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Abstract

Near-infrared (NIR) light accounts for approximately 50% of the solar spectrum. Therefore, the
development of highly efficient NIR-responsive photocatalytic materials is of great significance for
improving solar energy utilization and removing organic pollutants. Bi4+0~ is a typical mixed-va-
lence bismuth oxide. Owing to the coexistence of Bi3+ and Bi5+ and its tunable defect structure, it
exhibits considerable potential in the field of NIR photocatalysis. In this work, Bi+07 was selected
as the target material, and the relationships among valence-state distribution, defect structure,
and NIR photocatalytic performance were systematically investigated by tuning the alkali concen-
tration during the hydrothermal process and the subsequent annealing temperature. The results
showed that a moderate alkali concentration (1~2 M) was favorable for the formation of pure-phase
Bi107. As the alkali concentration increased, the defect concentration in the samples increased, the
Bi3+/Bi5* ratio decreased, and the NIR light absorption ability gradually weakened. Among the sam-
ples prepared under different alkali concentrations, the Bi107 obtained at 1 M NaOH exhibited the
best NIR photocatalytic activity, achieving a sulfadiazine degradation efficiency 0f 91.67% and a
mineralization rate of 16.57%. The optimal sample obtained from alkali concentration regulation
was then further subjected to annealing treatment, which enabled additional tuning of its valence-
state distribution and defect structure. With increasing annealing temperature, both the Bi3+/Bi5+
ratio and the oxygen vacancy concentration gradually increased. Among these samples, the one an-
nealed at 230°C showed the best performance. Its absorption edge red-shifted from 724 nm to 762
nm, and its band gap decreased from 1.54 eV to 1.40 eV. Meanwhile, the degradation efficiency for
sulfadiazine reached 100%, and the mineralization rate increased to 36.40%. Combined analyses
of XPS, DRS, and photoelectrochemical measurements indicated that annealing at 230°C effectively
balanced the changes in valence-state distribution and oxygen vacancy concentration. On the one
hand, it broadened the light-response range of the material; on the other hand, it promoted the sep-
aration and migration of photogenerated charge carriers. As a result, the photocatalytic performance
of the material was significantly enhanced. This study provides a theoretical basis for the struc-
tural design and performance optimization of NIR-responsive mixed-valence bismuth oxide pho-
tocatalysts.
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2. SCROERSy
2.1. RFNS{EE

R BBEREI(NaBiOs-2H,0, 2 #14l). S AMBI(NaOH, 437 46) 5510 B [ 24 4 H 4k 2238570 R
AH], EwELE(SDZ, A HTa)EE E R BEARA . SR HKCAEE T K.

X 2% : X FHEEATHHU(Bruker D8 Advance, f#[H), X 4286 H T AE1%4X (Thermo Fisher Escalab 250Xi,
M), MR IE X (Bruker EMX Plus, f8[E), 284h - Al - L0406 TH( B UV-3600, H
A, HALZE TR (LR CHI660 E), & RGRAH BitA (B i, HA), &0 (&R HE OTF-1200X).

2.2. REmREIE

BisO7 B 5 R FH K Bk £ 205K 1.2 2.4, 3.6, 4.8, 6.0 g NaOH A1 1.0 g NaBiO3-2H,0 ¥ T 60
mL KBTIk, HAE 30 e SR 2 /AN, BRI R 100 mL KR R, R R N
BIAE 180°C T A AR 6 /NI HARAHNG, F 2B /KBRS TR AR 2= b i, 2@ B.0n )5,
A4 K T 60 CE IR B AT A0 T4 12 /NiE, BGH S WFEE % FH o ARIEIIRBE AR, RS AR IE N BisOy
(0.5 M). BisO7 (1 M). BisO7 (1.5 M), BisO7 (2 M). BisO7 (2.5 M),

IRKALHL: H Bk ) BisO7 (1 M)FEME T E X T, 7E 10% Ho/Ar SR R 2370 F 200, 230
240°C FIBKALHE 2 /NEF, EARAREEHCH & . ARIR KR EAR, FESFRIEA BisO7 (200°C). BisO;
(230°C). BisO7(240C).

