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Figure 1 (Color online) Research and development pathway of the
high-low heterojunction paradigm.
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Table 1 (Color online) Comparison of mechanisms for different heterojunctions
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Table 2 Comprehensive comparison of different preparation strategies for high-low heterojunctions
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Figure 2 (Color online) Application summary for high-low heterojunction catalysts.

JR, ZBE R T A0 JE A AN S A R e R s 4 1
2 EE N 37 357 RO LA TR 1 RE X LE.

4.1 HERMN

HEAEOLT, oA T I8 IR AL R &, B AT
BT S FIREAT, T SR R e S B 4 40 o L A R B
EL R AL B TR, AT S, L ANPIERT
Oy-BiOBr1/Cu,_,Si% J5 B4 =l 7 i 45 2 A A R 16
FEL M AL &L AR 3 (a)~(d) G FLAL 250 25 B, Oy -
BiOBr/Cu,_,S-0.2 R I i S AL I e B IR 25 5 L S /N
BT ot e MR FELTRT 20 B R (GA 31193 1%) LA e e K
B AR B G, W FE N GLE AT LGRS T &
GUVFA T FE A 06 s U P S R T (3 (e) R (D)),
LIS HHR R, Oy-BiOBr/Cu,_,S-0.2 1] i & id %y
509.75 umol cm™> h™' HLAS #4155 10 hiE 4R FiFa
EVE. BE, B3 T T AR G AL

LA, BFFE N BRIE S ] % T Oy-BiOBr/Ni, PP Fil
rGO/BP/TpPa-1" B K R 45 = &bk, 23 T
FAEAL AL HI . SCIRah RN, 78 745
fF, Oy-BiOBr/Ni,P-2% ] KA1 & 5# F vl ik
45534 pmol cm™> h™', J£0,-BiOBrf#15.94%. J54h

1228

BiOBrff12.88%, HREIL T 2 Fhdheds bl BRI H AL
SR A AR 2 TE. X T rGO/BP/TpPa- 111 &,
AT 2% R 1T 7418.09 mmol h™' g ™', RME T34
# (apparent quantum efficiency, AQE)N1.28%, £ 4
TpPa-113.31%, H.AEHE LRHF25 hDL b 132 S i A0
EME.

42 SRR

T3 G 2 R B S AN T e SR A LA e A 2 U
TER, T4 B i I S o 4546 4 B & OR B v S Ak F AT
2R ST, BN, AIS/ZISEALT Bk R R s A
R T Ak e A % RS e ™. seag B, LA
300 WikT A6 20 ppm RhBN H AR5 G, %
fEALFITEA0 min Py A A TTIE 100%, SN T8 R H 5itk =
0.1406, HZ& 4R IEHE FH JE U3 R FF R 1 10 B 2R
BEAh, YanZe N (f1ZnFe,0,/Bi,S, i 6 5 i 45 4
MNHTFTCHIMM S H4e 8 & FCr(VDIIR R, 451K
B, ZnFe,0,/Bi,S;x TCI B AL AE2 hNAIA
91.6%, XFCr(VI)IFI LI R B N96.7%; 4t SUAE
IMEF 5, ST IR R BE AR P Z122.5%. T35,
ZhangZs N4 4 T Mo,S,/BiOBr(MS/BOB) & ik 7 i



P EBNE: AR 2026 4 56 % A5

1600 f —— BiOBr/Cu,. S
—9— 0,-BiOBr/Cu, $-0.2  —3— Oy-BiOBr/Cu, $-03

—9— Oy-BiOBr/Cu,, $-0.1| ~ 500 {. Il O,-BiOBr

: B BiOBr/Cu, S

I O,-BiOBr/Cu, S-0.1
M O,-BiOBr/Cu, S-0.2
I 0,-BiOBr/Cu, S-0.3

2,

400

w
-3
S

w
S
S

H, evolution rate (umol-cm’

s
S

(a) —Cu,.5 —— 0,-BiOBr (b) (d)
o 7 BiOBriCu,$ ——— 0,-BIOBr/Cuy S-0.1 30 *
‘E | O\-BiOBr/Cu, 502 ~——0,-BiOBr/Cu, S-0.3 Lh Y 0.5 $:30%
S ' Lightoff 25 . Yy T
« Light on LN v 04 0,390
Es £20 LI Vg * ’ 1
= . v 2%
?;3 4 s meaAe v * o ” [
N5 A £ ! .
3 3 N ne Ay = e ' i 1
<3 ne 4 - ' i
-] v 0.2 ' '
Bl wf we,t g { ' e
H ﬁ [0 :0 x; * | ! !
%] mo A 1k |
1 [ Seaty 0.1 ‘ Y
' Yl 1
0 00 ﬁ 0 0.0 -
0100 200 300 400 500 600 700 800 900 0.0 05 130 135 140 145 150 155 160 03 04 05 0.6 07 08 09 10 LI 12
Time (s) Z'lohm Potential (V) vs. RHE Potential (V) vs.RHE
____________________________________________________________________________________________________________ 1
© ®) ® =@ — '
—3— BiOBr —9— 0,-BiOBr I 1 BiOBr 4
i

