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Developing efficient and affordable catalysts is of great significance for 
energy and environmental sustainability. Heterostructure photocatalysts 
exhibit a better performance than either of the parent phases as it changes 
the band bending at the interfaces and provides a driving force for carrier 
separation, thus mitigating the effects of carrier recombination and back-
reaction. Herein, the photo/electrochemical applications of a variety of 
metal sulfides (MSx) (MoS2, CdS, CuS, PbS, SnS2, ZnS, Ag2S, Bi2S3, and 
In2S3)/TiO2 heterojunctions are summarized, including organic degradation, 
water splitting, and CO2 reduction conversion. First, a general introduction 
on each MSx material (especially bandgap structures) will be given. Then 
the photo/electrochemical applications based on MSx/TiO2 heterostructures 
are reviewed from the perspective of light harvesting ability, charge carrier 
separation and transportation, and surface chemical reactions. Special 
focus is given to CdS/TiO2 and PbS/TiO2-based quantum dot sensitized 
solar cells. Ternary composites by taking advantages of positive synergetic 
effects are also well summarized. Finally, conclusions are made regarding 
approaches for structure design, and the authors’ perspective on future 
architectural design and electrode construction is given. This work will 
make up the gap for TiO2 nanocomposites and shed light on the fabrication 
of more efficient MSx-metal oxide junctions in photo/electrochemical 
applications.
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1. Introduction

1.1. Scope of This Review

Sustainable development of human 
society has aroused serious environmental 
pollution problems and the depletion of 
fossil fuel resources. Thus, it is imperative 
to develop green and efficient technologies 
to control and reduce pollution growth, 
in combination with the exploration of 
renewable sources of clean energy. Solar 
energy is one of the most abundant green 
energy resources, which can be utilized by 
semiconductor materials to degrade toxic 
chemicals to environmentally friendly 
compounds, generate fuel (water splitting, 
reduce CO2 into renewable hydrocarbon 
fuels), and convert sunlight to electricity 
(solar cells). Since a pioneering work on 
photoelectrochemical (PEC) water split-
ting on a TiO2 electrode in 1972,[1] tita-
nium dioxide (TiO2) has been investigated 
in a large variety of environment, energy, 
and health-related applications owing to 
the commonly mentioned advantages 
including nontoxicity, abundant avail-
ability, good chemical/physical stability, 

ease of fabrication, and suitable potential for proton reduc-
tion.[2] As a versatile material, TiO2 has been regarded as a well-
known photocatalyst to initiate or accelerate specific reduction 
and oxidation processes on the surface upon irradiation. Poten-
tial applications are mainly focused on three aspects: (1) photo
catalytic degradation of organic pollutants, (2) water splitting 
for hydrogen or oxygen production, and (3) photocatalytic CO2 
reduction. The key factors determining the PEC performances 
involve light absorption, photogenerated charge separation and 
transportation, and carrier-induced surface reactions. However, 
single and pristine TiO2 material hardly achieve harmonious. 
With a wide bandgap (anatase of ≈3.2  eV, rutile of ≈3.0  eV), 
TiO2 can solely absorb UV light, accounting for less than 5% 
over the full solar resource, which is the biggest drawback of 
TiO2 material. The single phase and nanoscale features also 
induce fast recombination of the photogenerated electron–hole 
(e–h) pairs in TiO2, thus leading to a low quantum efficiency 
and poor PEC activity.

In recent years, there are several published reviews 
concerning on TiO2-based composites applied in PEC fields as 
constructing “junctions with built-in electric fields or chemical 
potential differences” is one of the most effective strategies. 

Adv. Energy Mater. 2020, 10, 1902355

http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.201902355&domain=pdf&date_stamp=2019-11-21


www.advenergymat.de

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1902355  (2 of 32)

