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SPECIAL TOPIC: Heterojunction in Photocatalysts

TiO2-based S-scheme photocatalysts for solar energy conversion and
environmental remediation

Baolong Zhang, Bin Sun*, Fangxuan Liu, Tingting Gao and Guowei Zhou*

ABSTRACT Solar-driven semiconductor photocatalysis
technology is deemed to be a potential strategy to alleviate
environmental crisis and energy shortage. Thus, the explora-
tion of high-efficiency photocatalysts is the key to promoting
the development and practical application of photocatalysis
technology. As a typical photocatalyst, TiO2 has gained ex-
tensive attention because of its superb stability, environ-
mental-friendliness, and low price. However, the rapid photo-
induced carrier recombination, inadequate light absorption,
and insufficient reduction capacity are still the major draw-
backs that significantly hamper its photocatalytic perfor-
mance. Fortunately, the above shortcomings can concurrently
overcome by constructing TiO2-based step-scheme (S-scheme)
heterojunction photocatalysts with other semiconductors,
during which the respective advantages can not only achieve
significant spatial carrier separation and robust light-har-
vesting ability but also preserve the strong redox capacities.
Herein, this review presents the latest development in im-
proving the photocatalytic performance of TiO2 via the S-
scheme heterojunction. Specifically, the classification of TiO2-
based S-scheme heterojunction photocatalysts has been de-
tailly described, mainly including metal oxides, metal chal-
cogenides, organic semiconductors, and other semicon-
ductors. Then, we summarize the current research progress of
TiO2-based S-scheme heterojunction photocatalysts in pho-
tocatalytic H2 evolution, CO2 reduction, H2O2 production, and
pollutant degradation. Simultaneously, various characteriza-
tion strategies for understanding the photo-induced carrier
transfer pathway are also reviewed. Finally, we propose several
drawbacks and future prospects in the development of TiO2-
based S-scheme heterojunction photocatalysts. It presents an
insight into constructing high-efficiency TiO2-based S-scheme
heterojunction photocatalysts for energy conversion and en-
vironmental remediation.

Keywords: TiO2, step-scheme heterojunction, photocatalysis,
energy conversion, environmental remediation

INTRODUCTION
With the development of modern industry and economy, the
energy shortage and environmental crisis are urgent to solve the
major issues that restrict the long-term development of mankind

society. Photocatalysis technology, as a clean and continuable
strategy, is widely followed in addressing current problems
through solar-driven semiconductors [1–3]. Thus, the explora-
tion of efficient semiconductor photocatalysts is of great sig-
nificance to boost the development of photocatalysis technology.
To date, various photocatalysts, such as metal oxides (TiO2,
ZnO, and SnO2), metal chalcogenides (CdS, MoSe2, and
ZnIn2S4), and organic semiconductors (g-C3N4, perylene dii-
mide, and covalent organic frameworks (COFs)) [4–6], have
been extensively employed for photocatalysis. Among these
studied photocatalysts, TiO2, as a well-known metal oxide, has
sparked extensive research since it served as the photoelectrode
material for water splitting [7]. Henceforward, many efforts have
been made in the design and controllable preparation of high-
efficiency TiO2 photocatalysts. However, a single TiO2 photo-
catalyst exhibits an inferior photocatalytic performance in most
cases, resulting from the high photo-induced carrier recombi-
nation rate, inadequate light absorption, and insufficient
reduction ability [8–11]. Hence, more efficient strategies should
be explored to boost the photocatalytic performance of TiO2.

Nowadays, numerous strategies have been developed to
overcome the above drawbacks, including morphology mod-
ulation, metal and nonmetal doping, crystal surface engineering,
co-catalyst deposition, and heterojunction construction [12–17].
As for the aforementioned modification strategies towards TiO2,
constructing a heterojunction is regarded to be one of the par-
ticularly effective approaches to further enhance photocatalytic
performance. Based on its charge transfer mechanism, TiO2-
based heterojunction photocatalysts are mainly divided into
type-II, Z-scheme, and step-scheme (S-scheme) heterojunctions
[18–20]. In the type-II heterojunction system (Fig. 1a), the
photo-induced electrons can be transferred from photocatalyst I
(PCI) to photocatalyst Ⅱ (PCII), while the photo-induced holes
migrate in reverse. Despite the fact that type-II heterojunction
appears to facilitate photo-induced carrier separation in space, it
still has some shortcomings through careful observation. The
photo-induced electrons concentrate on the conduction band
(CB) of PCII with weak reduction potential and holes con-
centrate on the valence band (VB) of PCI with weak oxidation
potential, leading to a decrease in redox capacity of photo-
catalytic reaction [21–23]. Simultaneously, the partial energy is
also wasted and fails to promote the photocatalytic reaction [23].
Besides, the repulsion from similar charges also restrains the
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continuous migration [24]. Thus, the type-II heterojunction is
controversial in terms of thermodynamics, dynamics, and
energy. To solve the deficiency of type-II heterojunctions, a
traditional Z-scheme heterojunction system is proposed for
improving the photo-induced carrier separation and preserving
a superior redox capacity [25,26]. As shown in Fig. 1b, c, the
photo-induced electrons in the CB of PCⅡ are quenched from
holes in the VB of PCⅠ by a shuttle redox ion-pairs (D and A)
or metal conductor. However, in fact, the photo-induced carrier
with strong redox capacity is inclined to integrate with shuttle
redox ion-pairs in the liquid-phase Z-scheme heterojunction and
metal conductor in the all-solid-state Z-scheme heterojunction,
respectively [23,27,28].

To eliminate the irrationality of the photo-induced carrier
transfer route in the above two types of heterojunction systems,
Yu and co-workers [29] innovatively reported an S-scheme
heterojunction in 2019, which systematically explained the car-
rier transfer mechanism in photocatalytic reaction. Since then,
the S-scheme heterojunction photocatalysts have experienced a
period of significant growth and progress [30–33]. Up to now,
numerous researchers have summarized the construction of S-
scheme heterojunctions from different perspectives, such as
ZnO, g-C3N4, and ZnIn2S4, based S-scheme heterojunction
photocatalysts [28,34,35]. Notably, it significantly improved
photocatalytic performance in the S-scheme heterojunction
system. Generally, an S-scheme heterojunction contains two
different types of photocatalysts with staggered band alignment,
namely oxidative photocatalyst (OP) and reductive photocatalyst
(RP), as illustrated in Fig. 1d. The RP shows more negative CB
potential, VB potential, and Fermi level in comparison with OP.
Because of its different Fermi levels, the electrons in the RP can
migrate to OP after intimate contact between them, forming the
internal electric field in the direction of RP to OP. Simulta-
neously, the energy bands of RP and OP will also bend upward
and downward at the interface until the Fermi levels are mat-
ched, respectively [23,24]. With light irradiation, the photo-
induced electrons on the CB of OP with weak reduction

potential are instantly quenched by holes on the VB of RP with
weak oxidation potential, which should be associated with the
energy band bending, internal electric field, and Coulombic
attraction [36–38]. Hence, the S-scheme heterojunction not
simply facilitates photo-induced carrier separation and transfer,
but additionally retains the strong redox capacity.