L PR H
4ﬁ_. & ~H,
P INE
: 3? - e a .. e
S G h*& (‘S
. AT
_ g 5 Cu,,S Pt
e W bbb "“‘sﬁd‘o
@h* Oy BiOBr ﬁl s

B3 (M%) Oy-BiOBr/Cu,_ SitJR R iR 57 T 45 1 Fa A 3 5 BTl E e SR HLEERAE. (a) BEASICHIRMIRN (b)
AL P GTHE ZR R B (o) FRART 20 B R PPAT; (d) TN 50T~ PR I (o) Ml S HEAR 8 PRARRAIE; () 5 R it T &
A (g) Oy-BiOBr/Cu,_ S fik57 5 45 I HE AL 7R 2 . 18 Frok B SCR[33], E3RTGHAL

Figure 3 (Color online) Characterization of charge dynamics, hydrogen evolution performance, and catalytic mechanism in Oy-BiOB1/Cu,_,S
reduced-state high-low heterojunctions. (a) Transient photocurrent response; (b) schematic diagram of electrochemical impedance spectroscopy; (c)
evaluated charge separation efficiency; (d) applied bias photon-to-current efficiency plots; (e) hydrogen production quantity along with its stability
characteristics; (f) the rate of hydrogen evolution for the synthesized samples; (g) schematic diagram of the catalytic mechanism of the high-low
heterojunction of Oy-BiOBr/Cu,_,S. Reprinted from ref. [33], with the permission of Elsevier.
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Figure 4 (Color online) Adsorption kinetics, photocatalytic performance, degradation pathways, and reaction mechanism for tetracycline removal by
MIL-88B(Fe)/ZnTi-LDH high-low heterojunctions. (a) Photocatalytic reactivity; (b) first-order kinetic diagrams; (c) rate constants; (d) kinetics of
adsorption; (e) adsorption isotherms; (f) influence of water sources and MZ-30% HA; (g) the degradation mechanisms of TC in the course of
photocatalysis; (h) mechanism diagram of the removal of TC by the MIL-88B(Fe)/ZnTi-LDH composite material. Reprinted from ref. [46], with the
permission of Elsevier.
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Figure 5 (Color online) Performance, reaction pathways, and mechanisms of high-low heterojunctions in H,0, production-pollutant degradation and
photoreforming of waste plastics for hydrogen evolution. (a) Shifts in the UV-Vis spectra related to H,O, generation by 20 BOBS in the reaction
mixture; (b) plots of H,0, concentration over time for BiOBr, Bi,S;, and 20 BOBS catalysts; (c) the rate of photocatalytic degradation of BPA;
(d) photocatalytic degradation efficiency; (e) the operation mechanism of the high-low heterojunction within the BiOB1/Bi,S; photocatalytic system.
Reprinted from ref. [34], with the permission of Elsevier. (f) Schematic diagram depicting the electron charge transfer and hydrogen evolution
mechanism of the NCS-ZCS; (g) hypothesized reaction routes during the photoreforming of PET and PLA; following of photoreforming with x%
NCS-ZCS, PET (h) and PLA (i) generated organic acid products; (j) infrared images showing photothermal effects for ZCS, NCS, and 5% NCS-ZCS
powders; (k) along with the corresponding images of the solution under visible-infrared light illumination; (1) rate of hydrogen production under light
irradiation with various wavelengths. Reprinted from ref. [38], with the permission of ACS Publications. (m) A comparative analysis of
photoreforming H, production by N/ZCS-6 and reported photocatalysts under 10 M alkaline conditions with varying plastic substrate concentrations;
(n) total carbon yield comparison: N/ZCS-6 versus reported photocatalysts. Reprinted from ref. [47], with the permission of Wiley.
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Figure 6 (Color online) Characterization of carrier separation, migration, and kinetics in high-low heterojunctions. KPFM visualizations of
N/ZCS-6: (a) prior to illumination; (b) following illumination; (c) comparative surface potential curves of ZCS and N/ZCS-6 measured before and after
the illumination process. Reprinted from ref. [47], with the permission of Wiley Publishing Group. In-situ XPS characterization of the regions for
CN/rGO@BPQDs-0.04 and CN/rGO@BPQDs-0.04 samples, with the latter being exposed to visible light: (d) C 1s; (e) N 1s; (f) P 2p. Reprinted from
ref. [32], with the permission of Elsevier. (g) TS-SPV responses of Cu;P, Bi@Oy-BiOBr, and Bi@OyBiOBr/Cu;P. Reprinted from ref. [37], with the
permission of Elsevier. (h) SPV of pure NCS, ZCS, and 5% NCS-ZCS. Reprinted from ref. [38], with the permission of ACS Publications. (i) Steady-
state surface photovoltage spectroscopic analysis of N/ZCS-6, ZCS, and Ni;S,; 2D color representation of the TA spectra for ZCS (j), Ni;S, (k), and
N/ZCS-6 (1); TA spectra of broadband visible light at different delay time intervals for ZCS (m) and N/ZCS-6 (n); (o) kinetic decay profiles at 600 nm
