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Step‑scheme heterojunction photocatalysts for solar energy, water 
splitting,  CO2 conversion, and bacterial inactivation: a review

Vasudha Hasija1 · Abhinandan Kumar1 · Anita Sudhaik1 · Pankaj Raizada1 · Pardeep Singh1 · Quyet Van Le2 · 
Thi Thu Le3 · Van‑Huy Nguyen4,5 

Solar radiation is a sustainable, unlimited source of energy for electricity and chemical reactions, yet the 
conversion effi-ciency of actual processes is limited and controlled by photocarriers migration and separation. 
Enhancing the conversion efficiency would require to suppress the recombination of photogenerated electron–hole 
pairs and improve the low redox potentials. This can be done during the growth of step-scheme (S-scheme) heterojunctions. 
Here we review the charge transfer of S-scheme heterojunctions involving a reduction and oxidation photocatalyst in 
staggered band arrangement with Fermi level differences. We present factors determining the validation of the S-scheme 
mechanism with respective characterization techniques, including in situ and ex situ experiments, and theoretical 
studies. We show mechanistic drawbacks of traditional photocatalytic systems to highlight the advantages of S-scheme 
photocatalysts. We describe co-catalyst loading, bandgap tuning, and interfacial optimization that ultimately 
achieve highly efficient photocatalysis. Last, application for water split-ting,  CO2 conversion, pollutant degradation, 
bacterial inactivation and others is discussed.

Introduction

Photocatalysis has been envisioned as an 
innovative advanced oxidation process to sustain 
inexhaustible solar energy. The inspiration for 
photocatalysis was the natural photosynthesis process to 
convert and store photonic energy into usable chemical 
energy (Xu, C. et al. 2019). Photocatal-ysis possesses vital 
advantages over traditional catalytic pro-cesses involving 
temperature, pressure independence, elim-ination of 
tedious steps, and un-restricted employment of only 
metal-based catalysts (Gao et al. 2017). Since the devel-
opment of  TiO2 electrodes based first 
photoelectrochemical cell by Fujishima and Honda in 1972 
(Fujishima and Honda, 1972), semiconductor 
photocatalysis has emerged into multidisciplinary 
research fields (Kanakaraju et al. 2014; Liras et al. 2019; 
Mecha and Chollom, 2020; Mousset and Dionysiou, 
2020; Saravanan et al. 2021). The extensively exploited 
photocatalytic applications are directed for organic 
synthesis (Nguyen et al. 2012, 2015; Nguyen, V.-H. et al. 
2020b), water splitting into  H2/O2 (Huang et al. 2020; 
Kalya-nasundaram, 2013; Li et al. 2018; Soni et al. 2021), 
pollutant mineralization (Nguyen, T.D. et al. 2020; 
Nguyen, V.-H. 

 Pankaj Raizada 
pankajchem1@gmail.com

 Pardeep Singh 
pardeepchem@gmail.com

 Van-Huy Nguyen 
nguyenvanhuy@tdtu.edu.v
n

1 School of Advanced Chemical Sciences, Shoolini 
University, Solan, HP, India 173229

2 Institute of Research and Development, Duy Tan 
University, Da Nang 550000, Vietnam

3 Institute of Hydrogen Technology, Materials 
Design, Helmholtz-Zentrum Geesthacht, Max-
Planck Str. 1, 21502 Geesthacht, Germany

4 Department for Management of Science and Technology 
Development, Ton Duc Thang University, 
Ho Chi Minh City, Vietnam

5 Faculty of Applied Sciences, Ton Duc Thang 
University, Ho Chi Minh City, Vietnam



et al. 2020c; Nguyen, V.-H. et al. 2020d; Sharma et al. 2021; 
Wu et al. 2013; Yu et al. 2017; Zhu and Zhou, 2019), and 
CO2 reduction (Chen et al. 2016; Cheng et al. 2015; Kumar 
et al. 2021b; Nguyen, T.P. et al. 2020; Nguyen, V.-H. et al. 
2020a; Nguyen and Wu, 2018). Concisely, photocatalysis is 
a process in which photocatalyst absorbs photons to generate 
energetic holes and electrons capable of initiating oxidation 
and reduction reactions, respectively (Fox and Dulay, 1993).

The following complementary and indispensable steps 
comprise of a typical photocatalysis process (Yang and 
Wang, 2018), i.e.; (i) solar illumination of photocatalyst 
for the generation of photoexcited electron–hole pairs, 
(ii) charge carrier separation followed by (iii) sequen-
tial charge transfer on respective catalytic sites/surface
for redox reactions as displayed (Fig. 1a). The reduc-
tion and oxidation potential of photoexcited electrons
and holes depend on the conduction band minimum and
valence band maximum positions, respectively. Upon
irradiation of solar photons, electrons are promoted from

the valence band to conduction band, when hν > Eg where 
Eg is bandgap energy. The timescale for recombination 
of electron–hole pairs under the strong Coulombic forces 
of attraction occurs in less than 10–9 femtoseconds (Low 
et al. 2017b). It is analogous to the falling of an object 
onto the ground under the gravitational force, where the 
coulombic constants (8.99 ⨯ 109 Nm2/C2) are much larger 
than the gravitational constant i.e., 6.67 ⨯10–11 Nm2/C2 
(Xu et al. 2018). The reverse recombination of charge car-
riers impairs the functioning of photocatalytic reactions. 
Likewise, the accumulation of charge carriers on the pho-
tocatalytic surface might lead to unwanted semiconductor 
instability due to the presence of highly reductive elec-
trons and oxidative holes. The driving force for the genera-
tion of reactive oxidative species depends upon the redox 
potentials of the conduction band and valence band edges 
for which a shallow valence band and high conduction 
band position is suitable (Zhu and Wang, 2017).

Fig. 1  a Basic photocatalysis 
mechanism showing excitation 
of charge carriers under the 
illumination of light and subse-
quent recombination facilitated 
by Coulombic force; the sym-
bols A and D represent acceptor 
and donor species, respectively, 
while k is the Coulombic force 
constant and G is gravitational 
constant, and b band diagrams 
representing the formation of 
a surface junction between 
semiconductor I (SC I) and 
semiconductor II (SC II) (the 
symbols  W1,  W2,  ECB,  EVB,  Ef, 
and Vac depict work function 
of SC I, work function of SC II, 
conduction band energy, val-
ance band energy, Fermi energy 
and vacuum level, respectively). 
Adapted with permission (Bai 
et al. 2015). Copyright 2015, 
Royal Society of Chemistry



It is also imperative to achieve (i) broad sunlight absorp-
tion and (ii) the strong redox ability of a semiconductor. 
Since both have opposing pathways, broad light absorption 
is achieved via narrowing Eg of semiconductor, whereas 
strong redox ability is certain of wide Eg with a highly nega-
tive conduction band and positive valence band (Bagheri 
et al. 2017). As a result, the criteria to achieve broad light 
absorption and utmost redox ability are contrary. Therefore, 
the development of heterojunction formed by direct contact 
of two semiconductors is an effective architecture to miti-
gate the obstacles suffered by bare semiconductors (Zhong 
et al. 2020). The suitable band edge positions of the coupled 
semiconductors are beneficial for prolonged charge carri-
ers lifetime, broadened solar light absorption, and enhanced 
charge carrier separation (Banerjee et al. 2014).

Considering the charge transfer mechanism in semicon-
ductor–semiconductor heterojunction (Fig. 1b), the poten-
tial difference between two semiconductors results in charge 
redistribution and alignment of Fermi level (Ef) followed 
by two outcomes, i.e., (i) accumulation of electrons on the 
semiconductor surface causing upward band bending in 
semiconductor II, and (ii) excessive holes on the surface, 
which leads to downward band bending in semiconductor 
I. The direction of band bending depends on the valence
band and conduction band of both semiconductors (Fig. 1c).
The upward band bend offers higher oxidation ability as it

attracts holes, whereas the downward band bend leads to a 
reduction reaction directing electrons on the surface (Bai 
et al. 2015). The internal electric field generated due to the 
formation of a space charge region facilitates charge carrier 
separation; still, there is a probability of recombination (Dai 
et al. 2020). The photoexcited charge carriers in constructed 
heterojunctions should overcome the built-in-internal elec-
tric field and potential differences to impede the coulombic 
forces of attraction between electrons and holes.