www.advancedsciencenews.com

However, they mainly focus on the combination with metals/
nonmetal elements, oxides, and carbon-based materials (gra-
phene, carbon nanotubes),[3] metal sulfide (MSx) is rarely  
well-introduced except that Ma et  al.[2e] reviewed the funda-
mental mechanism and the emerging strategies for activity 
improvement of TiO2-based nanomaterials with emphasis on 
CdS, Dahl et  al.[3b] reviewed the composite TiO2 nanomate-
rials and emphasized on CdS/CdSe-TiO2 and PbS/PbSe-TiO2, 
Wang et al.[3c] reviewed the advanced progress of TiO2 nanotube 
array-based composites with emphasis on CdS. In particular, 
transition-metal dichalcogenides (TMDs) have attached many 
attentions recently due to their layered structures and some 
related unique photoelectronic properties, especially narrow 
bandgaps, high carrier mobility, and large surface areas, which 
are excellent candidates to enhance the PEC performance of 
TiO2 composites. In this regard, we propose this review relying 
on metal sulfide/TiO2 (MSx/TiO2) heterostructures based 
photoelectrodes in the applications of photodegradation, water 
splitting for H2 production, and photocatalytic CO2 reduction. 
The MSx materials discussed here are MoS2, CdS, CuS, PbS, 
Sn2S, ZnS, Ag2S, Bi2S3, and In2S3, and their bandgap posi-
tions are displayed in Scheme  1 for reference, which will be 
varied upon different fabrication strategies and testing condi-
tions. Moreover, ternary composites by taking advantages of 
positive synergetic effects between MSx and a secondary mate-
rial are well summarized to achieve a further improvement, 
including strategies of metal decoration, nanocarbon material 
modification, a secondary material cosensitization, which fur-
ther help suppress charge recombination, facilitate interfacial 
charge transfer, and offer extra active sites. In addition, special 
focus has been given to the quantum dot sensitized solar cells 
(QDSCs) based on CdS/TiO2 and PbS/TiO2 electrodes. At last, 
we make conclusions from the structure steering point of view 
and provide our outlook on future material design and electrode 
construction. This work will make up the gap of TiO2-based 
composites in photocatalysts and solar energy conversion.

1.2. General Mechanism of PEC Application

PEC process initiates from light absorption, so the first 
restriction originates from the number and energy of 
photons absorbed by the materials. First, when the photons 
are absorbed, electrons in the valance band (VB) of a semi-
conductor would excite into conduction band (CB), leaving 
holes in the VB. The photogeneration of e–h pairs is the 
fundamental process. The amount of e–h pairs is deter-
mined by the amount of absorbed photons. Then, the photo-
generated e–h would recombine immediately in most direct 
bandgap semiconductors, and release the corresponding 
energy, which is undesirable for the PEC reaction. As a 
result, the second dominant process is the separation and 
transfer of photogenerated e–h. When the electron and hole 
arrive at the surface of a semiconductor, they would combine 
and react with some special molecules or groups, such as 
hydroxyl, oxygen molecule, carbon dioxide, heavy metal ions, 
etc., which would be divided into different application fields, 
including degradation of organics, hydrogen generation, 
CO2 reduction, heavy metal ion reduction, and so on. The 

effective use of these separated e–h to initiate or accelerate 
specific reduction and oxidation processes on the surface is 
another important process.
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In order to enhance the PEC performance (photodegra-
dation, water splitting for H2 production, and CO2 reduc-
tion) of MSx/TiO2 heterostructures, three aspects could be 
considered:

i)	 Light harvesting ability: With a narrow bandgap, MSx (except 
ZnS in this review) can facilitate light absorbance across 
the visible and even infrared ranges, thus covering a signifi-
cant range of low energy bandwidth in the solar spectrum, 
improving the overall efficiency of the MSx/TiO2 hetero-
structures.

ii)	 Charge separation and transportation: Surface sensitiza-
tion with MSx is rather appealing, as the presence of het-
erojunction changes the band bending at the interface and 
provides a driving force for carrier separation in order to 
mitigate the effects of carrier recombination and back-
reaction, which in turn increases photo/electrochemical 
reactivity.[4] As an important II–VI semiconductor with 
a wide bandgap, ZnS can also be associated with TiO2 to 
increase the photoactivity because of its high potentials of 
conduction band e− and valence band h+,[5] which can effec-
tively separate the interfacial carriers, preventing carrier 
recombination.

iii)	Carrier-induced surface chemical reactions: Thanks to a favora-
ble band offset of MSx/TiO2 heterostructure, photogenerated 
electrons would migrate to TiO2, while holes are trapped in 
MSx. Redox reactions are free to occur at the separate sur-
faces since the possibility of charge recombination has been 
diminished. A large specific surface area and abundant active 
reaction sites are critical to afford a full contact with electrolyte 
and improve reaction efficiency in PEC processes. Ultrafine/
few-layered MSx nanosheets, especially MoS2, SnS2, Bi2S3, 
and In2S3 that endow intrinsic layered structures, are favored 
to provide more exposed active edge sites for surface chemi-
cal reactions.

