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Abstract In ferromagnetic photocatalysts, most charges have the same spin state, which suppresses photogenerated elec-
tron-hole recombination. However, ferromagnetic photocatalysts are rare, and the impact of spin is negligible in nonferro-
magnetic photocatalysts. In this study, the ferromagnetic properties of BiVO4 are regulated in terms of crystal plane orienta-
tion and oxygen vacancy synergism, considering the different formation energies of oxygen vacancies in its {010} and {110}
planes. BiVO4 powders with tunable crystal facets are synthesized by using a solvothermal method. The synthesized BiVO4
surface heterojunctions with {010}/{110} crystal plane ratios of 0.17 and 0.93 are referred to as BiVO4-pH=0.5 and Bi-
VOs-pH=1, respectively. The density of oxygen vacancies in BiVOs is regulated by annealing at 450 ‘C for 2 h in a N2
atmosphere inside a tube furnace. The annealed BiVOs surface heterojunctions are called BiVOs+-pH=0.5-N2 and BiVOs-
pH=1-N2. X-ray photoelectron spectroscopy is performed to examine the ratios of the number of surface oxygen vacancies
to the number of surface oxygen atoms at the intrinsic sites (Ov/OL). The ratios for BiVOs+-pH=1, BiVOs4-pH=1-N;, Bi-
VO4-pH=0.5, and BiVOs-pH=0.5-N2 are 18.96%, 20.36%, 16.04%, and 21.42%, respectively. Thermogravimetric analysis
is performed to determine the concentration of oxygen vacancies because the oxygen vacancies are refilled with oxygen at-
oms at high temperatures resulting in weight gain. The Ov/OL ratios for the entire material are 0.56% and 0.23% for Bi-
VO4-pH=0.5-N2 and BiVOs-pH=1-N>, respectively. The proportion of oxygen vacancies in the BiVO4 surface heterojunc-
tions decreases with increasing {010}/{110} ratio after annealing in the N2 atmosphere. This is because the formation energy
of oxygen vacancies in the {010} plane is lower than that in the {110} plane. The ferromagnetic properties of the BiVOs sur-
face heterojunctions are correlated to the concentration of oxygen vacancies and the ratio of the {010}/{110} crystal planes.
The ferromagnetic properties of BiVO4 with a lower {010}/{110} ratio (BiVOs-pH=0.5) are superior to those of BiVO4 with
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a higher {010}/{110} ratio (BiVOs-pH=1). BiVO4-pH=0.5 has a smaller particle size and is more three-dimensional, indi-
cating a larger specific surface area and interfacial region. The contribution of the surface unsaturated spin to the total mag-
netic moment in BiVO4-pH=0.5 is higher than that in BiVOs-pH=1. The introduced oxygen vacancies enhance the ferro-
magnetic properties of BiVOs-pH=0.5 as well as the photoelectrocatalytic H2 production properties of the BiVO4 surface
heterojunctions (BiVOs-pH=0.5 and BiVO4-pH=1). The formal quantum efficiency (FQE) used in this study is synony-
mous with the photonic efficiency calculated from the known spectral distribution of the excitation source and known absorp-
tion spectrum of the reaction system. The FQE values of BiVOs4-pH=1, BiVO4-pH=1-N2, BiVO4-pH=0.5, and BiVO4-pH
=0.5-N2 are 0.0086%, 0.045%, 0.0019%, and 0.032%, respectively. The enhanced photoelectrocatalytic performance can be
attributed to the significantly increased visible light absorption capacity, rapid transport of electrons and holes, high photo-
generated electron-hole separation efficiency, and improved reduction potential. In particular, BiVO4 with a higher {010}/
{110} ratio exhibits a higher photocurrent density and a greater H> production efficiency because the {010} facets have high-
er charge mobility, better water adsorption characteristics, and lower energy barrier compared to the {110} facets.

Keywords ferromagnetic photocatalyst; oxygen vacancy; BiVOa surface heterojunction; hydrogen production
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Figure 1
high-magnification SEM images of BiVO,-pH=0.5, and (¢) SEM and (d)
high-magnification SEM images of BiVOs-pH=1

(a) Scanning electron microscope (SEM) and (b)

22 SEMDH

I X R T RE IS (XPS) R M T 7T T &L
SAGBEHE I NIASAIRE. B 2a~2c NEAS
SAAKLFERTJE BiVOs XPS 1) Ols. Bidf fl V2p =703
IR ) £ R TRV pH=1 ) BiVO, £ 3 &/ U
A JE (BiVOs-pH=1-No)[1] Ols UEFIUEALARNS T
(BiVO4-pH= 1)U A7 3% A1 B ARk, X1, BiVOs-pH
=0.5-No i) Ols WEALARXS T BiVOs-pH=0.5 # it 1]
Ols WA N B RS G ReTT W, A 1 R4S HER IR %
M4, EHENTHAWEA @IER Ols BRIEHAT THLE,
LG G R R EAN A BSCHFE S2 . IR G 45 R
i BiVOs-pH=1, BiVO4-pH=1-N,, BiVO4-pH=0.5
F BiVOs-pH=0.5-N, £ it 3R T ) 58025 A F A U5 7
(Ov/OL) FI EL Z 43 5l N 18.96% « 20.36% +  16.04% A1
21.42%. S B AR AME G #S BiVOspH=1 Fl
BiVOs-pH=0.5 £ i "1 1) 3 10 40 23 A L A5 23 0 38 1
1.40%#1 5.38%. BiVOs-pH=0.5-N, £/ ] Bidf Al V2p
XPS WAL AT BiVO,-pH=0.5 U7t 3 B H1 0 55 3 i)