Although numerous studies have been reported on TiO2-based
S-scheme heterojunction photocatalysts for photocatalytic
applications, there have been few comprehensive reviews to
summarize the classification of TiO2-based S-scheme hetero-
junction photocatalysts with other semiconductors. Herein, we
provide a concise design principle and a comprehensive classi-
fication of TiO2-based S-scheme heterojunction photocatalysts,
e.g., metal oxides, metal chalcogenides, organic semiconductors,
and other semiconductors. Furthermore, the applications of
TiO2-based S-scheme heterojunction photocatalysts for photo-
catalytic H2 evolution, CO2 reduction, H2O2 production, and
pollutant degradation are outlined in detail (Fig. 2). Meanwhile,
some effective characterization methods are employed to
demonstrate the photo-induced carrier transfer pathway and
formation of S-scheme heterojunction. Finally, some shortages
and future direction of TiO2-based S-scheme heterojunction
photocatalysts are analyzed through the current research pro-
gress.

DESIGN PRINCIPLE AND CLASSIFICATION OF
TIO2-BASED S-SCHEME HETEROJUNCTION
PHOTOCATALYSTS

Design principle of TiO2-based S-scheme heterojunction
photocatalysts
Generally speaking, the energy band structure of photocatalysts
is the key to designing the S-scheme heterojunction [39,40]. As a
typical photocatalyst, the Ti 3d orbitals in the TiO2 construct the
CB bottom, while the VB top is mainly determined by the O 2p
orbitals, generating a wide bandgap of about 3.2 eV [41,42]. Due
to a more positive potential of VB (approximately +2.6 eV),

Figure 1 Charge-transfer pathways for (a) type-II, (b) liquid-phase Z-scheme, (c) all-solid-state Z-scheme, and (d) S-scheme heterojunction photocatalytic
systems. The labels D and A denote the electron donor and acceptor in (b), respectively.
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TiO2 can usually serve as an ideal oxidation photocatalyst
[41,43]. According to the design principle of S-scheme hetero-
junction, TiO2 will integrate with the reduction semiconductor
to construct TiO2-based S-scheme heterojunction photocatalysts,
e.g., metal oxides (Bi2O3, In2O3) [44,45], metal chalcogenides
(In2S3, Ni3Se4, ZnIn2S4) [46–48], organic semiconductors
(g-C3N4, COF) [49,50], and other semiconductors (metal-
organic framework (MOF), CsPbBr3) [51–53]. In addition to
introducing the classification of TiO2-based S-scheme hetero-
junction photocatalysts, we also introduce the preparation

methods in the following content, such as hydrothermal [54],
solvothermal [55], low-temperature reflux [56], physical mixing
[57], and other methods [12,58]. Furthermore, the dimension-
ality of photocatalysts also plays a crucial role in the construc-
tion of S-scheme heterojunctions to boost photocatalysis [59–
61]. It is possible to synergize and superimpose the advantages of
various dimensional photocatalysts by constructing S-scheme
heterojunctions, which can provide more active sites, higher
light-harvesting ability, and faster photo-induced carrier transfer
efficiency [22,62,63]. These contents will also be elaborated in
the following work to construct the TiO2-based S-scheme het-
erojunction photocatalysts.

Classification of TiO2-based S-scheme heterojunction
photocatalysts

TiO2/metal oxide S-scheme heterojunction photocatalysts
Due to the excellent chemical stability, controllable morphology,
environmental friendliness, and low cost, metal oxide nanoma-
terials are considered to be potential photocatalysts [64–66].
Thus, by selecting a suitable band structure of metal oxide
semiconductors for constructing TiO2-based S-scheme hetero-
junction photocatalysts, the superior photocatalytic performance
will be well obtained.

For example, He et al. [44] constructed a floatable polystyrene
(PS) spheres supported TiO2/Bi2O3 S-scheme heterojunction
photocatalyst by hydrothermal and photodeposition methods
(Fig. 3a). As displayed in Fig. 3b, the shell thickness of S-scheme
heterojunction photocatalyst is about 25 nm. Due to its unique
floatability (Fig. 3c), the floatable photocatalyst significantly
enhances light-harvesting ability and elevates the intimate con-
tact with reactants, which is good for improving photocatalytic
performance. In addition to being served as a reduction pho-
tocatalyst, Bi2O3 can also be used as an oxidation photocatalyst.

Figure 2 Controllable preparation and application of TiO2-based S-scheme
heterojunction photocatalysts.

Figure 3 (a) Synthesis process of Bi2O3/TiO2 S-scheme heterojunction photocatalyst, (b) transmission electron microscopy (TEM) images of Bi2O3/TiO2 S-
scheme photocatalyst, and (c) photograph of floatable Bi2O3/TiO2 S-scheme heterojunction photocatalyst. Reprinted with permission from Ref. [44],
Copyright 2022, Wiley-VCH GmbH. (d) Synthesis process of In2O3@TiO2 S-scheme heterojunction photocatalyst, (e) scanning electron microscopy (SEM)
and (f) TEM images of In2O3@TiO2 S-scheme heterojunction photocatalyst. Reprinted with permission from Ref. [45], Copyright 2023, Elsevier.
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Gao et al. [67] also successfully constructed the dimensional-
matched S-scheme heterojunction including TiO2 nanosheets
and Bi2O3 nanosheets through the two-step hydrothermal
treatment. The dimensional-matched TiO2/Bi2O3 S-scheme
heterojunction photocatalyst not only possesses a large specific
surface area, whereas it also prevents self-aggregation of TiO2
nanosheets and Bi2O3 nanosheets as well as maintains its own
morphological structure. Meanwhile, the tight two-dimensional
(2D)/2D interfacial contact can also shorten the transport dis-
tance of the photo-induced carrier which prolongs the lifetime of
the carrier. Besides, Wang et al. [45] successfully fabricated the
In2O3@TiO2 hollow structure S-scheme heterojunction photo-
catalyst using the hydrothermal method (Fig. 3d). The dis-
tributed TiO2 nanosheets with sequential orientation uniformly
on the surface of hollow In2O3 nanotubes can be obtained
(Fig. 3e, f), which bestows a larger specific surface area that
improves adsorption capacity for reactants. In an innovative
study, He et al. [68] synthesized the ternary S-scheme hetero-
junction by loading WO3 and TiO2 on 2D reduced graphene
oxide (rGO). In the WO3/TiO2/rGO system, the introduction of
rGO as the support matrix results in plentiful adsorption and
catalytic sites. Meanwhile, the formation of the Schottky junc-
tion between rGO and TiO2 can also effectively promote photo-
induced electron separation and transfer.