Thus, considering that metal sulfides display unique prop-
erties and advantages, MSx/TiO2 composites exhibit great 
potential in the PEC applications. Detailed mechanism will be 
introduced case by case for each metal sulfide.

1.3. Basic Principle of QDSCs and Properties of MSx QDs

QDSCs have become one of the most popular research topics 
for the next generation of solar cells, because quantum dots 
(QDs) offer impressive ability to harvest sunlight, advanta-
geous features of photostability, high molar extinction coef-
ficients, size-dependent optical properties, ease of fabrication, 
and low cost. Compared with organic dye molecules and lead 
halide perovskites, QDs are more stable and controllable in 
the practical applications of solar cells. Derived from dye-sen-
sitized solar cell (DSC), QDSC employs QDs as the light har-
vesting material to generate charge carriers instead of organic 
dye molecules.[6] The structure of a QDSC generally composes 
of a QD-sensitized photoanode, an electrolyte, and a counter 
electrode (CE). Upon light illumination, the QDs absorb solar 
energy and generate e–h pairs. Then, the excited electrons in 
the CB of the QDs are quickly injected into the CB of a metal 
oxide (generally TiO2) electron-transporting/acceptor material 
(ETM) under the driving force arising from the CB energetic 
difference between the QDs and metal oxide, thereby achieving 
a charge separation process. The electrons transfer through the 
metal oxide film to the transparent conductive oxide substrate 
and then to the CE through an external circuit. Meanwhile, 
the oxidized QDs are regenerated by reduced species of the 
redox couple in the electrolyte, while the oxidized species of 
the redox couple are reduced by the electrons from the external 
circuit under the catalysis of CE.[7]

Two fundamental preparation methods are used for QD sen-
sitizers: in situ and ex situ fabrication.[7b] The former includes 
chemical bath deposition (CBD) and successive ionic layer 
adsorption and reaction (SILAR). The latter involves the attach-
ment of presynthesized colloidal QDs either by using molecular 
links with functional groups or by direct adsorption without 
linkers. The in situ one usually performs better than the ex situ 
technique when assembling QDSC and both are applicable in 
large-scale production. However, the precise control of the par-
ticle size distribution becomes a big challenge.

TiO2-based electrodes sensitization with CdS QDs or PbS 
QDs are promising for enhanced power conversion efficiency 

Adv. Energy Mater. 2020, 10, 1902355

Scheme 1.  Bandgap values and band edge positions of TiO2 and MSx discussed in the study. All the energy levels are referenced to normal hydrogen 
electrode (NHE) scale. Noted that the uncertainty in the edge positions can be amount to a few tenths of eV for MSx considering the preparation 
strategies and testing conditions.
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(PCE) in QDSCs owing to the size-dependent optical absorb-
ance (driven mainly by quantization effects), improved light-
to-electrical energy conversion (boosted by multiple-exciton 
generation), and enhanced interfacial carrier separation. As 
the core component, ideal QD sensitizers endow the following 
characteristics: (1) a narrow bandgap to absorb sunlight over 
the solar spectrum and a high absorption coefficient to harvest 
more light; (2) hot carrier injection from higher excited state 
to the CB of TiO2 through light irradiation; (3) good stability 
toward light, heat, and electrolyte; (4) simple preparation and 
low toxicity.[7a] The key issue lies in the difficulty to balance the 
light-harvesting efficiency and electron-injection efficiency. For 
CdS QDs, their CB edge is suitable for effective charge sepa-
ration, however the light harvesting range is narrow due to a 
relatively wide bandgap. On the contrary, PbS QDs possess a 
narrower bandgap, but their CB edge is lower and thus their 
electron-injection efficiency is compromised. The detailed 
QDSC performance regarding these two QDs will be discussed 
case by case.