Among variant heterojunctions, the most appropriate 
arrangement of two semiconductors is in staggered type-II 
arrangement following the electron transference route from 
higher to lower conduction band and reverse pathway for 
photogenerated holes (Zheng et al. 2020). As presented in 
(Fig. 2a), the semiconductor I with higher Ef and lower work 
function (ϕ) losses electrons and bends downwards, i.e., 
from semiconductor I to semiconductor II. In contrast, the 
simultaneous migration of holes occurs from semiconductor 
II to semiconductor I with upward bending. The resultant 
band bending of semiconductor I band edges promotes accu-
mulation of electrons onto semiconductor II for reduction 
reaction, whereas upward band bend leads to excessive holes 
on semiconductor I for the oxidation reaction. It is much 
evident and noteworthy that maximum electron–hole pairs 
separation is obtained injunctions with the difference in ϕ of 
both semiconductors. Indeed, type-II heterojunction between 

Fig. 2   Band structure diagrams 
illustrating the charge migration 
routes in: a Type-II heterojunc-
tion and b p-n heterojunction; 
the symbols SC I, SC II, EVB, 
ECB, Eg, and Ef represent semi-
conductor I, semiconductor II, 
valance band energy, conduc-
tion band energy, bandgap 
energy and Fermi energy, 
respectively. Adapted with 
permission (Bai et al. 2015). 
Copyright 2015, Royal Society 
of Chemistry. c Schematics 
illustrating the major drawbacks 
such as recombination (between 
oppositely charged species) and 
repulsion (between similarly 
charged species) induced in 
conventional type-II heterojunc-
tion system



p-type and n-type semiconductors is beneficial over p-p and
n–n type junctions due to the large difference in ϕ and redox
potentials. This is explained by (Fig. 2b) charge transfer in
p-n heterojunction which follows electrons transference from
p-type semiconductor towards higher Ef n-type semiconduc-
tor, and holes migrate to lower Ef p-type semiconductor. It
is worth clarifying that the potential difference between the
two semiconductors determines the charge migration route,
and the internal electric field leads to charge separation (Bai
et al. 2015).

Undoubtedly, type-II heterojunction charge transfer routes 
have ignited the plethora of photocatalysis, but it has certain 
ambiguities on closer examination. The type-II photocata-
lytic mechanism suppresses electron–hole pairs recombi-
nation but at the expense of conduction band and valence 
band redox potential (Fig. 2c) (Xu et al. 2020). Firstly, the 
thermodynamic criterion of effective charge separation 
in type-II leads to excessive accumulation of electrons in 
the conduction band of semiconductor II and holes in the 
valence band of the semiconductor, reducing the reduction 
and oxidation potentials. Secondly, the dynamic parameter 
of electrostatic repulsive forces between like charges, i.e., 
electrons–electrons and holes–holes, has been ignored. 
Thirdly, the lifetime of charge carriers concerning the kinet-
ics of reverse recombination reactions and desired reactive 
oxidative species generation has remained unresolved (Low 
et al. 2017a). Thereby, the type-II charge transfer mechanism 
is vulnerable and tends to weaken the overall redox potential 
of heterojunction.

Lately, S-scheme heterojunctions with a similar configu-
ration to the type-II system were established by Yu et al. to 
surmount type-II limitations (Fu et al. 2019). They claimed 
that the S-scheme heterojunctions could induce maximum 
electron–hole pairs separation and remarkably retain their 
redox ability under the internal electric field that develops 
due to different Fermi levels of photocatalysts. Afterwards, 
a large number of researches on S-scheme heterojunctions 
have sprung up in various fields of photocatalysis.

Background of S‑scheme photocatalysts

The formation of S-scheme heterojunction is solely depend-
ent on the coupling of a reduction photocatalyst and oxida-
tion photocatalyst differentiated based on band structures, 
as shown in (Fig. 3a) (Xu et al. 2020). The combination of 
reduction photocatalyst and oxidation photocatalyst can pro-
vide synergistic dual functionality, where the photoexcited 
electrons of reduction photocatalyst are utilized for solar 
fuel production, whereas photoexcited holes of oxidation 
photocatalyst are potential for effective photodegradation 
reactions (Chen, J. et al. 2020). The S-scheme heterojunction 
configuration is similar to type-II staggered configuration, 

with oxidation photocatalyst and reduction photocatalyst 
following the distinct charge carrier transfer pathway (Cer-
rato and Paganini, 2020). The key advantage of S-scheme 
heterojunction (Fig. 3b) is a reservation of effective pho-
togenerated electrons and holes in the conduction band of 
reduction photocatalyst and valence band of oxidation pho-
tocatalyst, respectively. Also, simultaneous recombination 
of fruitless photogenerated electrons of oxidation photo-
catalyst and holes reduction photocatalyst in the interfacial 
built-in-internal electric field region induces a strong redox 
potential (Zou et al. 2020). S-scheme heterojunction follows 
the “step-like” migration of charge carriers macroscopically 
and “N-shaped” from a microscopic viewpoint (Xie et al. 
2020). A sequential charge-migration route is followed in 
an S-scheme heterojunction as explained:

• Figure 3c depicts the exemplary energy band diagrams
of reduction photocatalyst and oxidation photocatalyst
before contact, where reduction photocatalyst possesses
higher conduction band and valence band positions. In
contrast, oxidation photocatalyst has a lower conduction
band and valence band edges (Xu et al. 2020). Usually,
the oxidation photocatalyst has a lower Fermi level and
higher ϕ; contrarily, the reduction photocatalyst has a
higher Fermi level and lower ϕ. The ϕ difference between
the two photocatalysts governs the transference of charge
carriers.

• When these two photocatalysts are in close contact,
as shown in (Fig. 3d), the electrons tend to flow from
lower to higher ϕ, i.e., from the conduction band of
reduction photocatalyst to conduction band of oxidation
photocatalyst. The electron transfer will continue until
the Fermi levels of reduction photocatalyst and oxida-
tion photocatalyst is in equilibrium, forming the spatial
charge region (Xu et al. 2020). The diffusion of electrons
from reduction photocatalyst to oxidation photocatalyst
leads to the generation of depletion layer characterized
by excess positive charge near the interface of reduction
photocatalyst. While nearby the surface of the oxidation
photocatalyst, there is an accumulation of electrons form-
ing an accumulation layer (Bai et al. 2015).

• The generated internal electric field directed from reduc-
tion photocatalyst to oxidation photocatalyst in the spatial
charge region causes two major consequences: Firstly,
there is a reverse transference of electrons from the con-
duction band of oxidation photocatalyst towards reduc-
tion photocatalyst. Secondly, both the closely situated
photocatalysts experience shifting of energy band edges,
causing band bending (Fig. 3e) (Xu et al. 2020). The
energy band of the oxidation photocatalyst bends down-
wards towards the interface while the reduction photo-
catalyst edges bend upwards. The direction of band bends
urges the interfacial recombination of photogenerated





S‑scheme mechanism

The arrangement of the conduction band and valence band 
in the S-scheme photocatalyst is similar to that of type-II 
heterojunctions. Hence, it is imperious to experimentally 
identify the charge migration route in S-scheme hetero-
junctions for its distinction from type-II systems. The 
characterization techniques involved are in/ex situ experi-
ments and theoretical simulation studies (Zhang et al. 
2019), which justifies the molecular and atomic levels of 
S-scheme heterojunction photocatalysts. The following are
the proposed factors and respective characterization tools
to elucidate the S-scheme mechanism:

Variation in electron density

It is well observed in the S-scheme charge transfer mech-
anism that oxidation photocatalyst and reduction photo-
catalyst undergo a decrease or increase in electron density 
before and after contact, i.e., without light irradiation and 
in light irradiation. The change in electron density is com-
prehended by ex and in situ irradiated X-ray photoelectron 
spectroscopy analysis. For instance, X-ray photoelectron 
spectroscopy characterization of layered black phospho-
rus/BiOBr heterojunction confirmed the S-scheme charge 
transfer route. Figure 4 a, c) demonstrates the high-reso-
lution spectra of P 2p in bare black phosphorus and 10% 
black phosphorus/BiOBr composite, where the character-
istic peak of P 2p3/2 and 2p1/2 displayed a shift of 0.15 eV 
towards lower energy in the 10% black phosphorus/BiOBr 
composite relative to bare black phosphorus. The negative 
shift of binding energies from 129.9 eV to 129.75 eV is 
indicative of an increase in electron density on the inter-
face of BiOBr. The existence of 133.4 eV peak of O-P = O 
functional group (Fig. 4c) confirmed the formation of P-O-
Bi strong chemical bonds between the black phosphorus 
and BiOBr heterojunction photocatalysts. Similarly, P-O-
Bi peak was present in Bi (4f) (Fig. 4d) of 10% black 
phosphorus/BiOBr, whereas no P-O-Bi peak was found in 
bare BiOBr (Fig. 4b).

The X-ray photoelectron spectroscopy results were 
evident in interfacial interaction between black phos-
phorus and BiOBr (Fig. 4e), and the disturbance in elec-
tron density generates accumulation and depletion layer 
at BiOBr and BP interface, respectively. The increased 
electron density on BiOBr was attributed to the induced 
internal electric field and es- transference from lower ϕ, 
i.e., 5.65 eV black phosphorus to 6.25 eV (BiOBr) until
the Fermi level equilibrates. The charge migration route
between black phosphorus and BiOBr was following the
S-scheme mechanism (Fig. 4f) where the conduction band

electrons of BiOBr recombined with valence band holes of 
black phosphorus in the interface region (Li et al. 2020). 
The sufficiently high redox potential of BP with -1.02 eV 
and oxidation potential of BiOBr (2.53 eV) caused the 
generation of O2

.− and ·OH reactive species for the dual 
application of O2 evolution and tetracycline (TC) anti-
biotic photodegradation; furthermore, the X-ray photo-
electron spectroscopy analysis of Bi2O3/TiO2 nanofibers 
confirmed the S-scheme charge carrier process under 
UV–Vis irradiations. The Bi 4f high-resolution spectrum 
of bare Bi2O3 displayed blueshift in Bi2O3/TiO2 compos-
ite from 164.0 to 164.6 eV and 158.7 to 159.3 eV for Bi 
4f5/2 and 4f7/2 orbitals, respectively. This was indicative 
of decreased electron density on Bi2O3 due to electron 
transference from Bi2O3 to TiO2 under the influence of the 
internal electric field (Rongan et al. 2020). The changes in 
binding energies unequivocally confirm the charge separa-
tion and migration process.