TiO2/metal chalcogenide S-scheme heterojunction photocatalysts
Except for metal oxides, the metal chalcogenides are also
explored for constructing TiO2-based S-scheme heterojunction
photocatalysts [46–48]. Specifically, metal sulfides have received
much attention because of their tunable band energy level,
narrower bandgap, wide light absorption range, higher carrier
concentration, and strong reduction ability [69–71]. The S 3p
orbitals are used to form the VB in the metal sulfides, which
have low electronegativity and large atomic radius in compar-
ison with the O element [72,73]. This result shows that the metal
sulfide has a lower VB potential and narrower bandgap,
bestowing it to absorb visible light. However, metal chalcogen-
ides present rapid photo-induced carrier recombination and
severe photocorrosion, hindering their photocatalytic applica-
tion [74,75]. Thus, the establishment of S-scheme heterojunction
is recognized as the effective method in addressing these lim-
itations to strengthen the photocatalytic performances of TiO2

and metal chalcogenide.
For example, Yang et al. [46] prepared a novel TiO2/In2S3 S-

scheme heterojunction photocatalyst via the electrostatic spin-
ning and subsequent hydrothermal treatment (Fig. 4a), which
shows a unique core-shell structure with TiO2 nanofibres as the
core and In2S3 nanosheets as the shell (Fig. 4b, c). The slit-
shaped pores can be acquired by network structure originated
from interwoven nanofibers, resulting in a large specific surface
area to expose more active sites. Furthermore, Park et al. [76]
successfully constructed a polyhedral cage shape CoS@TiO2 S-
scheme heterojunction photocatalyst through the simple
hydrothermal treatment. Due to its dissolution and light cor-
rosion in the photochemical reaction, CoS microsheets can knit
in the polyhedral cage and the shell with stable TiO2 can wrap
the cage to overcome the above drawbacks, which is conducive
to building a durable catalyst to boost photocatalytic perfor-
mance. Recently, Zhang et al. [47] synthesized a novel Ni3Se4/
TiO2 S-scheme heterojunction photocatalyst through the in situ
hydrothermal treatment (Fig. 5a–c). Specifically, the Ni3Se4
nanoparticles immobilized on the surface of TiO2 broaden the
light-harvesting range, promote photo-induced carrier separa-
tion and transfer, and provide more reactive sites, thereby
achieving prominent photocatalytic efficiency. Furthermore, the
ternary metal chalcogenides have also been extensively studied
for constructing TiO2-based S-scheme heterojunction photo-
catalysts, e.g., Wang and co-authors [48] designed an S-scheme
core-shell hollow sphere photocatalyst via using SiO2 spheres as
a template and then depositing ZnIn2S4 nanosheets on the sur-
face of TiO2 (Fig. 5d, e). By constructing TiO2@ZnIn2S4 S-
scheme heterojunction photocatalyst with hollow structure, it
shows a tight contact interface and improves light reflection and
scattering, implying the significantly inhibited photo-induced
carrier recombination and improved light-harvesting ability.

Besides the aforementioned metal chalcogenides, the other
TiO2/metal chalcogenide S-scheme heterojunction photo-
catalysts have also been successfully synthesized, such as CdS
[77], ZnS [78], MoSe2 [79], and Zn0.2Cd0.8S [80].

TiO2/organic semiconductor S-scheme heterojunction
photocatalysts
Generally, organic semiconductors have a π-conjugated back-
bone structure and strong π–π interaction, which are an emer-

Figure 4 (a) Synthesis process of TiO2/In2S3 S-scheme heterojunction photocatalyst, (b) SEM and (c) TEM images of TiO2/In2S3 S-scheme heterojunction
photocatalyst. Reprinted with permission from Ref. [46], Copyright 2021, Springer Nature.
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ging class of metal-free photocatalysts [81,82]. By the appro-
priate molecular design and supramolecular assembly, organic
semiconductors can usually be endowed with diversity and
excellent photocatalytic performance [83,84]. Furthermore, the
π-conjugated system of organic semiconductors also offers large
carrier transport channels [50]. Nevertheless, the inadequate
light-harvesting ability and severe photo-induced carrier
recombination restrict its photocatalytic performance as with
other photocatalysts [85]. Therefore, constructing TiO2/organic
semiconductor S-scheme heterojunction photocatalysts are
identified as a potential method to boost photocatalytic perfor-
mance.

For instance, Bi et al. [49] constructed the 0D/2D S-scheme
heterojunction photocatalyst using the multi-step assembly
strategy, which includes the vacancy defective TiO2 (TiO2-OV)
quantum dots (QDs) loaded on 2D g-C3N4 nanosheets (Fig. 6a).
Notably, TiO2-OV QDs with abundant oxygen vacancies and
uniform size can be obtained via a continuous supercritical
water flow reaction and followed by heat treatment in N2
atmosphere at different temperature. The as-obtained TiO2-OV
QDs/g-C3N4 enhances the interfacial charge transfer and offers
abundant surface uncoordinated sites for photocatalytic reac-
tion. Furthermore, inspired by the high light transmittance and
fast gas fluidity from forest, Wang et al. [86] synthesized a
forest-like TiO2/g-C3N4 S-scheme heterojunction photocatalyst
through the chemical oxidation and vapor deposition poly-
merization (Fig. 6b). In the hierarchical S-scheme thin film
photocatalyst, the g-C3N4 can be loaded on TiO2 nanowire arrays
that grow on the surface of titanium foil. As a result, the unique
structure with TiO2 nanowire arrays as tree trunks and g-C3N4 as
tree leaves possesses abundant active sites and efficient mass
transport channels as well as high light utilization, resulting in
the boosted photocatalytic performance. Besides, Meng et al.
[87] developed a hollow core-shell spheres S-scheme hetero-
junction photocatalyst by modifying polydopamine (PDA) on
the surface of a TiO2 hollow sphere (Fig. 7a–c). The reasonable

hollow structure design coordinated with the S-scheme hetero-
junction can broaden the light absorption range, improve the
CO2 adsorption ability, and achieve an excellent spatial separa-
tion and migration of photo-induced carrier. Recently, a novel
TiO2@COF (BTTA, 1,3,5-benzenetricarboxaldehyde (BT) and
4,4′,4′′-(1,3,5-triazine-2,4,6-triyl) trianiline (TA)) S-scheme het-
erojunction photocatalysts have also been obtained by growing
BTTA on the outermost layer of TiO2 nanofibres (Fig. 7d) [50].
The innovative encapsulation of porous and ultra-thin BTTA
endows the photocatalyst system with plentiful active sites and
robust light-harvesting capacity. Moreover, the TiO2/BTTA S-
scheme heterojunction and π-conjugated system of BTTA con-
tribute to the separation and shorten the transport distance of
the photo-induced carrier.