2. MoS2/TiO2 Heterostructures

2.1. Basic Properties of MoS2

MoS2 is a recently well-reported member of TMDs due to its 
graphite analogous structure and corresponding graphene-like 
properties, inherently beneficial for catalysis and water split-
ting applications.[8] The bulk MoS2 comprises layers of S-Mo-S 
coupled with weak van der Waals interactions. Each layer is 
built up of an intermediate plane of Mo atoms sandwiched 
between two S atoms with strong covalent bonds. The highly 
anisotropic structure allows top-down exfoliation to obtain 
ultrathin flakes by mechanical/chemical processes, and bottom-
up synthesis of thin films, nanoplates, nanoribbons, etc.[9]

The interest in MoS2 for photo/electrochemical applica-
tions stems from its narrow bandgap that closely matches the 
solar spectrum and from its stability against photocorrosion.[10] 
When its dimension being reduced to atomically thin layers, 
monolayer/few-layer MoS2 possesses a direct optical bandgap 
of ≈1.9 eV,[11] which crosses over to an indirect one of ≈1.2 eV 
for bulk counterpart (Figure  1a).[12] Unfortunately, the CB 
energy level of bulk MoS2 is less negative than that of TiO2, thus 

electrons would not transfer from MoS2 to TiO2. While few-lay-
ered MoS2 exhibits quantum confinement effects, which leads 
to an increased bandgap and a change in the redox potentials. It 
endows a more positive CB edge potential than TiO2 but more 
negative than H+/H2 redox couple, indicating the cocatalyst role 
in the enhanced photocatalytic H2 production of TiO2. Interest-
ingly, the CB edge potential of monolayer MoS2 is more negative 
than that of TiO2, making easily electron transfer from MoS2 to 
TiO2 (Figure  1b).[13] Tao et  al.[13d] presented clear experimental 
evidence for type II band alignment and upward band bending 
(0.55 eV) at the interface of monolayer MoS2/TiO2 composites. 
The unique interface band positions introduced a strong built-in 
electric field for efficient e–h separation (Figure  1c). Neverthe-
less, in semiconductor terminology, its bandgap value is different 
from the optical one which depends on the dielectric environ-
ment and at least 0.3 eV larger than the optical bandgap.[14]

2.2. Photodegradation of Organic Pollutants

2.2.1. Band Engineering for Visible-Light Photodegradation

Extensive studies have been reported to realize visible light 
induced photodegradation based on MoS2/TiO2 heterostruc-
tures (Table 1). The role of MoS2 was reported to be an effective 
photosensitizer in analogy to quantum dot sensitization, which 
led to enhanced degradation of organic molecules.[15] The  
UV–vis absorption spectra of pure TiO2 nanostructures com-
monly revealed a significant absorption edge at wavelength 
shorter than 400  nm owing to the intrinsic bandgap absorp-
tion.[23] After forming a heterostructure with MoS2, the absorp-
tion edge redshifted with enhanced absorption in visible light 
region (e.g., ≈450  nm) due to the chemical bonding between 
TiO2 and MoS2.[24]

In order to further enhance the visible-light-responsive 
photoactivity and take advantage of dual functional materials, a 
secondary narrow bandgap material, such as CdS (≈2.4 eV),[25] 
g-C3N4 (≈2.7–2.8  eV),[26] or Ag3PO4 (≈2.45  eV),[27] was used 
to form a ternary composite with MoS2/TiO2. These ternary 
photocatalysts exhibited enlarged spectral response to visible 
light region and improved photocatalytic performance due to 
the synergetic effect of two narrow bandgap materials, which 
further facilitated the separation of e–h pairs.

Adv. Energy Mater. 2020, 10, 1902355

Figure 1.  a) Band structures calculated from first-principles density functional theory (DFT) for bulk and monolayer MoS2. Reproduced with 
permission.[10] Copyright 2012, Nature Publishing Group. b) Energy diagrams of conduction band and valence band edge potentials in different sized 
MoS2. Reproduced with permission.[6] Copyright 2015, Wiley-VCH. c) Illustration of band bending and charge separation mechanism for 2D MoS2/
TiO2 hetero-thin film. Reproduced with permission.[13d] Copyright 2015, AIP Publishing.
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Table 1.  Summary of MoS2/TiO2-based heterostructures applied in photodegradation of organic pollutants.

Photocatalysts Loading methods Light source Surface area  
[m2 g−1]

Catalyst amount Pollutant Degradation % Ref.