Recombination of lower redox potential electron–
hole pairs

Factually, rapid charge carrier recombination is detrimental 
to all photocatalytic applications. Captivatingly, S-scheme 
unique charge transfer mechanism favors the high charge 
separation efficiency of strong redox power charge carriers, 
while the useless photogenerated electrons and holes with 
weak redox ability recombine. The electron paramagnetic 
resonance signals indicate the produced reactive oxidative 
species via higher redox potential photogenerated electrons 
and holes, thereby supporting the S-scheme preservation 
strategy.

This hypothesis is proven in CdZnS/g-C3N4 hetero-
junction electron paramagnetic resonance results (Fig. 5a) 
where 5,5- dimethyl-pyrroline- N oxide-O2

.− the signal was 
observed for g-C3N4 revealing a higher reduction ability to 
reduce O2 to O2

.− for rhodamine B dye degradation. Contra-
rily the 5,5- dimethyl-pyrroline- N oxide -·OH (Fig. 5b) is 
negligible as both the CdZnS and g-C3N4 lacks the minimum 
potential for release of ·OH. This suggests that photogen-
erated electrons and holes remain static in the conduction 
band of g-C3N4 and valence band of CdZnS, respectively. 
This assures the S-scheme charge carrier pathway over the 
type-II heterojunction mechanism shown in (Fig. 5c) where 
the sequential processes jointly discard the type-II charge 
transfer route. Noticeably, the lower ϕ of g-C3N4 (4.3 eV) 
than 6.7 eV of CdZnS caused e− transference from g-C3N4 
to CdZnS until their Fermi levels are aligned, with the for-
mation of the electron depletion layer in g-C3N4 and accu-
mulation layer at the interface of CdZnS. Subsequently, the 
upward band bending in g-C3N4 and downward bending in 
CdZnS reduce the oxidation abilities. The generated inter-
nal electric field in the space charge region, oriented from 



g-C3N4 to CdZnS, prevents migration of electrons and holes
via the type-II route and induces recombination of useless
CdZnS electrons and holes of g-C3N4 (Qin, D. et al. 2020a).

The identification and confirmation of major reactive spe-
cies were observed by the electron paramagnetic resonance 
results in spinel ferrite-based SnFe2O4-ZnFe2O4 compos-
ite. The electron paramagnetic resonance spectra revealed 
5,5- dimethyl-pyrroline-N oxide-O2

.− and ·OH peak signals 
under visible light irradiations suggestive of O2

.− and ·OH 
as the significant reactive oxidative species. However, the 

release of ·OH was not possible due to lower valence band 
potentials of SnFe2O4 and ZnFe2O4, i.e., 1.54 and 1.55 V. 
Hence, the possible release of ·OH was mainly by the reac-
tion of O2

.− with H2O molecules, which were well in agree-
ment with the -0.33 V conduction band potential of SnFe2O4 
with simultaneous recombination of photogenerated conduc-
tion band electrons of ZnFe2O4 with the holes of SnFe2O4 
under the driving force of internal electric field (Wang, J. 
et al. 2020). Thus, electron paramagnetic resonance spectra 
corroborate the S-scheme mechanism route by confirming 

Fig. 4   High-resolution X-ray photoelectron spectroscopy (XPS) 
survey spectra of a P 2p of pure black phosphorous, b Bi 4f of pris-
tine BiOBr, c P 2p and d Bi 4f of optimized black phosphorous 
nanosheets coupled with BiOBr nanosheets through solvothermal 
treatment (Sol-10BP/BiOBr nanocomposite). Reproduced with per-
mission (Li et  al. 2020). Copyright 2020, Elsevier. Schematic illus-
tration of e band diagrams of black phosphorous nanosheets and 

BiOBr nanosheets before contact and after contact and f subsequent 
S-scheme charge transfer route under light irradiation, Φ and Ef rep-
resent the work function and Fermi energy level of black phosphorous
and BiOBr, which induced the formation of the internal electric field
at the interface resulted into facile migration and isolation of photo-
carriers. Adapted with permission (Li et  al. 2020). Copyright 2020,
Elsevier



released reactive oxidative species and lower redox potential 
electrons and holes recombination.

Appropriate interfacial contact

In the S-scheme heterojunction, effective charge-carrier 
migration/separation is possible only when there is suffi-
cient interfacial contact between oxidation photocatalyst and 
reduction photocatalyst. Atomic force microscopy examines 
the intimacy between heterojunction photocatalysts and the 
increase in surface oxidation potential of oxidation photo-
catalyst due to electron transfer from oxidation photocatalyst 
to reduction photocatalyst.

For example, the 2D/2D surface–surface heterojunction 
between exfoliated WO3 and g-C3N4 ultrathin nanosheets 
develops high-quality interfacial contact, as confirmed by 
the atomic force microscopy images. Figure 6a-d shows 
microscale lateral size thickness of WO3 and g-C3N4, i.e., 
3.0 nm and 2.5 nm, respectively, contributing to the strong 
electrostatic interfacial adherence WO3 and g-C3N4. This 
intimacy in ultrathin 2D WO3/g-C3N4 heterojunction fas-
tens the surface photocatalytic reaction rate as photogen-
erated electrons and holes on heterogenous interface rapidly 
migrate to the surface of photocatalysts. Noteworthily, the 
thin layered structures of WO3 and g-C3N4 and the strong 
coulombic forces enhanced the generation of internal electric 

field (Fig. 6e-g) oriented from reductive type g-C3N4 photo-
catalyst with ϕ (4.18 eV) to oxidative WO3 with larger ϕ of 
6.23 eV. The upward band edge bending in g-C3N4 improved 
its reduction ability for O2

.− release, while the participation 
of ·OH is an outcome of downward band bending in WO3. 
The electron paramagnetic resonance and X-ray photoelec-
tron spectroscopy results were in accordance with the charge 
transfer route to be the S-scheme mechanism by the presence 
of conduction band electrons in g-C3N4 and valence band 
holes in WO3 (Fu et al. 2019). The atomic force microscopy 
characterization displays the nature of interfacial intimacy in 
heterojunction, favoring reducing charge migration distance 
and a much longer lifetime of the photoexcited charges.

Internal electric field theoretical simulations

The internal electric field is generated due to the uneven 
distribution of electrons and holes and the difference in ϕ 
between oxidation photocatalyst and reduction photocata-
lyst. The internal electric field determines the separation 
of the electron–hole pairs in the S-scheme photocatalytic 
system. Thereby, it is imperative to investigate the acceler-
ated charge separation due to internal electric field through 
density functional theory computational studies, which pro-
vide high precision of electronic structure, bandgap tuning, 
and carrier mobilities of heterojunction photocatalysts. A 

Fig. 5   Electron spin resonance 
spectra of Cd0.5Zn0.5S/g-C3N4 
sample showing spin-trapping 
experiment results by using a 
5,5-dimethyl-l-pyrroline-N-
oxide agent for a O2

.− radicals 
and b ·OH radicals. Reprinted 
with permission (Qin, D. 
et al. 2020a). Copyright 2020, 
Elsevier. c Diagrammatic 
representation of the feasible 
S-scheme charge migration over
the conventional type-II route in
Cd0.5Zn0.5S/g-C3N4 hetero-
junction system. The formation
of the internal electric field at
the interface of Cd0.5Zn0.5S
and g-C3N4 due to the redis-
tribution of charge carriers
facilitated the migration of
photocarriers through S-scheme
mode. Adapted with permission
(Qin, D. et al. 2020a). Copy-
right 2020, Elsevier



good illustration of the underlying S-scheme mechanism was 
observed in NiO/BiOI heterojunction by Fermi level esti-
mation through density functional theory studies (Fig. 7a, 
b). According to the calculation results, the Fermi level of 
BiOI (110) is 6.364 eV, slightly larger than 6.327 eV of 
NiO (200), indicating electron migration from NiO to BiOI 
followed by generation of the internal electric field towards 
BiOI and band-edge bending. Under the effect of the internal 
electric field (Fig. 7c), conduction band electrons of NiO and 
holes from BiOI tend to recombine on the junction interface 
while restricting the e− migration from NiO to BiOI in their 
conduction band. Simultaneously, electrons in the conduc-
tion band of NiO with − 0.35 eV and valence band holes of 
BiOI (2.36 eV) degraded rhodamine B dye.