2.3. PHRIFRAE

KH X AT (X-Ray Diffraction) {373 BT i 1 AR 45 /) (Cu Ka 5855, A = 1.5406 A, 5 HE
10°~80°); KH X HF£& i T ik (X-Ray Photoelectron Spectroscopy) 7 HT2% Il 7C 2 4L i S Ak M 5 (Al Ka
ERAT, Cls=284.8eV KifE); KA H TR RE IR (EPR)ASIN 4 25 (r S I e s a3k R4 - AT Wy 66
THUV3600, S al il 40 - v W, - L4040 G (UV-Vis-NIR DRS)HIE £ #h £ 200 nm~1100 nm
YO P IR IR ST B8 s SR FH PR 2 AR Sl B S o rEL A R B2 L Ak 2= B BT 2 Mott-Schottky HiZR(=H
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Figure 1. Full XRD patterns of BisO7 prepared at different alkali concentrations
1. NEWUKE TH& BisO7 89 XRD £iE[E
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Figure 2. SEM images of BisO7 prepared at different alkali concentrations: (a) BisO7 (1 M); (b) BisO7 (1.5 M); (c) BisO7 (2 M)
2. AERGKE THIE BisO7 B9 SEM & : (a) BisO7(1 M); (b) BisO7(1.5 M); (c) BisO7(2 M)

3.1.2. NSAHEHREEN

(@)

Intensity (a.u.)

Bi 4f

Bi, 0,2 M) O1s C1s

(b)

Intensity (a.u.)

Bi 4f

164.14 eV

1000 800 600 400 200

154 156 158 160 162 164 166 168

0
Binding Energy (eV) Binding Energy (eV)
(c) Bi,0,(1.5M) Bidf (d) Bi,0,2 M) Bidf
~ |1s830ev ~
2 2
E &
.‘? 158.91 eV 164.17 eV .‘E’ it
w w
b b
= =
156 158 160 162 164 166 168 156 158 160 162 164 166 168
Binding Energy (eV) Binding Energy (eV)

Figure 3. XPS spectra of Bi4O7 samples obtained at different alkali concentrations: (a) Full spectrum; (b)~(d) Bi 4f high-resolution
XPS spectra (1 M, 1.5 M, 2 M)
E 3. NERKE TETSH B0 #mA XPS i&E: (a) 21EE; (b)~(d) Bi4f &2 ¥ XPS IEE(1 M, 1.5 M, 2 M)
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X S Bt HL T REVR(XPS) A H T 40 AR i R T 70 3 AL RS S AR 73 A, BRI RERS 9 BisO7 4
A AR FEFFAE VB ST PR B AR o 1] 3 AL 4 43 h T AR FE 26 1F T BiaO7 FE M1 Bi4f A1 O 1s
B HE XPS i .

W 3 fizn, BiaO; FESATE Bi 4f X ] S0 LA AEDG, 43 0006 B Bid*AN Bi¥ Bifiin &5 . o,
158.33 eV 1 163.61 eV &I IHJE T Bi**, 1fj 158.83 eV #1 164.14 eV ALK& IH)E T Bis* [13]. iX—45 5%
R, FES R RN AEAE BRI B T MAN SIEL G R, U TS MR B A LR FIR A AR o Bl A Bk
FEH 1M BHNE 2 M, Bi¥ ] B UG (AR 58 FE MRS, 177 Bi> X JSL UL FRIAF 0T 6 P55 TS0 7 30 5, 3 58 R AR
An R I Bit HIAHXS S B FRAG, BiST O LU Friin . i BA Rl K s B R T GA BRI FE T, R & BitTH
Bi¥ HIL SRS AR 2 52 B — e 4], DR S R T 2 s AR . 1 BB HUE B E & A
M it — PR T axX — k&%, 3B FE 184k 23 ) BisO PR I 25 7 A7 77 A2 BH 2. 52

Table 1. XPS semi-quantitative analysis results of the valence state distribution of Bi element in Bi«O7 samples obtained under
different alkali concentration conditions

F 1. FREIRE F M TS BiOr #F @ Bi TENTSNHHY XPS FEENTER

FF iy Bi (+3/+5)
BisO7 (1 M) 1.756
BisO7 (1.5 M) 1.563
BisO7 (2 M) 1.349
(a) Bi,0,(1 M) 01s (b) Bi,0,(1.5 M) O1s (c) Bi,0,(2 M) o1s

52926eV-

Intensity (a.u.)
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Figure 4. O 1s high-resolution XPS spectra of Bi4O7 samples obtained at different alkali concentrations: (a) 1 M; (b) 1.5 M;

(c)2M

4. NEWRE TS89 BisOr #aEI O 1s S579# XPS iBE: (a) 1 M; (b) 1.5M; (¢)2M

Table 2. XPS semi-quantitative analysis of the chemical state distribution of O element in BisO7 samples obtained under different
alkali concentration conditions

3% 2. TEBIKE &H TEr S8 BisOr # M O TEUFRED T XPS HEEN LS

FE b AL A Ov/(Ov + OL)
BisO7 (1 M) 0.380
Bi4O7 (1.5 M) 0.578
BisO7 (2 M) 0.646

4 AN TR 2 A 1 BT A5 BiaO7 #E ALK O 1s 2 #F XPS #E1&8l. XF O 1s WeEATIE 5, WIBAJ>
PNy, 23 BN BRSSO AR AL (Ov). e, £ 529.3 eV ALRIIERT V)8 T8 (0L, &4
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Ak £ B B A3 1K) BisO7 GRS RE RN BRSE M . BEEBRIREE T 1 M SRR 5] 2 M, FTARE S el
A 724 nm 455EE] 711 nm, FIVHER . F, Tauc MRt LM, FEMMIET 5 H 1.54eV 18
INEN 1.60 eVo DL RAESE FULH, B =ik A B2 AR BRI O, e N Bl 456 4