K& mBMIE. 81, BiVOspH=1-N, £ 5 1)
Bidf Al V2p XPS A7 5 BiVO,-pH=1 HJIEALAH LA %
AMEFNLE WA, AREEHE S3 Rt T A
[ BiVOs £ fh1f] Cls XPS i 2r HEEINE, 4R, B ffi
) Cls IEFHEF7E 284.80 eV, KA AT BEZ IR 2
Gl RRIEAI RS, T BiVOL(010) 4 1 482 A i AE tL
(110) TP, FrLL BiVOy i 1H 57 5 45 (1 48 2 A ik
5{010}/{110} g 1 EL B2 PIAH K. BT BiVOspH=1
FEF{010}/{110} EL 3R EL BiVOs-pH=0.5 ¥, FrbA
BiVOs-pH=1 F¥f ity 1 5 5 7 1) BE UAIG.

FRE| XPS HARRMGHEFE M RIAEL, AL
R #8 B 43 M 1 280 R0 RV B 7 A AR
P R I E . B 3a A BiVO, B #E
2R, MFAE il 28 00 5 31 oK 28 50U AL R
(BiVOs-pH=1 Fl BiVO4,-pH=0.5)7E 30~400 CiHEiu
B P 2 0t 2 2 1R o k2D, 7E 400~550 CIIRLFETE
Bl P B HE o R . 48 3 R R VR LS (R
(BiVOs-pH=1-N, Fl BiVO,-pH=0.5-No)7E 30~340 C
TRFEJE I A ML E) T & 9/b, 18 340~550 CIRfEE
Bl P o B, ELR IR TR AR AR
PALFE R RE S (BiVOs-pH=1 HI BiVO4,-pH=0.5). ¥]4h
IR DX 3 12 sk 2 i b TR o O B 7K PR 453 O DA RRE
AU T IR 5 R I BY. 7R SR X, R B K
AR 2 AR DL S EIG In, LR R R A U
HFEE8A0L FR AL S R L (BIVOs-pH=1-N,
Fl BiVO,-pH=0.5-N,)Jii &1 i & 2 = T R LA F R
f(BiVOs-pH=1 Fl BiVO4-pH=0.5) J5 K2 Z LR
PARFEIE NN T BiVOs K LA AL B N T #ErE
BRI S5 P A R S A T E A, KRR
AbFR 5 1) BiV Oq [ F4 R T ZRHIHR I 25 R AL BR ) BiVOs4
MRE 2. B 3b ORI B AR AR AR
R KCER IR S A ZE 4. SRS T 300 1
395 “C I, BiVOs-pH=0.5 Al BiVOs,-pH=1 %35
MR IE R ZAED), D ERRE T & B R A EFI R
28 Qb B A BT E AR I AR T ZEAE, RIHERAE T
AR AMEL G N E AL ], BiVOs-pH=0.5-N, fl

n
(@) O1s — BIVOpH=1 b s (c) ) i v 2082
‘ BIVO, pH=1-N £ —BvopH=1 ({472 , —BVOph=t I
ik ——BVOpH=05 BVO-pH=1N, [ Bla2 VO RHEI,
=] M\ BIVO,-pH=0.5-N, _|——sivospH=05 i} . BVOpH=05 i
© =] BIVO,-pH=0.5-N, [} © BiVO,-pH=0.5-N, | '
5 s ~ 8
> G i s
2 = 2
8 2 1] J
= 2 C  bvomn s
= - i
526 528 530 532 534 536 153 156 159 162 165 168 510 513 516 519 522 525

Binding energy/eV

Binding energy/eV

Binding energy/eV

B2 BiVO,pH=1, BiVOs-pH=1-N,, BiVO,-pH=0.5 Fl BiVO,-pH=0.5-N, £ i ) XPS &3 #E#: (a) Ols, (b) Bidf, (c) V2p
Figure 2 High-resolution X-ray photoelectron spectroscopy (XPS) profiles of the BiVO,-pH=1, BiVO,-pH=1-N,, BiVO,-pH=0.5, and BiVOs-pH=

0.5-N, samples: (a) O 1s, (b) Bi 4f, and (c) V 2p
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Figure 3 (a) Thermogravimetric analysis (TGA) curves of the Bi-
VO4s-pH=1, BiVO,;-pH=1-N,, BiVO,-pH=0.5, and BiVO4-pH=0.5-N,
samples, and (b) TGA difference curve between BiVO,4-N, and BiVO,-air
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Figure 4 Hysteresis curves of the BiVO,-pH=1, BiVO,-pH=1-N,,
BiVO,-pH=0.5, and BiVO4-pH=0.5-N, samples
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Figure 5 Photoelectrocatalytic H, evolution observed for the BiVO,-
pH=1, BiVOs,pH=1-N,, BiVO,-pH=0.5 and BiVO4-pH=0.5-N, sam-
ples
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