This electron diffusion route was confirmed by shifts in 
binding energies of X-ray photoelectron spectroscopy peaks 
by 0.5 and 0.1 eV for Ni 2p3/2 and Ni 2p1/2 in 10% NiO/
BiOI (BN10) composite. For Bi 4f7/2 and Bi 4f5/2 peaks, the 
BN10 sample exhibited ~ 0.3 eV shifts towards lower bind-
ing energies compared to bare BiOI, while in O 1 s peak 
of (Bi-O and Ni–O bonds) BN10, the observed shifts were 
-0.2 eV and 0.2 eV than pure BiOI and NiO. In contrast,
I3d5/2 and I3d3/2 peaks of I3d displayed no shifts in peaks
for BiOI and BN10 samples (Hu et al. 2020). Likewise, ϕ
analysis was explored for TiO2/CdS S-scheme heterojunc-
tion by density functional theory calculations. The lower
ϕ of CdS (5.91 eV) directs an internal electric field and

electron transference towards TiO2 (7.18 eV) to equilibrate 
the Ef. The direction of the internal electric field successfully 
prevents the recombination of high redox ability electrons 
in the conduction band of CdS and holes of TiO2, making 
them available for photocatalytic H2 evolution reactions (Ge 
et al. 2019). These simulation results indicate that S-scheme 
charge-carrier migration is intrinsically feasible over tradi-
tional heterojunction mechanisms.

Advantages of S scheme heterojunctions 
over traditional photocatalytic systems

The photocatalysis process has deep-rooted exponential 
growth due to the development of various heterojunctions. 
Among them, type-II and Z-scheme are hotly tipped two 
research areas in advanced photocatalysis (Kumar et al. 
2020; Raizada et al. 2021; Xu et al. 2018). However, a deeper 
understanding of both mechanisms has revealed the inherent 
drawbacks of traditional photocatalytic systems, reducing 
photocatalytic efficiency. With the type-II charge transfer 
route, it is not easy to achieve the targeted charge separation, 
and the overall redox power of photocatalysts is undermined 
(Sudhaik et al. 2020a). For instance, in the TiO2-MoS2 type-
II charge migration route, Wang et al. claimed ·OH radical 
as the major reactive species produced via transference of 
holes from a more positive 2.99 eV valence band of TiO2 

Fig. 6   Atomic force microscopic images of: a and b WO3 nanosheets 
and c and d g-C3N4 nanosheets representing the development of high-
quality interfacial contact. Reproduced with permission (Fu et  al. 
2019). Copyright 2019, Elsevier. Diagrammatic illustration of e the 
band structure with different work functions (W1 and W2) of WO3 
and g-C3N4 before contact, f generation of the interfacial built-in 
electric field after contact and g S-scheme charge transfer route under 

the exposure of light. The difference in the work function of WO3 
and g-C3N4 resulted in the diffusion of charge carriers with subse-
quent generation of the internal electric field leading to efficient reas-
sembly of oppositely charged carriers at the interface of WO3 and 
g-C3N4 forming an S-scheme heterojunction system. Adapted with
permission (Fu et al. 2019). Copyright 2019, Elsevier



to lesser positive 1.825 eV MoS2 valence band as shown in 
(Fig. 8a). However, it is difficult to ascertain the mechanism 
of ·OH radical generation by MoS2 even though it lacks the 
minimum potential required, i.e., Eo (·OH/H2O) is 1.99 V, 
and Eo (·OH/OH−) is 2.8 V (Wang et al. 2016). The charge 
transference process also decreases the reductive and oxida-
tive potentials of electrons and holes.

Hence, a closer inspection of the type-II heterojunction 
mechanism is debatable and neglects the primary redox 
potential criteria for reactive oxidative species generation. 
However, authenticate charge carrier migration route has 
been proposed in the S-scheme TiO2-W18O49 heterojunc-
tion (Fig. 8b), where built-in-internal electric field directed 
from TiO2 to W18O49 resulted in upward and downward 
band bending, respectively. The effective charge carrier 
separation was obtained on the recombination of useless 

photogenerated electrons of W18O49 and holes of TiO2 with 
the eventual release of O2

.− via photoinduced conduction 
band electrons of TiO2. If the charge carriers followed the 
type-II mechanism rather than S-scheme, the photoinduced 
conduction band electrons of TiO2 would be transferred to 
the conduction band of W18O49, nullifying the generation of 
O2

.− radicals (Wang, R. et al. 2020).
Consequently, fabrication of traditional Z-scheme pho-

tocatalytic system with shuttle redox ion pairs, all-solid-
state electron mediators, and direct Z-scheme emerged 
from biomimicking artificial photosynthesis process (Zhou 
et al. 2014). Although Z-scheme heterojunction tends to 
resolve the quandaries of simultaneously attaining mini-
mal charge carrier separation and higher redox potentials, 
it has limitations (Jiang et al. 2018). The aqueous shuttle 
redox-mediated Z-scheme system has restricted applicability 

Fig. 7   Calculated electrostatic potentials for a (110) face of BiOI and 
b (200) face of NiO with the respective difference in the work func-
tion (Φ) values of both BiOI and NiO. Reproduced with permission 
(Hu et  al. 2020). Copyright 2020, Elsevier. c The mechanistic view 
of the charge migration route followed by NiO/BiOI heterojunction 
before contact and after contact. After an intact contact between BiOI 
and NiO, the induced internal electric field at the interface facilitated 

the reassembly of useless charge carriers and promoted the isolation 
of photocarriers with high redox potential through S-scheme charge 
transfer mode (the symbols W1, W2, and Vac represent work func-
tion of BiOI, a work function of NiO and vacuum energy levels, 
respectively). Adapted with permission (Hu et  al. 2020). Copyright 
2020, Elsevier



due to functioning in only liquid phase, pH sensitivity, and 
backward reactions, which inevitably reduces the number 
of available charge carriers photocatalytic reactions (Wang 
et al. 2018; Xia et al. 2019). All-solid-state Z-scheme elimi-
nates the usage of redox couples by replacing them with a 
solid-state mediator as an electron transference bridge (Nata-
rajan et al. 2018).

In 2006, Tada et al. reported Au as a solid-state electron 
mediator, which helped in space charge isolation by utiliz-
ing left out electrons in the conduction band of TiO2 and 
holes in the valence band of CdS (Tada et al. 2006). How-
ever, the asserted charge transfer process in CdS-Au-TiO2 
all-solid-state Z-scheme does not obey the perspective of 
Fermi levels and band bending. (Fig. 8c) depicts Fermi level 
positions before contact, where CdS has a higher Fermi level 
than TiO2 and Au has the lowest, whereas, after coming into 
direct contact (Fig. 8d), the Fermi level aligns owing to the 
redistribution of charge carriers at the interface resulting in 
upward band bending. Consequently, the electron flow from 

CdS and TiO2 to Au will be inhibited due to the formation 
of Schottky barriers at the interface. Therefore, the reported 
charge-carrier transference involving the reassembly of TiO2 
electrons with holes of CdS is not feasible.

The controlled synthesis process to optimally obtain the 
geometrical position of the solid conductor in between two 
photocatalysts is highly uncertain. For instance, in AgBr/
BiOBr all-solid-state Z-scheme heterojunction, Ag nanopar-
ticles served as electron mediators as presented in (Fig. 8e). 
The charge migration mechanism leads to the generation of 
O2

.− by a flow of photoexcited electrons from BiOBr into 
the Ag nanoparticles through the Schottky barrier as the 
conduction band of BiOBr (+ 0.22 eV) is more negative than 
the Fermi level of Ag. Simultaneously, there is a migra-
tion of valence band holes of AgBr into Ag since the Fermi 
level of Ag is more positive than the valence band of AgBr 
(+ 2.30 eV). The claimed all-solid-state Z-scheme charge 
transfer route is considerate of Fermi levels but is possi-
ble only when Ag metal is sandwiched between AgBr and 

Fig. 8   a Band diagram showing type-II charge transfer mode in 
TiO2-MoS2 heterojunction for the removal of organic dyes. Adapted 
with permission (Wang et  al. 2016). Copyright 2016, Elsevier. b 
Schematic illustration representing the internal electric field pro-
moted S-scheme charge transfer mode in TiO2-W18O49 heterojunc-
tion after contact under the illumination of visible light. Adapted 
with permission (Wang, R. et  al. 2020). Copyright 2020, Elsevier. 
Schematics representing: c band diagrams with Fermi level position-
ing in TiO2, Au and CdS, d band-bending due to charge redistribu-

tion in CdS-Au-TiO2 all-solid-state Z-scheme system, and e possible 
attachment sites of Au nanoparticles on TiO2 and CdS photocata-
lysts. Adapted with permission (Xu et  al. 2020), Copyright 2020, 
Cell Press. f Charge transfer process in AgBr/BiOBr all-solid-state 
Z-scheme heterojunction with Ag nanoparticles as electron transfer
mediator with surface plasmon effect promoting the migration and
isolation photocarriers. Adapted with permission (Ye et  al. 2012).
Copyright 2012, American chemical society



BiOBr (Ye et al. 2012). However, it is difficult to guarantee 
that a solid conductor lies exactly in-between two photo-
catalysts (Fig. 8f).