(a) Bi,0.(1M) (b) — Bi,0,(AM)
Bi,0,2 M) Bi,0,(2 M)
-~
= ~
& s
@ L
(2] g
g 3
T ¥
2 S
n A4
<
200 300 400 500 600 700 800 900 10001100 1 2 3 4 5

Wavelength (nm) hv (eV)

Figure 5. Near-infrared light absorption properties of Bi4O7 obtained at different alkali concentrations: (a) Absorption spectrum;
(b) Tauc curve
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Figure 6. Near-infrared photocatalytic properties of Bi«O7 obtained at different alkali concentrations for SDZ: (a) Degradation
curve; (b) Degradation rate constant; (¢) TOC removal rate of BisO7 (1 M)

6. FREIFKE TET1SH) BisOr Xt SDZ RUIR LTSN I RE: () BERERNEZE; (b) MEREEH; (o) BuOr (1 M)A
TOC ERZ

NI AN [FIBRAR 5 2% AF 1 IS BiaO7 BE L B ZEAM G HEAL MR RE,  DLRRIIZ S IE (SDZ) N H AR %
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Figure 7. Full XRD patterns of BisO7 after annealing at different temperatures
& 7. RELRARELIEE BiOr B XRD £i&E
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e, WA IR R ILR . AL, BEEIRKIRERT &, R TI8 MBS A2 4L,
LA, APRER I R BT B T HOR A IZET A BOAENE TR 8820 AR AR AR 4 1A RS
WS AT /N o XU TR KRR S A — R RE S b GBI 00 SR P A AR A, X R AR Tl g5 R T
FUFES . R G 2 DL R S R R 15]-[17]

Figure 8. SEM images of samples prepared under different annealing temperatures: (a) BisO7; (b)~(d) Annealed BisO7 samples
(200°C, 230°C, 240°C)
8. FENRMGRE &M THI &AM SEM iEE: (a) BiuO7; (b)~(d) BiiO7 IR KEHM(200°C, 230°C, 240°C)

3.2.2. NS SERIGEIIRL
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Figure 9. XPS spectra of BisO7 samples at different annealing temperatures: (a) Full spectrum; (b)~(e) Bi 4f high-resolution
XPS spectra ((b) Unannealed; (c) 200°C; (d) 230°C; (e) 240°C)
E 9. FEIRAEE T BisOr #MmIT XPS 1BE: (a) £IEE; (b)~(e) Bi 4f m43## XPS & E((b) KRIBA; () 200C;
(d) 230°C; (e)240°C)
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K9 25t T A RIER KR FE T BiaO7 #E I Bi4f =70 9% XPS 15 & . &4F b3 n] 40 3% i B3 A B¢
IRV, X UELHA BisO; 7EIR KACFE A G R IR AR IR S M ASRHE. B IR KEER T &, B R ix
BT, BitUEnE IR R, AR R RTINS o A B 2 R AR P AT 4 R R (R 3), BB
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Table 3. XPS semi-quantitative analysis results of Bi element valence state distribution in Bi«O7 samples under different annealing
temperature conditions

7 3. FERIRMGRE M T BuOr #&H Bi TRENS DR XPS FEEN LR

e Bi (+3/+5)
BisO7 1.756
Bis07 (200°C) 1.882
Bis07 (230°C) 1.982
BisO7 (240°C) 2.035
(a) Bi,0, ots (b) Bi,0,(200 °C) o1s

Intensity (a.u.)
Intensity (a.u.)
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O1s
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Intensity (a.u.)
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Figure 10. O 1s high-resolution XPS spectra of BisO7 samples at different annealing temperatures: (a) Unannealed; (b) 200°C;
() 230°C; (d) 240°C
& 10. FEIRAGRE T BisO7 HERB O 1s &9 #E XPS iZE: (a) RIBA; (b)200°C; (c)230°C; (d)240°C

E 10 Eon T AFLE K BisO7 BRSO 1s =143 #F XPS i B o AR W40l & 45 21, 18 K IR A 200°C
ThEF 240°CHY, #f 5 A SO LB 42.8% ETF 5 50.1% (£ 4). IX UL, BEE IR KR E TS, BisO;
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REMAV RSB L . £ EEEEE N, B IR JGR L A 5 (et fAs AU ER, BT LA RER TR
SR PR BB S IN[19]. HIMEATEAE Y, IR KALEEXS BisOy HYSREE 45 H 47 B B R =1E I [16].