TiO2/other semiconductor S-scheme heterojunction photocatalysts
Besides the aforementioned photocatalytic systems, the other
semiconductors have also been explored to construct TiO2-based
S-scheme heterojunction photocatalysts, e.g., MOF [51], metal
oxysalt [88], perovskite [52,89], and metal phosphide [20,90]. As
a class of porous crystalline molecular materials, MOF possesses
high porosity, sufficient visible light-harvesting ability, and
component tunability. And, the special structure between metal
ions and organic ligands can be exploited to provide a channel
for the transfer of photo-induced carrier [91–93]. Due to ver-
satile elemental compositions, tunable band gaps, and stable
physicochemical properties, metal oxysalt and perovskite have
attracted widespread attention in the field of photocatalysis [94–
96]. Furthermore, metal phosphide possesses more high intrinsic
activity, especially for hydrogen evolution reaction, which is
mainly the reason that P atoms with negative charge can capture
protons to drive hydrogen generation kinetics [20,97]. However,
the inadequacy of a single semiconductor in the field of pho-
tocatalysis is also usually demonstrated in these photocatalysts.
Constructing an S-scheme heterojunction is an effective method
to boost the photocatalytic performances of TiO2 and other

Figure 5 (a) Synthesis process of Ni3Se4/TiO2 S-scheme heterojunction photocatalyst, (b) TEM and (c) high-resolution TEM (HRTEM) images of Ni3Se4/
TiO2 S-scheme heterojunction photocatalyst. Reprinted with permission from Ref. [47], Copyright 2023, American Chemical Society. (d) Synthesis process of
TiO2@ZnIn2S4, (e) SEM image of TiO2@ZnIn2S4. Reprinted with permission from Ref. [48], Copyright 2021, Wiley-VCH GmbH.
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semiconductors.
For instance, Zhu et al. [51] reported an ultrathin fluorine (F)-

doped TiO2(B) nanosheets in situ anchored on the surface of
hierarchical cog wheel-shaped NH2-MIL-53(Al) (NM(Al)) to
synthesize the NM(Al)/F-TiO2(B) S-scheme heterojunction
photocatalyst by the hydrothermal method (Fig. 8a). The NM
(Al) exhibits a cogwheel-like structure with the size of about
2.5 μm (Fig. 8b). Notably, the ultrathin F-TiO2(B) nanosheets
are introduced into the photocatalyst preparation system, which
is closely bonded with NM(Al) (Fig. 8c). Benefitting from F-
doped TiO2(B) and an intimate contact interface between them,
the reasonable heterojunction extends light absorption range
and shortens the carrier diffusion distance, thereby acquiring the
outstanding photocatalytic performance. Furthermore, Zhang et
al. [88] also successfully fabricated an efficient S-scheme het-
erojunction photocatalyst based on Ti3+ self-doped black TiO2−x
mesoporous nanospheres and BiOI nanosheets via the hydro-
thermal treatment (Fig. 9a). From the TEM image of TiO2−x/
BiOI (Fig. 9b), it can be seen that the disk-like BiOI nanosheets
are easier to load on TiO2−x mesoporous nanospheres, which is
mainly due to the rough surface of TiO2−x. The constructed
TiO2−x/BiOI S-scheme heterojunction photocatalyst improves
the light utilization and speeds up the photo-inducted carrier
separation and transfer. Recently, Zhao et al. [89] reported an
efficient and recyclable thin-film S-scheme heterojunction pho-
tocatalyst by growing piezoelectric material BaTiO3 on TiO2

nanorod arrays through the hydrothermal treatment. In the
BaTiO3/TiO2 S-scheme heterojunction photocatalyst system, the
unique piezoelectric property of BaTiO3, matching energy band

structure between them, and thin-film state are contributed to
accelerate photo-induced carrier separation and transfer as well
as recyclability of photocatalyst. Besides, Dong et al. [52] con-
structed the CsPbBr3 QDs@ mesoporous TiO2 (MTB) S-scheme
heterojunction photocatalyst (Fig. 9c, d). Owing to the special
morphological structure, CsPbBr3 QDs are easily embedded into
the pores of TiO2 to ensure stability. As a result, the rational
design can provide more active sites, shorten the photo-inducted
carrier diffusion distance, and enhance the chemical stability of
CsPbBr3 QDs. Chen et al. [20] also fabricated the P and C co-
doped Co2P/black TiO2 (Co2P/PC-b-TiO2) S-scheme hetero-
junction photocatalyst via a combination of hydrothermal and
calcination methods. The in situ formed Co2P nanoparticles can
be extensively coordinated with b-TiO2, ensuring a tight contact
interface. Notably, the P and C dopants can inhibit the anatase-
to-rutile phase transformation of TiO2 and fulfill the bulk oxy-
gen defects to restrain the photo-induced carrier recombination,
respectively. In the Co2P/PC-b-TiO2 S-scheme heterojunction
system, the intimately coupled heterointerface and strong
internal electric field are contributed to boost the photocatalytic
performance.

APPLICATIONS OF TiO2-BASED S-SCHEME
HETEROJUNCTION PHOTOCATALYSTS IN
ENERGY CONVERSION AND ENVIRONMENTAL
REMEDIATION

Photocatalytic hydrogen evolution
Hydrogen (H2), a clean energy source, is deemed to be an ideal

Figure 6 (a) Synthesis process of TiO2-OV QDs/g-C3N4 S-scheme heterojunction photocatalyst. Reprinted with permission from Ref. [49], Copyright 2022,
Elsevier. (b) Synthesis process of TiO2/g-C3N4 S-scheme heterojunction photocatalyst. Reprinted with permission from Ref. [86], Copyright 2022, Elsevier.
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energy medium to substitute traditional fossil fuels because of
the high energy density (120 MJ kg−1) [98–100]. Photocatalytic
water splitting has been recognized as an effective strategy for H2

evolution [101–103]. According to the photocatalytic water
splitting reaction, the reaction process is a thermodynamically
uphill that requires the semiconductor with a minimum band-

Figure 8 (a) Synthesis process of NM(Al)/F-TiO2(B) S-scheme heterojunction photocatalyst, TEM images of (b) NM(Al) and (c) NM(Al)/F-TiO2(B).
Reprinted with permission from Ref. [51], Copyright 2023, Elsevier.

Figure 7 (a) Synthesis process (left) and structural diagram (right) of TiO2@PDA S-scheme heterojunction photocatalyst, (b) SEM and (c) TEM images of
TiO2@PDA S-scheme heterojunction photocatalyst. Reprinted with permission from Ref. [87], Copyright 2021, Elsevier. (d) Synthesis process of TiO2@BTTA
S-scheme heterojunction photocatalyst. Reprinted with permission from Ref. [50], Copyright 2023, Elsevier.
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gap energy of 1.23 eV to overcome the Gibbs free energy of
237.2 kJ mol−1 [104–106]. As a result, the CB potential deserves
a more negative relative to water reduction potential (H+/H2,
0 eV vs. NHE), while the VB potential needs to be more positive
in comparison with water oxidation potential (H2O/O2, 1.23 eV
vs. NHE) [105,107]. Yet, a single TiO2 is insufficient to acquire
the condition. In this case, the potential requirements can be
satisfied by constructing TiO2-based S-scheme heterojunction
photocatalysts to achieve an outstanding photocatalytic H2
evolution performance.