There is a high probability of random adherence of solid 
conductors onto the surface of photocatalysts, which alters 
their functionality from electron mediators to act as co-cat-
alysts (Di et al. 2019; Huang et al. 2019). In addition to the 
above drawbacks, noble metal nanoparticles and carbona-
ceous conductors often suffer from light-shielding effects 
due to their substantial absorption in the visible and near-
infrared region (Li et al. 2016). Consequently, the all-solid-
state Z-scheme photocatalytic system is unsatisfying and 
rendered evolution of mediator-free Z-scheme since Yu et al. 
proposed the concept of direct Z-scheme system involving 
TiO2 and g-C3N4 photocatalysts (Yu et al. 2013). However, 
the insufficiency of characterization techniques to ascertain 
the direct Z-scheme mechanism makes it ambiguous and 
vulnerable as it belongs to the family of problematic tradi-
tional and all-solid-state Z-scheme (Xu et al. 2020; Zhang, 
W. et al. 2020). A paradigm shift from traditional type-II to
Z-scheme and the current S-scheme photocatalytic system
provides the benefits of mechanistic interpretation depict-
ing S-scheme charge migration’s superiority and subsequent
retention in redox ability of the system.

Strategies for constructing S‑scheme 
photocatalysts

The collaborative attainment of both reaction thermody-
namics and dynamics of S-scheme heterojunction is still in 
its infancy. Although the thermodynamics factor (Ohtani, 
2014), i.e., overcoming the activation barrier for effec-
tive charge migration, is favorable, the dynamics issue of 
S-scheme photocatalysts is insufficient. To further amelio-
rate the photocatalytic performance of S-scheme heterojunc-
tions for water splitting, H2 evolution, pollutant degrada-
tion, and CO2 reduction, the following parameters should
be scrutinized.

• Typically, photocatalytic water splitting and CO2 reduc-
tion are thermodynamically uphill processes and exhibit
positive Gibbs free energy (∆G > 0) acting as an activa-
tion barrier. In contrast, photocatalytic pollutant degrada-
tion is a thermodynamically downhill reaction (∆G < 0)
(Ohtani, 2010). This variance in the thermodynamics
aspect can be overcome by co-catalyst dispersion on the
photocatalytic surface. The most commonly employed
co-catalysts are noble metal-free (Pt, Au, Ag, etc.) (Bai
et al. 2014; Li et al. 2019) with merits of high mobility
of charge carriers, light transparency, and large density
of active sites photocatalytic applications (Xia, Y. et al.
2020).

• The appropriate band alignment of heterojunction pho-
tocatalysts is required to release reactive oxidative spe-
cies, and a bandgap lower than 3.0 eV leads to improved
visible light-harvesting (Patnaik et al. 2021). One of the
promising approaches for this is morphology control
involving non-metal doping, i.e., N, S, and O are intro-
duced at the atomic level to improve the inherent optical
and electronic features (Jiang et al. 2017). It is assumed
that dopants form localized states between the Eg limits,
impacting conduction band minima and valence band
maxima edges.

• The surface capacity of photocatalysts involving surface
area and available active sites are imperative for solar
energy conversion efficiency. The overlapping band
potentials of oxidation photocatalyst and reduction pho-
tocatalyst provide intimate contact and broader surface
area for the recombination of useless electron–hole pairs.
This design is possible via sufficient contact between
two-dimensional (2D/2D) interfacial surface contact.
Plenty of face-face 2D heterojunction has been used, such
as MoS2/CdS (Yuan et al. 2018), ZnIn2S4/g-C3N4 (Qin,
Y. et al. 2020), TiO2/g-C3N4 (Zhang, Y. et al. 2020), and
g-C3N4-In2Se3 (Zhang, S. et al. 2020), etc.

Co‑catalyst loading

The strong interfacial electronic interactions between co-cat-
alyst-semiconductor assure enhanced photocatalytic activity 
by overcoming a large activation barrier of the photocata-
lytic surface for the reaction molecules (Tong et al. 2020). 
In S-scheme heterojunctions, co-catalysts attached with the 
oxidation photocatalyst/reduction photocatalyst extract the 
charges out of the photocatalytic surface and serve as active 
sites for molecule oxidation and reduction. Notably, co-
catalyst integration helps extend the charge carrier lifetime, 
alteration in the flat band potential, and Fermi level (Xiao 
et al. 2020).

A clear insight into the role of metal-free co-catalysts was 
revealed in ternary SnNb2O6/CdS-diethyltriamine, co-cata-
lyzed by Ni2P. The well-defined S-scheme charge transfer 
route (Fig. 9a) led to a built-in-internal electric field forma-
tion with a transference of photogenerated electrons from 
the conduction band of SnNb2O6 to Ni2P co-catalyst. The 
ultrathin sheet-like morphology with a thickness of 1.5 nm 
obtained via field emission scanning electron microscopy 
and atomic force microscopy images increased the avail-
able surface area for H2 evolution. This was confirmed 
by Brunauer–Emmett–Teller isotherm results where the 
improved surface area of 93.72 m2/g was obtained for 10% 
SnNb2O6/CdS-diethyltriamine/Ni2P, much larger than 36.89 
m2/g of bare SnNb2O6 and 87.63 m2/g of CdS-diethyltri-
amine. During the photocatalytic process, the Schottky junc-
tion between SnNb2O6 and Ni2P promoted H2 evolution up 



to 11,992 μmol g−1 h−1 from the active sites of Ni2P, much 
higher than 60, 3319, 7808 μmol g−1 h−1 obtained over bare 
SnNb2O6, CdS and 10%-SnNb2O6/CdS-diethyltriamine, 
respectively (Hu, T. et al. 2020). 

Noble metal-based co-catalyst such as Au deposited on 
Mn0.5Cd0.5S/WO3 S-scheme heterojunction (Fig. 9b) facili-
tates recombination of conduction band electrons of WO3 
and valence band holes of Mn0.5Cd0.5S under the influence 
of Coulombic interactions, internal electric field, and band 
edge bending. This was a well-in agreement with photo-
luminescence spectra, transient photocurrent response, 
and electrochemical impedance spectroscopy measure-
ments jointly signify the charge separation efficiency in the 
order of Mn0.5Cd0.5S/WO3/Au > Mn0.5Cd0.5S/WO3 > bare 
Mn0.5Cd0.5S. Based on the density functional theory com-
putational studies, Au co-catalyst with ϕ 5.1 eV transfers 
its electrons to WO3 (6.23 eV) due to the surface plasmon 
resonance effect extending a broad absorption peak around 
530 nm (Liu et al. 2020). The dual advantages of co-catalyst 
deposition are accelerated charge carrier migration by serv-
ing as electron trappers and boosted solar energy absorption.

Bandgap tuning

The bandgap adjustment in S-scheme heterojunction is 
imperative to accelerate the separation of the electron–hole 
pairs, enhances the redox abilities, and broadens the solar 
spectrum absorption simultaneously. Fortunately, incorpo-
rating a metallic/non-metallic dopant has been a promising 
strategy in improving photocatalytic efficiency (Sushma and 
Kumar, 2017). The orbital hybridization between the dopant 
and host orbital leads to modification in an electronic struc-
ture and redox potentials of the conduction band and valence 
band (Hasija et al. 2019). This was evinced in the S-scheme 
heterojunction formed by TiO2 and S-doped g-C3N4, 
where the bandgap of bare g-C3N4 was lowered from 2.67 
to 2.43 eV after S doping. The other benefits of S-doped 
g-C3N4 include redshift photoabsorption up to 510 nm and
increment in active sites due to increased surface area of 51
m2/g from 16 m2/g for TiO2/S-doped g-C3N4 and bare TiO2,
respectively (Wang et al. 2021).

Similar observations were obtained in a study involving 
N-doped MoS2 coupled with S-doped g-C3N4 S-scheme het-
erojunction; there was a generation of more active edge sites
on replacement of S atom with N atom in MoS2 as revealed

Fig. 9   a Band diagram showing S-scheme charge transfer route in 
SnNb2O6/CdS-diethyltriamine (CdS-D/SNO) photocatalytic system 
co-catalyzed by Ni2P. The charge redistribution followed by the gen-
eration of internal electric field promoted the S-scheme mechanism, 
and Ni2P co-catalyst further enhanced the isolation and participation 
of photocarriers in surface-induced catalytic reactions. Adapted with 
permission (Hu, T. et  al. 2020). Copyright 2020, Elsevier. b Sche-
matics illustrating the possible S-scheme charge transfer pathway 
followed by Mn0.5Cd0.5S/WO3 system over conventional type-II 
heterojunction system promoted by Coulombic interactions, internal 
electric field, and band edge bending. Adapted with permission (Liu 
et  al. 2020). Copyright 2020, Elsevier. c Diagrammatic illustration 

of H2 production mechanism shown by N-doped MoS2 (NMS) and 
S-doped g-C3N4 (SCN) S-scheme heterojunction system. Under the
influence of the internal electric field, the photoinduced electrons in
the conduction band of SCN and photoinduced holes in the valance
band of NMS with strong redox ability were preserved to participate
in photoredox reactions. Adapted with permission (Chen et al. 2021).
Copyright 2021, Elsevier. d Band diagram with respective band edge
potentials and bandgap energy showing possible S-scheme charge
transfer route in In2S3/Bi2O2CO3 heterojunction system for photo-
catalytic degradation of rhodamine B (RhB). Adapted with permis-
sion (Fan et al. 2020). Copyright 2020, Elsevier



in X-ray photoelectron spectroscopy spectra. The interfacial 
interactions between N-doped MoS2 and S-doped g-C3N4 
were investigated by density functional theory calculations 
(Fig. 9c). There was a reduction in the ϕ of bare g-C3N4 
and MoS2 from 4.67 and 5.96 eV to 3.78 and 5.57 eV, 
respectively, upon incorporating S and N atoms. Moreover, 
dopants lowered the bandgap from 2.80 eV to 2.56 eV and 
reduced the potential for H2 evolution. The doped hetero-
junction resulted in 658.5 μmol g−1 h−1, whereas only 28.8 
and 17.4 μmol g−1 h−1 were obtained for bare N-doped MoS2 
and S-doped g-C3N4, respectively (Chen et al. 2021). Ionic 
doping has a profound effect on the band structure and pho-
tocatalytic efficiency.