Table 4. XPS semi-quantitative analysis results of the chemical state distribution of O element in Bi4O7 samples at different
annealing temperatures

F 4. FRIBMEBET BuOr Ham O TREUFRESHE XPS L EENER

FE i A AL A Ov/(Ov + Ovat)
BisO7 0.380

Bi4O7 (200°C) 0.428

Bi4O7 (230°C) 0.461

BisO7 (240°C) 0.501

3.2.3. IR EE S B TE

IR FEIR KA FEXS ARG SO B S B TE FE e, EARLEE T 7 DRS £AiE. & 11 R TR Kb
PRI G BisO7 FEAH ) UV-Vis-NIR WUSOEIEFIRT N Taue #HZE. 7 DLE H, AR KBRS FEIRISGA AL T 724
nm, TREELIN 1.54 eV, ST 230°CIB ST, FEMIERSCALIRER] 762 nm, R T RN EIZ) 1.40
eV XULHIR KALFE 2500 BisO7 MM T45H1, b7, Wi AR T 20/ e iRl e
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Figure 11. Comparison of near-infrared absorption properties between annealed and unannealed BisO7: (a) Absorption spectra;
(b) Tauc curve

B 11 RASRIRAH BisO7 BT LIIMNRUTERELLEL: (a) WRUTIEIE; (b) Tauc HHZk
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Figure 12. Near-infrared photocatalytic performance of BisO7 toward SDZ at different annealing temperatures: (a) Degrada-

tion curves; (b) Degradation rate constants; (c) TOC removal rate of Bi4O7 (230°C)
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Table 5. Comparison of the performance of the optimal Bi4O7 sample in this study with representative photocatalytic systems
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Vis (420 nm); Degradation rate 97.82%
SDZ nagngslll“é tcsa?é‘glN‘{‘I’\th) [SDZ]=2.5 mg/L; (60 min); [24]
[Catalyst] = 0.4 g/L k=0.063 min™!
KHIMEM Bi202CO3/Ni- Vis (iZO nm); . Degradation rate approx.
SDZ 50 [SDZ] =20 mg/L; 97% (60 min) [25]
[Catalyst] = 1.0 g/L ?
1 0,
NIR (>700 nm): Degradzztégn H;a;;97.47 %
SDZ Bi4O7 (230°C) [SDZ] =10 mg/L; k = 0.03788 min"'; This work

[Catalyst] = 1.0 g/L

TOC removal rate 36.4%

3.2.4. FEBEUEMREST

TR AL S BT RE L RS ' HRLIAL R S A Mott-Schottky BHZRZHT, 1T LU LA A& 460 A1 B s 45 1 I AN 77
T35 BiaO7 YA PERESRTH AR A [12] B 13(a) AN IR KGR E R BisO7 #F AL S B BT . HRIR

DOI: 10.12677/ms.2026.165097 45 PR R


https://doi.org/10.12677/ms.2026.165097

BRREL, TP

KEERAR LG, GBS &R0 B B AR IR RN, Fo 230°C R BE R IR KRR I B ELAR A, B
{1 E AT A S PTG [26] 0 P 13(b) AN TR KR T BisOr FF ff (7 245 6 B o2 gl 28 7] LA, 230°C
TRLRE AR JORE St R FRLURE A . (R B 5, T FLYE 22 O O I FE i R RR AP I AR e P, B B DB AR 3R
MFDERFEEERRT]. E 13(c)N AR KIRE T BisOr £ i 1) Mott-Schottky BHZE. FTA FEM# R IE
R, PHEATET n 203K (28]. HHARFESAHLE, 230°CHhEE T IR KFE - L34 I B 5185,
RPHSWAE T, BTEMEA0MN, AR T MR IZET29].

2000

(a) 9 B0, hd (b) — Bi,0, (c) 9 Bi,O,
@ Bi,0,230°C) ) — Bi,0,(230°C) @ Bi,0,(230°C)
16001 o Bi,0,(240°C) ° light on  Tight off — Bi0,(240°C) @ Bi,0,(240°C)
- |
1200 ° K y %
= i o 0 ° & &
g @ o ° B &
< =
& 800 99 £ 3
=
400f3°°°°°” *eo0,,
] o " o
078V
0 N, 6V

N Y
(] 400 800 1200 1600 2000 0 50 100 150 200 250 300 350 400 -10 08 -06 -04 -02 00 0.2
Z' (ohm) Time (s) Potential (V vs Ag/AgCl)

Figure 13. Photoelectrochemical performance of Bi4O7 at different annealing temperatures: (a) Electrochemical impedance
spectroscopy (EIS); (b) Photocurrent response; (c) Mott-Schottky analysis
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