For example, Li et al. [108] constructed the 1D/2D TiO2/
ZnIn2S4 S-scheme heterojunction photocatalyst for photo-
catalytic H2 evolution. By the X-ray photoelectron spectroscopy
(XPS) characterization analysis with and without light illumi-
nation (Fig. 10a, b), note that the in situ and ex-situ XPS peaks of
Ti 2p and Zn 2p in the TiO2/ZnIn2S4 exhibit opposite shift
direction in comparison with TiO2 and ZnIn2S4, suggesting that
electrons transfer from TiO2 to ZnIn2S4, which is in good
agreement with S-scheme heterojunction mechanism. Thus, the
photocatalytic H2 evolution rate (6.03 mmol g−1 h−1) of optimal
TiO2/ZnIn2S4 is 3.7 and 2 folds than bare TiO2 and ZnIn2S4.
Meanwhile, the apparent quantum yield (AQY) of photocatalyst
can reach 10.5% under 365 nm irradiation. Furthermore, Gao et
al. [67] reported a dimensional-matched TiO2/Bi2O3 photo-
catalyst for H2 evolution. In the calculated Fermi energy levels
and work functions of TiO2 (001) and Bi2O3 (001) (Fig. 10c, d),
the Fermi energy level of TiO2 is higher compared to Bi2O3,
indirectly confirming the possibility for forming S-scheme het-
erojunction. By combining the electron paramagnetic resonance
(EPR) spectra of DMPO-·O2

− adduct (Fig. 10e), it is worth
noting that no DMPO-·O2

− signal of Bi2O3 is detected because
CB potential of Bi2O3 is lower than the reduction potential of

O2/·O2
−, while DMPO-·O2

− signal of TiO2/Bi2O3 achieves sig-
nificantly enhanced compare to TiO2, suggesting that TiO2/
Bi2O3 can produce more ·O2

−. These results follow the S-scheme
heterojunction mechanism in the TiO2/Bi2O3 system. The con-
structed S-scheme heterojunction photocatalyst obtains the
photocatalytic H2 evolution rate of 12.08 mmol g−1 h−1 under
simulated sunlight irradiation (Fig. 10f). Recently, Bi et al. [49]
also successfully utilized the vacancy defective TiO2 QDs to
couple 2D g-C3N4 nanosheets for constructing TiO2-OV QDs/g-
C3N4 S-scheme heterojunction photocatalyst. By density func-
tional theory (DFT) calculation, the adsorption, reaction path-
way, and optimized geometric structure of H2O molecules on the
TiO2 QDs/g-C3N4 and TiO2-OV QDs/g-C3N4 are studied in the
photocatalytic H2 evolution reaction (Fig. 11a, b). The results
display that the defect engineering improves the adsorption and
dissociation of H2O molecules on the TiO2-OV QDs/g-C3N4 and
the Volmer reaction tends to be the TiO2-OV QDs/g-C3N4. In
this case, the optimal TiO2-OV QDs/g-C3N4 exhibits excellent
photocatalytic H2 evolution rate of 1.10 mmol g−1 h−1 (Fig. 11c).
The enhanced photocatalytic performance is also attributed to
the formed S-scheme heterojunction that improves photo-
induced carrier separation and transfer and reserves strong
redox ability (Fig. 11d). More detailed TiO2-based S-scheme
heterojunction photocatalysts for H2 evolution performances are
displayed in Table 1 [20,49,67,68,77,78,80,88,90,108–113].

Photocatalytic CO2 reduction
With the rapid development of human society, massive CO2 in
the atmosphere is emitted through the excessive consumption of
fossil fuels, leading to extreme weather and the greenhouse
effect, so it is urgent to explore the reasonable utilization of CO2
[114,115]. Similar to the photosynthesis process in nature,

Figure 9 (a) Synthesis process of TiO2−x/BiOI S-scheme heterojunction photocatalyst, (b) TEM image of TiO2−x/BiOI. Reprinted with permission from Ref.
[88], Copyright 2022, Elsevier. (c) Synthesis process of CsPbBr3 QDs@MTB S-scheme heterojunction photocatalyst, (d) TEM image of CsPbBr3 QDs@MTB.
Reprinted with permission from Ref. [52], Copyright 2022, Elsevier.
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photocatalytic CO2 reduction is considered as a clean conversion
technology to convert CO2 into high-value chemical fuels,
including CO, CH4, CH3OH, HCOOH, and other hydrocarbon
fuels [116–118]. Therefore, photocatalytic CO2 reduction can
significantly reduce CO2 concentrations and simultaneously
produce low-carbon fossil fuels, which offers a potential solution
to address the climate issue and energy shortage [119–121].
However, CO2 has a stable molecular structure, implying that
the photocatalytic CO2 reduction reaction requires an extremely
high energy to achieve the cleavage of C=O bond (750 kJ mol−1)
[122,123]. Moreover, the thermodynamic uphill reaction and
complex multi-electronic process of CO2 reduction require the
strong redox ability along with effective separation of the photo-
induced carrier to furnish sufficient driving force in the pho-

tocatalytic system [36,124]. By constructing TiO2-based S-
scheme heterojunction photocatalysts, it can not only meet the
strict energy band structure requirements but also achieve a
strong redox ability. This result indicates that S-scheme het-
erojunction is more conducive to photocatalytic CO2 reduction
reaction. As shown in Table 2 [43,48,52,87,125–127], the TiO2-
based S-scheme heterojunction photocatalysts for CO2 reduction
performances and products are summarized in detail.

For instance, Wang et al. [48] have shown that converting CO2
into CO, CH3OH, and CH4 can be obtained by a core-shell
TiO2@ZnIn2S4 S-scheme heterojunction photocatalyst. By the
EPR spectra of ·O2

− and ·OH measurement (Fig. 12a, b), it is
worth noting that the signal intensities of DMPO-·OH and
DMPO-·O2

− are evidently stronger than TiO2 and ZnIn2S4,

Figure 10 XPS spectra of (a) Ti 2p, (b) Zn 2p over TiO2, ZnIn2S4, and TiO2/ZnIn2S4 with and without light illumination. Reprinted with permission from
Ref. [108], Copyright 2022, Elsevier. Calculated Fermi energy levels and work functions of (c) TiO2 (001) and (d) Bi2O3 (001), (e) EPR spectra of DMPO-·O2