MoS2 nanosheets@TiO2 

nanotube array

Hydrothermal 230 W Hg lamp, λ = 365 nm – ≈1 mg; 1.766 cm2 RhB (5 mL,  

10 mg L−1)

85.3%, 120 min [33]

MoS2 nanodots/TiO2 NPs Liquid exfoliation High pressure Hg lamp – 20 mg RhB or MB (40 mL,  

10 mg L−1)

100%, 20 min [15c]

MoS2 nanosheets/TiO2 NPs Liquid exfoliation XG500 Xe lamp – 50 mg MB (250 mL,  

20 mg L−1)

91.4%, 60 min [16]

TiO2 nanorods@MoS2 

nanosheets

Hydrothermal 20 W tungsten halogen lamp – 0.01 g MB (100 mL,  

10 mg L−1)

90% within 100 min [31]

MoS2 nanoflowers@TiO2 NPs – <90% within 100 min

TiO2 NPs/MoS2 NPs Solvothermal Two Hg lamps 118 100 mg MB (300 mL  

of 5 ppm)

65%, 120 min [15b]

MoS2 nanosheets/TiO2 

nanobelts

Hydrothermal 300 W mercury lamp  

with λmax = 365 nm

72.2 20 mg MO (20 mL,  

20 mg L−1)

100%, 15 min [4b]

MoS2 nanocluster/TiO2 NPs Deposition-calcination 30 W daylight lamp 91.5 0.1 g MO (150 mL,  

20 mg L−1)
≈89%, 120 min [17]

MoS2 NPs/TiO2 NPs Hydrothermal 400 W Xe lamp – – Phenol (40 mL, 

20 ppm)

100%, 240 min [18]

125 W Hg lamp – – Phenol (40 mL,  

60 ppm)

100%, 70 min

MoS2 nanosheets/TiO2 

nanosheets

Hydrothermal 250 W Hg lamp 98 20 mg MB (100 mL,  

4 × 10−5 m)
≈90%, 60 min [40]

MoS2 nanosheets/TiO2 

nanodrums

Hydrothermal 250 W Hg lamp 84 20 mg MB (100 mL,  

4 × 10−5 m)
≈70%, 60 min [19]

MoS2 nanosheets/TiO2  

hollow spheres

Hydrothermal 300 W Xe lamp, λ ≥ 420 nm 0.01 g Phenol (60 mL,  

10 mg L−1)

78%, 150 min [20]

MoS2 nanoflower/TiO2  

nanotube arrays

Hydrothermal 500 W Xe lamp, λ > 420 nm – 10 mg MB or levofloxacin 

(50 mL, 10 mg L−1)

100%; 150 min for 

MB; 180 min for 

levofloxacin

[21]

MoS2 nanosheets/TiO2 

nanofibers

Hydrothermal 50 W Hg lamp, λ = 313 nm 37.37 0.01 g RhB or MO (100 mL,  

10 mg L−1)

98.2% for RhB; 97% 

for MO in 30 min

[22]

N-TiO2 NPs/MoS2 nanosheets Hydrothermal 300 W Xe lamp, λ > 400 nm – 50 mg MB (50 mL,  

10 mg L−1)

98.5%, 120 min [29]

N-TiO2−x nanospheres@MoS2 

nanosheets

Hydrothermal 300 W Xe lamp, λ > 420 nm – 50 mg MO (50 mL,  

10 mg L−1)

91.8%, 120 min [30]

MoS2 NPs/CdS NPs/ 

TiO2 NPs

Solvothermal 500 W Xe lamp, λ > 420 nm – 7.5 mg MB (15 mL,  

5 mg L−1)

72%, 160 min [25]

TiO2 NPs/g-C3N4 nanosheets/

MoS2 nanosheets

Ultrasonic exfoliation

Solvothermal

XG500 Xe lamp 192.2 100 mg MO (250 mL,  

20 mg L−1)
>90%, 60 min [26]

Ag3PO4 NPs/TiO2  

nanofibers@MoS2 sheets

Hydrothermal 800 W Xe lamp 0.25 g MO or MB (500 mL,  

2.5 mg L−1)
>92%; 12 min for 

MO, 5 min for MB

[27]

MoS2 nanosheets/P25/

graphene aerogel

Hydrothermal 300 W Hg lamp,  

λmain = 365 nm

– 25 mg MO (100 mL,  

20 mg L−1)

100%, 15 min [42]

TiO2-RGO NPs/MoS2 

nanosheets

Hydrothermal Sunlight irradiation – 50 mg MB (100 mL,  

10 mg L−1)

100%, 100 min [43]

MoS2 QDs/TiO2 NPs/

graphene

Hydrothermal A solar simulator with  

150 W Xe lamp

67.8 40 mg RhB (80 mL,  

10 mg L−1)
>80%, 80 min [44]

TiO2 nanobelts@MoS2 

nanosheets

Hydrothermal 300 W Xe lamp,  

λ = 280−700 nm

44.9 1 mg RhB (10 mL,  

15 mg L−1)