Interfacial optimization

The appropriate intimacy between oxidation photocata-
lyst and reduction photocatalyst in S-scheme heterojunc-
tion plays a vital role in effective charge-carrier migration/
separation and enhancing the redox capability of the high 
potential conduction band and valence band under light illu-
mination (Sakthivel et al. 2019). The face-to-face 2D/2D 
heterojunction between In2S3/Bi2O2CO3 not only extended 
the absorption to 600 nm but also restrained the recombina-
tion of useful photoexcited electron–hole pairs, as demon-
strated in the S-scheme mechanism (Fig. 9d). Upon illumi-
nation of light, the internal electric field was directed from 
In2S3 to Bi2O2CO3, i.e., from higher to lower Fermi level. 
Subsequently, weak reductive electrons from the conduc-
tion band of Bi2O2CO3 recombined with the weak oxidative 
valence band holes of In2S3. The enhanced release of O2

.−, 
holes, ·OH from the conduction band of In2S3 (− 0.74 eV) 
and valence band of Bi2O2CO3 (3.64 eV), respectively, was 
confirmed by active species trapping experiment results. The 
graphical result revealed a decline in rhodamine B dye deg-
radation rate on the addition of scavengers in the following 
trend; Na2Cr2O4 > benzoquinone > isopropanol in 10% In2S3/
Bi2O2CO3. Meanwhile, the scanning electron microscopy 
images indicate the aggregation of 2D Bi2O2CO3 nanosheets 
stacked over 2D In2S3 nanosheets with an atomic thickness 
of 3–5 nm, which offers the quick charge migration pathway 
and rich active sites for surface photocatalytic reactions (Fan 
et al. 2020).

Another advantage obtained by 2D-2D S-scheme interfa-
cial charge transfer route was higher charge carrier lifetime, 
as studied by Huo et al. in porous carbon nitride/bismuth 
oxychloride heterojunction obtained via annealing at 450 ℃ 
(Huo et al. 2021). The Bode plot revealed a twofold increase 
in charge carrier lifetime in porous carbon nitride/bismuth 
oxychloride − 450 i.e., 109 ms much higher than 16, 33, 
54 ms of bare porous carbon nitride, bismuth oxychloride, 
and porous carbon nitride/bismuth oxychloride, respectively, 
indicative of effective separation of photogenerated charge 

carriers. This was evident in a plausible S-scheme mech-
anism, which resulted in the formation of a space charge 
region due to the electron density difference between porous 
carbon nitride and bismuth oxychloride. The downward band 
bends in bismuth oxychloride resulted in a generation of 
accumulation layer with the synchronous formation of the 
depletion layer near the porous carbon nitride interface. 
Under the influence of the internal electric field, the elec-
trons of bismuth oxychloride combined with holes of porous 
carbon nitride with simultaneous suppression in the recom-
bination of electrons of porous carbon nitride and holes of 
bismuth oxychloride.

Photocatalytic applications

Water splitting

The application of hybrid photocatalysts for solar-driven H2 
and O2 production from water in the presence or absence 
of an electron scavenger has intensely emerged. Undoubt-
edly, photocatalytic water splitting is a green and environ-
ment-friendly approach to store and convert solar energy 
into valuable fuels such as H2. However, for a convincing 
overall water splitting process, the photocatalytic efficiency 
of the system critically depends upon the band alignment 
(appropriate conduction band and valence band edge poten-
tial with sufficient redox potentials), optical absorption, spa-
tial isolation of photocarriers, and availability of abundant 
active sites. In terms of thermodynamics, the uphill reaction 
kinetics of overall water splitting requires a photocatalyst 
must possess a wide enough bandgap energy (> 1.23 eV) 
to overcome + 237.2 kJ mol−1 of Gibbs free energy. Thus, 
broad bandgap energy (> 1.6 eV) is required to compensate 
for the additional over potential linked with the electron 
transference and gas evolution steps (Liras et al. 2019; Xu 
et al. 2018).

Of note, a single photocatalytic system cannot fulfill all 
the counteractive requirements associated with the water-
splitting process. Thus, exploring new photocatalytic sys-
tems in combination with classical ones that satisfy all nec-
essary aspects is highly desirable. Fortunately, the newly 
developed S-scheme heterojunction systems display a sub-
stantial potential to achieve superior photocatalytic perfor-
mance due to effective space charge separation and improved 
redox ability. For instance, Zhang et al. reported a binary 
Bi2S3/g-C3N4 S-scheme heterostructure formed through a 
facile one-step solvent-assisted route for photo-assisted H2 
evolution (Zhang et al. 2021). The optimized Bi2S3/g-C3N4 
sample with 0.6% loading of Bi2S3 (1D nanorods) onto 
g-C3N4 (2D nanosheets) exhibited an exceptional H2 produc-
tion rate of 3394.1 µmolg−1 h−1. Based on the radical trap-
ping experiment and bandgap analysis results in the typical





theory calculation) of CoAl and MoS2 revealed the migra-
tion of electrons from CoAl layered double hydroxide 
(smaller ϕ) to MoS2 (higher ϕ) after contact, which trig-
gered the internal electric field from CoAl layered double 
hydroxide to MoS2. Upon visible light exposure and bending 
of energy levels induced by the internal electric field, the 
electrons in the conduction band of MoS2 will recombine 
with the holes in the valence band of CoAl layered dou-
ble hydroxide by following S-scheme charge transfer mode 
retained high reduction ability of the MoS2/CoAl-layered 
double hydroxide system beneficial for H2 production reac-
tion. As a whole, the photocatalytic water splitting perfor-
mance can be smartly enhanced through S-scheme hetero-
junction formation between photocatalytic materials with 
suitable band edge positioning and different ϕ values, which 
can stimulate the formation of the internal electric field for 
efficient isolation of photocarriers.

CO2 conversion

The controlled emission and mitigation of anthropogenic 
CO2 is one of the major concerns which demand collec-
tive efforts. So far, the actions proposed for controlling the 
elevating CO2 levels into the atmosphere mainly comprise 
CO2 capture and valorization. To fulfill this substantial 
objective, one of the most desired and intriguing processes 
is the photo-assisted reduction of CO2 into value-added fuels 
or chemicals (Kumar et al. 2021a; Mao et al. 2013). How-
ever, the exceptionally stable molecular structure of CO2 
(high C = O bond dissociation energy ~ 750 kJmol−1) neces-
sitates renewable energy sources to make the process more 
viable. The direct photoconversion of gaseous CO2 is ther-
modynamically not feasible owing to the high negative CO2/
CO2

·− redox potential (− 1.90 V vs. NHE; normal hydrogen 
electrode), at pH = 7.0). Besides, proton-assisted CO2 pho-
toreduction seems a more promising approach prompted 
by relatively lower redox potential values. Consequently, 
the complex multi-electronic process of CO2 photoreduc-
tion must overcome the activation barriers and thermo-
dynamic feasibility involved in charge migration kinetics 
influenced by interfacial interactions between reagents and 
semiconductors.

In that regard, the construction of S-scheme heterostruc-
tures could be a fascinating strategy as it facilitates space 
charge isolation and retains the high redox ability suitable 
for effective CO2 photoreduction. For instance, Xu et al. 
reported CsPbBr3 quantum dots (QDs) decorated TiO2 
nanofibers (TiO2/CsPbBr3) constructed through a facile elec-
trostatic self-assembly route for efficient CO2 photoreduction 
into CO (9.02 μmol g–1 h–1) (Xu, F. et al. 2020). The ran-
domly stacked TiO2 nanofibres composed of small nanocrys-
tals exhibit exposed active sites due to the loosely bound 
structure promoted the transportation of photocarriers and 

adsorption–desorption kinetics of reactants and products. 
Therefore, such a unique assembly with increased surface 
area and exposed active sites can remarkably enhance CO2 
photoconversion efficiency. The experimental study involv-
ing ex situ X-ray photoelectron spectroscopy analysis and 
density functional theory calculation results supported the 
presence of internal electric field induced in TiO2/CsPbBr3 
heterojunction system, which expedited the spatial isolation 
of photocarriers via S-scheme mode as shown in (Fig. 11a-
c). The in situ X-ray photoelectron spectroscopy spectra 
depicted positive shift (0.5 eV) in the binding energies of Ti 
2p and O 1 s, while the negative shift (0.5 eV) in the bind-
ing energies of Cs 3d, Br 3d, and Pb 4f concerning the ex 
situ spectra under the exposure of UV–visible light verified 
the transfer of electrons in the conduction band of TiO2 to 
the valence band of CdPbBr3 QDs confirming the S-scheme 
mechanism.