–

adduct over TiO2, Bi2O3, and TiO2/Bi2O3 under illumination, (f) photocatalytic H2 evolution rates over different samples. Reprinted with permission from Ref.
[67], Copyright 2022, Elsevier.
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verifying that the photo-induced carrier transfer process is in
good agreement with S-scheme heterojunction mechanism
(Fig. 12c). Because of the unique hollow structure and S-scheme
heterojunction, the optimized TiO2@ZnIn2S4 presents markedly
improved photocatalytic performance with the total CO2 pho-
toreduction conversion rate of 18.32 μmol g−1 h−1 that is

superior to pristine ZnIn2S4 and TiO2 (Fig. 12d). Additionally,
Meng et al. [87] constructed a TiO2@PDA S-scheme hetero-
junction photocatalyst for photocatalytic CO2 reduction. The as-
obtained photocatalyst shows an outstanding CO2 reduction
selectivity with the CH4 yield of 1.50 μmol g−1 h−1, achieving
nearly 5 times higher than pristine TiO2. As a result, the boosted

Figure 11 (a) Adsorption and reaction pathway of H2O molecules on the TiO2/g-C3N4 and TiO2-OV/g-C3N4; (b) optimized geometric structures of H2O
molecule adsorption on TiO2/g-C3N4 and TiO2-OV/g-C3N4; (c) photocatalytic H2 evolution rates over different samples; (d) schematic illustration for photo-
induced carrier transfer route over TiO2-OV/g-C3N4 S-scheme heterojunction photocatalyst. Reprinted with permission from Ref. [49], Copyright 2022,
Elsevier.

Table 1 Detailed H2 evolution performances over TiO2-based S-scheme heterojunction photocatalysts

S-scheme heterojunction Sacrificial agent H2 evolution rate
(mmol g−1 h−1)

Enhancement
factor vs. TiO2

AQY Ref.

TiO2/Bi2O3 TEOA 12.08 43.8 – [67]

WO3/TiO2/rGO Methanol 0.25 3.5 1.4% (365 nm) [68]

ZnS/TiO2 Na2SO3, Na2S 5.50 38.8 – [78]

CdS/Bi/TiO2 Na2SO3, Na2S 0.67 mmol cm−1 h−1 – – [77]

Co9S8/TiO2 TEOA 0.40 13.2 – [109]

TiO2/ZnIn2S4 TEOA 6.03 3.7 10.5% (365 nm) [108]

TiO2/Ni-Zn0.2Cd0.8S – 4.55 – 16.6% (365 nm) [80]

TiO2-OV QDs/g-C3N4 TEOA 1.10 – – [49]

Ni@TiO2/g-C3N4 TEOA 0.13 10.3 15.0% (420 nm) [110]

TiO2−x/TpPa-1-COF Sodium ascorbate 15.33 10.5 6.7% (420 nm) [111]

TiO2−x/BiOI Methanol 0.79 3.0 4.46% (365 nm) [88]

TiO2/In0.5WO3/rGO Glycerol 0.31 12.0 15.6% (365 nm) [112]

P-CuWO4/TiO2 TEOA 6.17 26.0 – [113]

Co2P/PC-b-TiO2 TEOA 1.53 – 12.5% (420 nm) [20]

Cu3P/TiO2 Methanol 5.83 7.3 – [90]

SCIENCE CHINA Materials REVIEWS

February 2024 | Vol. 67 No. 2 433© Science China Press 2024



photocatalytic performance can be credited to the S-scheme
heterojunction construction that improves the efficient photo-
induced carrier separation and migration, and provides a strong
redox ability (Fig. 13a). Recently, Ren et al. [125] also prepared
the hollow TiO2@Bi2MoO6 S-scheme heterojunction photo-
catalyst for photocatalytic CO2 reduction into CO. By combining
the calculated Fermi energy levels and work functions of TiO2
(101) and Bi2MoO6 (131), the photo-induced electrons in the
TiO2 are quenched with holes in the Bi2MoO6, thereby the
effective photo-induced carrier with strong redox ability is
retained (Fig. 13b–d). In this case, the S-scheme heterojunction
photocatalyst shows a higher CO yield (30.66 μmol g−1 h−1), far
exceeds that of pure TiO2 and Bi2MoO6.

Photocatalytic H2O2 production
Hydrogen peroxide (H2O2), as a clean oxidizer, has been
extensively employed in chemical synthesis, disinfection, was-
tewater treatment, and fuel cells [128–130]. Generally, the
commercially available H2O2 is mainly prepared via anthraqui-
none oxidation that requires high energy consuming and pro-
duces toxic by-products [131,132]. Conversely, photocatalytic
technology is considered a mild and environment-friendly
method to realize the H2O2 production, which only requires O2,
H2O, and solar energy as the raw materials [133–135]. To date,
the mechanism of photocatalytic H2O2 production is generally
accepted by a two-electron O2 reduction reaction or two-elec-
tron water oxidation reaction [136–138]. No matter what kind of

Table 2 Detailed CO2 reduction performances over TiO2-based S-scheme heterojunction photocatalysts

S-scheme heterojunction Reduction products Yield
(μmol h−1 g−1)

Enhancement
factor vs. TiO2

Ref.

MoS2/TiO2 CO, CH4 36.30, 108.80 40.3, – [126]

TiO2@ZnIn2S4 CO, CH4, CH3OH 9.28, 4.26, 4.78 3.4, 10.1, 5.0 [48]

TiO2/C3N4/Ti3C2 CO, CH4 4.39, 1.20 3.0, 8.0 [43]

TiO2@PDA CH4 1.50 5.0 [87]

TiO2@CoNi-MOF CH4 41.65 – [127]

TiO2@Bi2MoO6 CO 30.66 4.0 [125]

CsPbBr3 QDs@TiO2 CO 145.28 4.6 [52]

Figure 12 EPR spectra of (a) ·OH and (b) ·O2
− trapping tests of TiO2, ZnIn2S4, and TiO2@ZnIn2S4 under illumination; (c) schematic illustration for photo-

induced carrier transfer route over TiO2@ZnIn2S4; (d) yields of CO2 reduction products over different samples. Reprinted with permission from Ref. [48],
Copyright 2021, Wiley-VCH GmbH.
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photocatalytic mechanism, the photocatalyst has put forward
strict requirements with strong redox ability. Thus, the TiO2-
based S-scheme heterojunction photocatalysts can be widely
exploited for H2O2 production.

