EHCN 0.043 mint, BB TH—H5. HIEERIR RN, PRt Az
HIA B T AR TR B 5%, 5S4 K& -0, Fl-OH &35 MRl , i &35 3t B AL
o WA, EEMEIRIE RGFEA TR E S T E G A AT T 7R AR R TR
RnR A VEREIVE AL, ARG PR N S e A R ER AL T T SRmE,  TERRIRYS Geia B AU A A
TEAE S HANME -

B oW
SR E R B BRI (5UH %5 2024-2025X08) (4 <5 5

SE K
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