In a unique study, p-type ZnMn2O4 and n-type ZnO 
were coupled via electrospinning and calcination to form 
a hierarchical ZnMn2O4/ZnO heterojunction, which out-
performed the bare ZnO photocatalyst with ~ 4-times incre-
ment in CH4 and CO yields by following S-scheme charge 
transfer route (Deng et al. 2021). Through density functional 
theory calculations, it was observed that before contacting, 
the ϕ of ZnMn2O4 (4.55 eV) was smaller than that of ZnO 
(4.63 eV). After contacting due to the difference in ϕ and 
Fermi energy values, the electrons in the conduction band 
of ZnMn2O4 moved towards ZnO until their Fermi energy 
levels aligned equally; consequently, a depletion layer was 
formed between ZnMn2O4 (positively charged) and ZnO 
(negatively charged). Thus, an internal electric field pointed 
from ZnMn2O4 to ZnO formed the basis of efficient charge 
transfer through the S-scheme pathway leading to productive 
CO2 photoconversion efficiency. Other than density func-
tional theory calculations, X-ray photoelectron spectroscopy 
analysis also verified the S-scheme charge migration route 
followed by ZnMn2O4/ZnO heterojunction. The adsorption 
and activation of CO2 molecules at the surface of photocata-
lyst play a critical role in ameliorating the CO2 photoconver-
sion phenomenon.

Polymeric g-C3N4 enriched with N-containing func-
tional groups is a fascinating material for photocatalytic 
CO2 adsorption and subsequent reduction into energy-
dense hydrocarbon fuels. Thus, constructing the S-scheme 
heterostructure of polymeric g-C3N4 can efficiently sup-
press the reassembly of useful photocarriers required 
for the CO2 photoreduction process. For instance, Mei 
et al. fabricated CoO/polymeric g-C3N4 S-scheme het-
erojunction by developing in situ CoO on porous poly-
meric g-C3N4, which showed an improved rate of CO2 
photoconversion into CO (40.31 μmol  g–1  h–1), which 
was 23.85 and 3.43 times superior to bare polymeric 
g-C3N4 (1.69 μmol g–1 h–1) and CoO (11.73 μmol g–1 h–1),



respectively (Mei et  al. 2021). The porous polymeric 
g-C3N4 structure fostered the surface adsorption of CO2
followed by its reduction through surface-induced charge
carriers. After intimate contact, the electrons started
migrating from polymeric g-C3N4 to CoO until the Fermi
levels are at an equilibrium position which caused the
upward and downward band-bending in the case of poly-
meric g-C3N4 and CoO, respectively. Therefore, under
the influence of a built-in-internal electric field, the
S-scheme heterojunction smartly consumed relatively
unusable photogenerated electrons in the conduction
band of CoO and holes in the valence band of polymeric
g-C3N4 rendering CoO/ polymeric g-C3N4 heterojunction
with higher redox ability beneficial for CO2 photoreduc-
tion (Fig.  11e). Consequently, with an apt structural
arrangement and superior space charge isolation ability
retained by S-scheme photocatalytic system, the CO2 pho-
toconversion efficacy can be notably enhanced.

Pollutant degradation

Photocatalytic degradation of organic and inorganic pollut-
ants present in wastewater seems like an effective and eco-
nomic strategy for environmental protection. Typically, the 
aqueous phase pollutants can be well decomposed into CO2, 
H2O, and less harmful degraded products mainly by ·OH and 
O2

·− reactive radicals generated by photocarriers. Therefore, 
it becomes imperative to reduce the reassembly of photocar-
riers and boost their spatial isolation for efficient reactive 
oxygen species production in pollutant degradation (Hasija 
et al. 2020; Sudhaik et al. 2020b). As reviewed earlier, the 
S-scheme heterojunction systems with rational regulation
of photocarriers and relatively higher redox potential can be
efficiently utilized for the photodegradation process.

For instance, Li et al. reported an appealing In2O3-x(OH)y 
coupled Bi2MoO6 S-scheme heterojunction system designed 
via a controlled dehydroxylation process of In-based starting 
materials, used for Cr(VI) reduction and rhodamine B dye 

Fig. 11   a Bandgap positions with respective Fermi energy levels (Ef) 
of TiO2 and CsPbBr3 before contact, b redistribution of charge car-
riers and the generation of the interfacial built-in electric field after 
intact contact between TiO2 and CsPbBr3, and c possible S-scheme 
charge transfer route in TiO2/CsPbBr3 heterojunction under the expo-
sure of visible light. Adapted with permission (Xu, F. et  al. 2020). 
Copyright 2020, Nature communications. d Band diagram showing 

rhodamine B (RhB) oxidation (at In2O3-x(OH)y) and Cr (VI) reduc-
tion (at Bi2MoO6) over In2O3-x(OH)y/Bi2MoO6 S-scheme hetero-
junction system. Adapted with permission (Li, Zhongfu et al. 2020). 
Copyright 2020, Elsevier. e The band edge potentials and S-scheme 
charge transfer route followed by CoO coupled with porous polymeric 
g-C3N4 system for CO2 photoreduction. Adapted with permission
(Mei et al. 2021). Copyright 2021, Elsevier



degradation (Li, Zhongfu et al. 2020). The synergy between 
the S-scheme charge transfer route and residual surface 
hydroxyl groups remarkably accelerated the surface energy 
states and modified the interfacial charge migration kinetics. 
The density of states (DOS) calculated through density func-
tional theory and X-ray photoelectron spectroscopy results 
were observed to scrutinize the charge carrier distribution 
and migration direction. The apparent change in the charge 
carrier density witnessed through X-ray photoelectron spec-
troscopy, and density functional theory calculations mani-
fested the charge migration that occurred from the conduc-
tion band Bi2MoO6 to the valence band of In2O3-x(OH)y. 
Furthermore, the radical trapping tests performed through 
electron paramagnetic resonance spectrometer confirmed 
that the intensity of ·OH and O2

·− radicals was significantly 
enhanced in In2O3-x(OH)y/Bi2MoO6 heterojunction, which 
was only possible through the construction of the S-scheme.

Based on this, the S-scheme charge transfer pathway 
followed by In2O3-x(OH)y/Bi2MoO6 heterojunction was 
proposed, as shown in (Fig. 11d). Under the exposure of 
visible-light, the photogenerated electrons in the conduction 
band of Bi2MoO6 recombined with the holes in the valence 
band of In2O3-x(OH)y stimulated by an induced internal 
electric field. As a result, sufficiently available electrons 
in the conduction band of In2O3-x(OH)y reacted with sur-
face adsorbed O2 and generated O2

·− radicals. On the other 
hand, the more accumulated holes in the valence band of 
Bi2MoO6 directly participated in the photodegradation 
reactions. Thus, the In2O3-x(OH)y/Bi2MoO6 heterojunction 
exhibited an enhanced rate of Cr (VI) reduction (96%), and 
rhodamine B dye oxidation (97.5%) benefitted by S-scheme 
charge migration kinetics.

A photocatalyst generation of vacancy defects has 
recently emerged as an appealing tactic to simultaneously 
modulate the structural and electronic features of photocata-
lytic material. Inspired by this, Dou et al. engineered oxygen 
vacancies modified Bi2O3/Bi2SiO5 microsphere heterojunc-
tions via a self-assembly one-step solvent assisted route for 
the photodegradation of methyl orange and colorless phe-
nol (Dou et al. 2020). The presence of oxygen vacancies in 
the sample was evaluated through low-temperature electron 
spin resonance and X-ray photoelectron spectroscopy analy-
sis, which showed relatively incremented electron density 
around the vacancy region. Based on band edge positioning 
and electron spin resonance results, h+, ·OH, and O2

·− radi-
cals were the primary species involved in the photodegra-
dation process. The superior generation of reactive radical 
species was ascribed to the oxygen vacancies, which acted 
as trapping sites for photocarriers and the S-scheme charge 
migration route, facilitating the separation of charge carri-
ers in different spatial regions. Consequently, the optimized 
1.5% oxygen vacancies-Bi2O3/Bi2SiO5 showed boosted 
photocatalytic performance by complete mineralization of 

methyl orange and 30% phenol degradation after 60 min 
exposure under UV–visible light.