For instance, He et al. [44] developed the floatable TiO2/Bi2O3
S-scheme heterojunction photocatalyst for photocatalytic H2O2
production. Due to the unique floatable property, the floatable S-
scheme heterojunction photocatalyst is easier to absorb light to
produce more photo-induced carrier and oxygen can quickly
spread to solid-liquid interface to participate in photocatalytic
H2O2 production in the air-liquid-solid system (Fig. 14a). Fur-
thermore, the femtosecond transient absorption (fs-TA) spec-
trum of TiO2/Bi2O3 exhibits an attenuated peak at 395 nm and
more distinct peak at 450 nm compared to TiO2 (Fig. 14b, c),
suggesting that the photo-induced electrons migrate from TiO2
to Bi2O3. The result follows the S-scheme heterojunction
mechanism. Under simulated sunlight irradiation, the optimal
photocatalyst acquires a markedly improved photocatalytic H2O2
production performance (1.15 mmol L−1 h−1), which is superior
to bare TiO2 and Bi2O3 (Fig. 14d). Thus, the synergistic effects of
floatable property and S-scheme heterojunction are contributed
to boost the photocatalytic performance. Additionally, Yang et
al. [46] fabricated TiO2/In2S3 S-scheme heterojunction photo-
catalyst with excellent H2O2 production performance
(0.38 mmol L−1 h−1). By the DFT calculation (Fig. 15a, b) and
other characterization analysis, converting O2 to H2O2 is a
stepwise one-electron processes. And, In2S3 presents a strong
interaction with O2 compared to TiO2, which is a reason that the
photocatalytic activity of S-scheme heterojunction far exceeds
that of TiO2. Recently, Xia et al. [134] have grown TiO2 nano-
crystals on the inner walls of hollow resorcinol-formaldehyde
(RF) resin nanocakes to construct TiO2@RF S-scheme hetero-
junction photocatalyst. Such a hollow Janus core-shell structure

design significantly improves the photo-induced carrier
separation and active site exposure. Besides, Kelvin probe force
microscopy (KPFM) has been ascertained the interfacial charge
transfer behavior of TiO2@RF, as shown in Fig. 15c–e. Notably,
it can be seen that the significant difference in the surface
potential signals presents under illumination and darkness,
indicating that the photo-induced electrons can move from TiO2
to RF. Under light irradiation and without a sacrificial agent, the
TiO2@RF S-scheme heterojunction photocatalyst exhibits the
excellent photocatalytic H2O2 production rate up to
0.67 mmol L−1 h−1. More detailed TiO2-based S-scheme hetero-
junction photocatalysts for H2O2 production are displayed in
Table 3 [44,46,50,131,134].

Pollutant degradation
With the rapid development of modern industry, the natural
environment is being contaminated by the discharge of waste-
water containing hazardous substances that cause a series of
human health problems [139–141]. To address the problem, the
photocatalytic technology has been extensively studied for
degrading pollutants into non-toxic or low toxic substances
through efficiently producing reactive oxygen species (·O2

−, ·OH,
and h+) [142,143]. In photocatalytic reaction, the electrons can
interact with the dissolved O2 in water to produce ·O2

−, while the
holes can oxidize with H2O into ·OH [143,144]. As a results, the
semiconductor photocatalyst is required to meet the thermo-
dynamical conditions for the oxidation potential of H2O/·OH
(1.99 eV vs. NHE) and reduction potential of O2/·O2

− (−0.33 eV
vs. NHE) [145,146]. Inspired by the unique photo-induced
carrier transfer route, the photo-induced carrier in the TiO2-
based S-scheme heterojunction system can be effectively sepa-
rated and reserves a strong redox ability that will participate in
photocatalytic pollutant degradation. Table 4 [51,55,147–152]

Figure 13 (a) Schematic illustration of S-scheme heterojunction mechanism between TiO2 and PDA. Reprinted with permission from Ref. [87], Copyright
2021, Elsevier. Calculated Fermi energy levels and work functions of (b) TiO2 (101) and (c) Bi2MoO6 (131), (d) proposed photocatalytic CO2 reduction
mechanism of TiO2@Bi2MoO6. Reprinted with permission from Ref. [125], Copyright 2023, Elsevier.
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Figure 14 (a) Schematic illustration for photocatalytic reaction of TiO2/Bi2O3 in the air-liquid-solid system, fs-TA spectra of (b) TiO2 and (c) TiO2/Bi2O3,
(d) photocatalytic H2O2 production over different samples. Reprinted with permission from Ref. [44], Copyright 2022, Wiley-VCH GmbH.

Figure 15 DFT calculation for free energy of O2 conversion to H2O2 by (a) In2S3 (101) and (b) TiO2 (101). Reprinted with permission from Ref. [46],
Copyright 2021, Springer Nature. KPFM images of TiO2@RF (c) with and (d) without light illumination and (e) the corresponding surface potentials.
Reprinted with permission from Ref. [134], Copyright 2023, Wiley-VCH GmbH.
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summarizes the latest developments in photocatalytic pollutant
degradation over TiO2-based S-scheme heterojunction photo-
catalysts.

For example, Wang et al. [147] used electrospinning and
calcination methods to construct the uniformly distributed 1D
nanostructure S-doped g-C3N4 (SCN)/TiO2 S-scheme hetero-
junction photocatalyst for Congo Red degradation. By the in situ
XPS (Fig. 16a, b) and other characterization analyses, it is seen
that the photo-induced carrier immigration route follows the S-
scheme heterojunction mechanism (Fig. 16c). Benefiting from
the introduction of the S element along with the construction of
S-scheme heterojunction, the optimal photocatalyst demon-
strates excellent photocatalytic Congo Red degradation effi-
ciency as high as 95% after irradiation for 60 min (Fig. 16d),
which is superior to bare SCN and TiO2. Furthermore, He et al.
[148] reported a hierarchical Bi2O3/TiO2 fibrous S-scheme het-
erojunction photocatalyst for phenol degradation. Due to its
hierarchical fibrous structure and S-scheme heterojunction
mechanism, achieving a phenol photodegradation efficiency of
45% under simulated sunlight. Recently, Zhu et al. [51] fabri-
cated NM(Al)/F-TiO2(B) S-scheme heterojunction photo-
catalyst, the photocatalytic mechanism of NM(Al)/F-TiO2(B) S-
scheme heterojunction photocatalyst for tetracycline photo-
degradation was also demonstrated by characterization analyses
and experimental results. As shown in Fig. 17a, the establish-
ment of S-scheme heterojunction greatly improves light
absorption, boosts spatial photo-induced carrier separation and
migration, and retains the strong redox capacity to produce
more ·O2

– and ·OH active species. Thus, the NM(Al)/F-TiO2(B)
exhibits a remarkable photocatalytic tetracycline degradation

performance with an efficiency of 94.6%. Besides, the team also
constructed a hierarchical 3D/2D In2S3/TiO2(B) S-scheme het-
erojunction photocatalyst [149]. In the photocatalytic degrada-
tion of tetracycline, the mainly active species towards
tetracycline photodegradation are ·O2

− and ·OH via the electron
spin resonance spectra (Fig. 17b, c). In this case, the kinetic
constant for tetracycline photodegradation of the optimal S-
scheme heterojunction photocatalyst reaches 0.029 min−1, which
is about 9.7 and 5.8 times of bare TiO2 and Bi2O3, respectively.