for ZCS and N/ZCS-6. Reprinted from ref. [47], with the permission of Wiley.
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Figure 7 (Color online) In situ spectroscopic characterization and product analysis of plastic photoreforming over high-low heterojunction
photocatalysts. In-situ FTIR characterization of Bi,WO4-BiOCI-0.3: (a) under thermal-catalytic conditions for cyclohexane conversion; (b) under
photocatalytic conditions for cyclohexane transformation. Reprinted from ref. [42], with the permission of Elsevier. /n-situ DRIFTS analysis was
executed on the pretreatment solutions of PLA (c) and PET (d) and measurements were taken under dark environments as well as under light
irradiation; the 'H-NMR spectral comparisons of PLA (e) and PET (f) plastic substrates, both before and after undergoing 9-hour photoreforming
processes; (g) transformations in 'H-NMR signals over the period of photoreforming. Reprinted from ref. [47], with the permission of Wiley Publishing
Group. The 'H NMR spectra of PET (h) and PLA (i) substrates after completion of the photoreforming reaction. Reprinted from ref. [38], with the
permission of ACS Publications.
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Figure 8 (Color online) DFT theoretical calculations and catalytic mechanism characterization of high-low heterojunctions. (a) The free energy
diagrams for the photocatalytic evolution of hydrogen peroxide on BiOBr, Bi,S;, and BiOB1/Bi,S;; (b) the band gap of BiOBr; (c) the effect of
incorporating Bi,S; into BiOBr; the charge density difference and Bader charge analysis for the interaction between O, and the fabricated catalysts,
namely BiOBr (d), Bi,S; (e), and BiOB1/Bi,S; (f). Reprinted from ref. [34], with the permission of Elsevier. Computational theoretical analyses were
conducted on ZCS, NCS, and the NCS-ZCS heterostructure: (g) the computed total DOS for ZCS (gray-red) and NCS (gray-blue); (h) the atomic
arrangement within the ZCS/NCS heterostructure and the associated variation in charge density; (i) graphical representation of the free energy profiles
for HER at the equilibrium potential state of ZCS and NCS-ZCS materials; (j) the calculated values of the conduction and valence band potentials for ZCS
(110), referenced to the RHE; spectra of extinction (left) and absorption (right) efficiencies, determined by Mie-theory calculations, for spherical NiCo,S,
(k) and Au (1) nanoparticles across a range of sizes. Reprinted from ref. [38], with the permission of ACS Publications. (m) The degradation routes of LA,
along with an energy diagram depicting the degradation reaction pathways on the N/ZCS model. Reprinted from ref. [47], with the permission of Wiley.
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Photocatalytic technology holds significant promise for addressing global energy and environmental challenges. The emergence of
the high-low heterojunction represents a pivotal breakthrough in this field. This review comprehensively examines the concept,
mechanism, fabrication strategies, diverse photocatalytic applications, and advanced characterization techniques of high-low
heterojunctions. Derived from S-scheme heterojunction and p-n junction principles and optimized beyond conventional type-I
heterojunctions, high-low heterojunctions enable efficient separation/migration of photogenerated carriers while retaining highly
redox-capable species, thereby significantly enhancing photocatalytic performance. We focus on key fabrication strategies and
elucidate their respective advantages and limitations in constructing heterojunctions with tailored energy band structures. The review
further highlights the exceptional performance of these junctions in multiple aspects of applications. By systematically categorizing
advanced characterization and theoretical simulation techniques according to their functionalities, this review provides multi-scale
analysis of interfacial charge dynamics and atomic-level mechanistic insights. These insights offer crucial guiding principles for
material design and photocatalytic mechanism interpretation. Finally, we discuss emerging research frontiers centered on interface
engineering, advanced characterization, and machine learning-guided discovery to address persistent challenges in carrier
recombination and stability optimization. It is expected that this comprehensive analysis will provide a foundational reference and
inspire future innovations in high-low heterojunction photocatalysts with novel charge transfer mechanisms.
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