Other than aqueous phase pollutants, the potential of pho-
tocatalysis has also been exploited to remove NOx from the 
atmosphere. For instance, Wang et al. constructed dimen-
sionally matched Sb2WO6/BiOBr photocatalyst through 
precipitation-deposition route at room temperature for NOx 
oxidation at low concentrations (Wang, Y. et al. 2020). 
The photocatalytic performance of the optimized 30 wt% 
Sb2WO6/BiOBr heterojunction was better than that of pris-
tine photocatalysts. According to active species trapping 
experiments, the S-scheme charge transfer route manifested 
this increment in the photocatalytic performance of 30 wt% 
Sb2WO6/BiOBr heterojunction reduces the recombina-
tion rate of photocarriers and retain the redox ability for 
photocatalysis. Furthermore, the S-scheme charge transfer 
mechanism involved the recombination of relatively useless 
electrons in the conduction band of BiOBr with holes in the 
valence band of Sb2WO6 rendering electrons in the conduc-
tion band of Sb2WO6 and holes in the valence band of BiOBr 
with sufficient redox potential for the generation of O2

·− and 
·OH radicals, respectively. In a similar work, Ren et al. com-
bined g-C3N4 with Sb2WO6 via an ultrasound-assisted route
and utilized its potential for photocatalytic removal of NO
at ppb level (Ren et al. 2021). The report revealed that the
68% NO (continuous flowing) was oxidized under 30 min
visible light exposure.

Photocurrent responses and PL spectroscopic results 
confirmed the effective charge isolation at different spa-
tial regions endowed by S-scheme mode. The optimized 
15%-Sb2WO6/g-C3N4 nanocomposite showed the high-
est photocurrent density and diminished PL intensity 
depicting the efficient spatial separation of charge carri-
ers by S-scheme charge migration. The typical mechanism 
(Fig. 12a-c) involved the redistribution of charge carriers 
at the interface, which causes upward and downward band-
bending in the case of g-C3N4 and Sb2WO6, respectively. 
Thus, under the influence of a built-in-internal electric field, 
the electrons in the conduction band from Sb2WO6 recom-
bined with the holes in the valence band of g-C3N4, leaving 
behind electrons and holes with relatively higher potential 
to participate in photocatalytic reactions. Summarily, via 
constructing S-scheme heterostructures, the charge separa-
tion kinetics can be significantly improved resulted in the 
enhanced generation of reactive radical species responsible 
for the degradation of pollutants.

Bacterial inactivation

Traditional water disinfection processes involving chlorina-
tion, ozonation, and UV disinfection are not viable due to 
the generation of secondary by-products and exceptional 
energy-consuming behavior. In this context, ‘photocatalytic 



disinfection process’ concerning the generation of dominant 
reactive species like O2

·− and ·OH radicals by excitation of 
semiconductor catalysts are limelight to its cost-effective-
ness and environment-friendly nature. Notably, a photo-
catalytic system with suitable redox potentials to generate 
O2

·− and ·OH radicals as major species is promising for pho-
tocatalytic biohazard disinfection (Wang et al. 2017). So far, 
the S-scheme photocatalytic systems with fascinating space 
charge isolation ability can substantially inactivate bacteria 
through reserved photocarriers with strong potentials.

To support this concept, Xia et al. designed 0D/2D CeO2/ 
S-scheme heterojunction via in situ wet chemistry followed
by thermal treatment and utilized it for Staphylococcus
Aureus inactivation (Xia, P. et al. 2020). The report further
revealed that the 0D/2D CeO2/polymeric g-C3N4 heterojunc-
tion exhibited a remarkable photocatalytic inactivation rate
of Staphylococcus Aureus (88.1%) under the exposure of
visible light, which was 8.2 and 2.7 times superior to poly-
meric g-C3N4 (10.7%) and CeO2 (32.2%), respectively. The
increment in photocatalytic efficacy was due to the effective
charge separation at distinct spatial regions and high redox
ability to generate reactive species provided by S-scheme
charge transfer mode facilely (Fig. 12d-f). The computa-
tional studies involving 3D charge density difference and
planar-averaged electron density difference validated the

phenomenon of ban-bending after coupling CeO2 possess-
ing lower Fermi energy levels with polymeric g-C3N4.

Furthermore, the S-scheme charge transfer route was 
verified with the in situ irradiated X-ray photoelectron spec-
troscopy analysis. The X-ray photoelectron spectroscopy 
spectra of C and N exhibited a substantial shift from higher 
binding energy in darkness to lower binding energy under 
irradiation. Besides, in the case of Ce, the binding energy 
increased under illumination, suggesting the role of Ce as an 
electron donor. Thus, through X-ray photoelectron spectros-
copy results, migration of photoexcited electrons from the 
conduction band of CeO2 to the valence band of polymeric 
g-C3N4 was observed, which helped to attain the high redox
ability beneficial for the generation of dominant O2

·− and
·OH radicals responsible for S. aureus sterilization.

In another work, g-C3N4/Ag2WO4 S-scheme heterojunc-
tion was coated by fluorocarbon resin coating, which exhib-
ited excellent bacteriostatic ability against Escherichia coli
(E.coli) in sterile seawater with stability up to 3 consecutive
cycles under visible light illumination (Zhu et al. 2020). This
was attributed to the inherent Ag ions property for bacte-
rial disinfection, hydrophobic nature of fluorocarbon resin
coating, and adequately due to the S-scheme charge transfer
route. The radical trapping experiment confirmed the forma-
tion of O2

·− and ·OH radicals (which majorly participated in

Fig. 12   Band edge positioning and Fermi level alignment (Ef) of 
Sb2WO6 and g-C3N4 before contact a, redistribution of charges and 
the subsequent generation of an internal electric field at the interface 
of Sb2WO6 and g-C3N4 b, and possible S-scheme charge transfer 
route followed by Sb2WO6/g-C3N4 nanocomposite for the decomposi-
tion of NO facilitated by reactive radical species c. Adapted with per-

mission (Ren et  al. 2021). Copyright 2021, Elsevier. Diagrammatic 
representation of: d difference in the work function of CeO2 (Wc) 
and polymeric g-C3N4 (WP) before contact, e induced internal elec-
tric field after contact, and f S-scheme charge transfer mode in 0D/2D 
CeO2/g-C3N4 heterojunction under visible light irradiation. Adapted 
with permission (Xia, P. et al. 2020). Copyright 2019, Wiley
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the inactivation process) by reducing molecular O2 and oxi-
dation of OH− at the conduction band of g-C3N4 and valence 
band of Ag2WO4, respectively. As a whole, the construction 
of S-scheme photocatalysts with suitable bandgap position-
ing can generate highly reactive radical species owing to 
the spatial distribution of oxidation sites and reduction sites 
exceedingly desirable for the photocatalytic bacterial inacti-
vation process. Table 1 summarizes various S-scheme pho-
tocatalysts for different photocatalytic systems.

Conclusion

Extensive research has been devoted to the progress of 
various photocatalytic systems. Studies to date have shown 
that single component photocatalysts are unlikely to attain 
adequate efficiency and stability for practical applications. 
Thus, multicomponent heterojunctions have been explored 
to enhance the light absorption ability, improve charge 
separation, and increase the lifetime of charge carriers. The 
present review describes the proposition of novel S-scheme 
photocatalysts with their potential in various photocatalytic 
realms. It is conspicuous that the S-scheme heterojunctions 
simultaneously acquire high redox ability and broaden solar 
energy utilization, thereby overcoming the inherent draw-
backs of traditional type-II and Z-scheme photocatalytic 
systems.

The S-scheme charge transfer route is benefited from the 
band edge bending, internal electric field, and Coulombic 
interactions between opposite charges. These stepwise con-
sequences are the key to eliminate the lower redox potential 
photogenerated electrons and holes while preserving the 
effective ones. We anticipate that the theoretical simulations 
and in/ex situ experiments provide an in-depth understand-
ing of the unique S-scheme mechanism. Precisely, the shift 
in binding energies in the X-ray photoelectron spectroscopy 
spectrum after forming the heterojunction, radical trapping 
tests through electron paramagnetic resonance studies, and 
the intact interfacial contact verified through atomic force 
microscopy analysis validate the S-scheme heterojunctions.

However, the existing challenges of a thermodynamic 
barrier, Fermi level adjustment, and optimized contact sur-
face area between oxidative and reductive photocatalysts are 
critical. Therefore, development in modifying S-scheme het-
erojunctions requires profound exploration in the following 
directions. Firstly, the deposition of co-catalysts onto the 
respective oxidation and reduction sites enhances the elec-
tron–hole pair separation rate and lowers the activation bar-
rier for the photocatalytic mechanism. Secondly, the incor-
poration of dopants tends to widen the Fermi level gap for 
its feasible alignment and alters the electronic structure to 
obtain extended solar energy absorption. Finally, the inter-
facial contact in the S-scheme photocatalysts is rationally 

controlled by constructing two-dimensional face-to-face 
heterojunctions to enlarge the space charge region, which 
serves as a charge recombination center.

Currently, the development of S-scheme photocatalysts 
is still at an early stage. The applications of S-scheme pho-
tocatalysts are limited mainly due to their usage as pow-
der photocatalysts and the suitable approach involving the 
selection of adjoining n-type semiconductors. Thus, it is 
highly desirable to expand the area of pioneering S-scheme 
heterostructures to attain environmental and energy-related 
photocatalytic concerns sustainably.
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