CONCLUSIONS AND OUTLOOK
In summary, as a traditional semiconductor photocatalyst, TiO2
has received extensive attention on its photocatalytic perfor-
mance. However, the single TiO2 always presents a limited
photocatalytic efficiency, which is due to its rapid photo-induced
carrier recombination, confined light-harvesting ability, and
insufficient reduction ability. By constructing a TiO2-based S-
scheme heterojunction photocatalyst, it seems to be a very rea-
sonable strategy to overcome the above shortcomings. In this
case, this review gives a comprehensive summary of the classi-
fication of TiO2-based S-scheme heterojunction photocatalysts,
including metal oxides, metal chalcogenides, organic semi-
conductors, and other semiconductors. Besides, the potential
applications of TiO2-based S-scheme heterojunction photo-
catalysts in photocatalytic H2 evolution, CO2 reduction, H2O2
production, and pollutant degradation are described in detail.
And, the characterization methods are also employed to explore
the formation and photo-induced carrier transfer pathway of
TiO2-based S-scheme heterojunction photocatalysts.

Although the reported TiO2-based S-scheme heterojunction

Table 3 Detailed H2O2 production performances over TiO2-based S-scheme heterojunction photocatalysts

S-scheme heterojunction Sacrificial agent Yield
(mmol L−1 h−1)

Enhancement
factor vs. TiO2

AQY
(365 nm) Ref.

TiO2/Bi2O3 Furfuryl alcohol 1.15 3.8 1.25% [44]

TiO2/In2S3 Ethanol 0.38 5.4 3.42% [46]

S-g-C3N4/TiO2 – 0.43 133.0 0.61% [131]

TiO2@BTTA Furfuryl alcohol 0.74 23.6 5.48% [50]

TiO2@RF – 0.67 – – [134]

Table 4 Detailed pollutant degradation performances over TiO2-based S-scheme heterojunction photocatalysts

S-scheme heterojunction Application Degradation efficiency Enhancement
factor vs. TiO2

Ref.

Bi2O3/TiO2 Phenol 45%/120 min – [148]

In2S3/TiO2(B) Tetracycline 97.3%/120 min 3.2 [149]

TiO2−x/g-C3N4/CNFe Atrazine 95.4%/30 min 4.5 [150]

Fe3O4/TiO2/g-C3N4
U(VI)
Sb(III)

93.0%/180 min
83.5%/180 min – [55]

SCN/TiO2 Congo Red 95%/60 min – [147]

PDI/g-C3N4/TiO2@Ti3C2 Atrazine 75%/60 min – [151]

NM(Al)/F-TiO2(B) Tetracycline 94.6%/120 min 2.3 [51]

Ag3PO4/TiO2

Rhodamine B
Phenol

Tetracycline

100%/5 min
60%/15 min
100%/8 min

– [152]
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Figure 16 XPS spectra of (a) Ti 2p, (b) C 1s for TiO2, SCN, and SCN/TiO2 with and without light illumination, (c) photocatalytic mechanism of SCN/TiO2,
(d) photocatalytic Congo Red degradation efficiencies over different samples. Reprinted with permission from Ref. [147], Copyright 2021, Elsevier.

Figure 17 (a) Photocatalytic tetracycline degradation mechanism of NM(Al)/F-TiO2(B). Reprinted with permission from Ref. [51], Copyright 2023, Elsevier.
The electron spin resonance spectra of (b) DMPO-·O2

− and (c) DMPO-·OH over In2S3/TiO2(B). Reprinted with permission from Ref. [149], Copyright 2022,
Elsevier.
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photocatalysts can simultaneously obtain the broadened light
absorption range, efficient photo-induced carrier separation and
transfer, and strong redox capacity, thereby achieving the pro-
minent photocatalytic efficiency. However, there are still some
significant challenges in the future development of TiO2-based
S-scheme heterojunction photocatalysts that need to be further
concerned and overcome in the following directions:

(1) Based on the formation mechanism of TiO2-based S-
scheme heterojunction photocatalyst, the internal electric field,
energy band bending, as well as Coulombic attraction, can act as
the driving forces to facilitate efficient photo-induced carrier
separation and migration. However, it is rarely reported the
relationship between them on photocatalytic performance. Thus,
more attention should be paid to regulating the structure of
heterojunctions in future research.

(2) Notably, TiO2-based S-scheme heterojunction photo-
catalysts usually consist of two or more semiconductors. During
a prolonged photocatalytic process, the S-scheme heterojunction
often suffers from inadequate interfacial contact between semi-
conductors, thereby reducing the space charge region and
photocatalytic performance. Thus, exploring the controllable
synthesis methods are vital to strengthen interfacial interactions.

(3) By the ex- and in situ characterization methods and the-
oretical calculation, the formation mechanism of TiO2-based S-
scheme heterojunction photocatalysts has been confirmed. Due
to the complexity of the photo-induced carrier transfer process,
more characterization methods should be developed to reveal
the photo-induced carrier transfer route, e.g., ultrafast transient
absorption.

(4) Although the TiO2-based S-scheme heterojunction pho-
tocatalysts obtain a broadly applications in the field of photo-
catalysis, there are few studies on photocatalytic N2 fixation and
CH4 conversion. In fact, the TiO2-based S-scheme heterojunc-
tion photocatalysts have potential applications in the above
fields of photocatalysis. Thus, broadening the scope of applica-
tion in future research is also essential.

(5) Currently, a major challenge faced by TiO2-based S-
scheme heterojunction photocatalysts is the insufficient utiliza-
tion of solar energy to meet the practical requirements for
commercial applications. For example, the maximum solar-to-
hydrogen conversion efficiency for hydrogen production is far
lower than the commercial standard (10%). Thus, it is necessary
to improve the efficiency of solar energy utilization to meet its
commercial applications.
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用于能源转化和环境修复的TiO2基梯型异质结光催
化剂
张宝龙, 孙彬*, 刘方璇, 高婷婷, 周国伟*

摘要 太阳能驱动的半导体光催化技术被认为是缓解能源短缺和环境
污染的潜在策略. 因此, 探索高效的光催化剂是推动光催化技术发展和
实际应用的关键. 作为一种典型的半导体光催化剂, TiO2因其化学稳
定、环境友好、成本低廉等特性而备受关注. 然而, TiO2光生载流子的
快速复合、光吸收范围窄以及还原能力不足等缺点严重阻碍了其光催
化性能. 通过将TiO2与其他半导体复合以构建梯型异质结可以有效的
解决上述问题. 在此光催化体系中, 梯型异质结不仅可以整合各组分的
优点, 实现光生载流子的有效分离和光捕获能力的增强, 而且还能保留
最强的氧化还原能力. 基于此, 本文综述了利用构建梯型异质结来提高
TiO2光催化性能的最新研究进展, 着重介绍了TiO2基梯型异质结光催
化剂的分类, 主要包括金属氧化物、金属硫属化物、有机半导体和其
他类型半导体. 在此基础上, 本文还总结了TiO2基梯型异质结光催化剂
在析氢、CO2还原、H2O2生成和污染物降解等领域中的应用. 同时, 为
了更好地理解光生载流子的转移途径, 本文还简要介绍了梯型异质结
的一些表征方法. 最后, 对TiO2基梯型异质结光催化剂所面临的问题和
未来的发展方向进行了展望. 综上, 本文旨在为构建用于能源转换和环
境修复的高效TiO2基梯型异质结光催化剂提供参考.
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