100%, 20 min [15a]

TiO2 nanobelts/MoS2 NPs Hydrothermal 500 W Xe lamp 70 mg RhB (70 mL,  

10 mg L−1)

100%, 90 min [32c]

MoS2 nanobelts/TiO2  

nanotube arrays

Photo-assisted 

electrodeposition

500 W Xe lamp,  

λ ≥ 410 nm

– MB (20 mg L−1);  

Sulfadiazinmu  

(10 mg L−1)

>60% for MB, 64% 

for SD in 240 min

[24]
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The other intelligent strategy is doping with nonmetal impu-
rities. For instance, considering comparable atomic size with 
oxygen, small ionization energy, metastable center forma-
tion, and good stability, nitrogen has been widely investigated 
to dope with TiO2 in wastewater treatment application under 
visible light irradiation.[2a,28] Doping with N contributes to nar-
rowed bandgap through embedding N atom into the lattice 
of TiO2, which creates the overlap of O 2p states and N 2p 
states on the top of VB of TiO2 at substitutional lattice sites or 
intergap states, thereby enhancing the visible light absorption. 
Tang et al.[29] found that the cooperative effect of N doping and 
MoS2 nanosheets decoration helped greatly enhance the visible 
photocatalytic degradation of methyl blue (MB). Liu et  al.[30] 
designed an efficient 3D flower-like core–shell structure photo
catalyst (N-TiO2−x@MoS2) with codoped N and Ti3+ and coupled 
with MoS2 nanosheets. Similarly, Ti3+ self-doping induced local 
states formed at the bottom of CB of TiO2 by introducing Ti3+ 
or oxygen vacancies into the lattice, beneficial for visible light 
absorption.

2.2.2. Morphology Engineering and Dye Adsorption Capability

The morphological difference of MoS2/TiO2 heterojunctions 
generated from different synthetic routes exerts a huge impact 
on the photocatalytic activities. Yu group reported two types of 
MoS2 titania heterojunctions via two facile hydrothermal pro-
cesses.[31] One was a 3D TiO2-based composite with wave-like 
MoS2, defined as TiO2@MoS2 (Figure 2a,b), where single MoS2 
sheets consisting of 5–9 MoS2 layers ran through the gaps 
between TiO2 nanorods. Owing to large percentage of highly 
reactive (001) planes of TiO2 nanorods as well as the increased 
number of gaps on the surface, the TiO2@MoS2 composites 

showed a better photocatalytic performance and adsorption 
ability. The other is a MoS2 nanoflower based composite with 
TiO2 nanoparticles (NPs) with a diameter of 10  nm, defined 
as MoS2@TiO2 (Figure  2c,d). The MoS2@TiO2 composites 
exhibited better field emission performance because of the vast 
distribution of TiO2 NPs serving as sharp edges for emitting.

On the other hand, the layered MoS2 nanosheets with a large 
surface area were reported to be excellent toward dye adsorp-
tion and the dye adsorption capability obviously matters in the 
subsequent catalytic process.[32] Zhou et  al.[15a] reported a 3D 
hierarchical core–shell TiO2@MoS2 configuration via a hydro-
thermal route using TiO2 nanobelts as template to inhibit the 
growth of MoS2 crystals along c-axis, resulting in surface coating 
by few-layer (thickness of ≈5 nm, <7 layers) MoS2 nanosheets 
(Figure 2e,f). The TiO2@MoS2 (50% wt MoS2) heterostructures 
showed a strong adsorption toward Rhodamine B (RhB) with 
the adsorption value of 103.24  mg g−1 in dark owing to the 
large specific surface area (44.8 m2 g−1). In contrast, the syn-
thesized MoS2 NP-coated counterpart showed lower adsorption 
ability toward RhB with a value of 33.7 mg g−1. They claimed 
that both the surface area and unique morphology of MoS2 con-
tributed to the strong dye adsorption ability, thus resulted in 
superior photocatalytic efficiency by completely degrading RhB 
in 20  min under visible light irradiation. Similarly, Li et  al.[4b] 
demonstrated the fabrication of MoS2/TiO2 hybrid comprising 
few-layer MoS2 nanosheets and ultrafine TiO2 nanobelts with a 
high specific surface area (72.2 m2 g−1), which greatly enhanced 
the adsorption of dye molecules and separation ability of photo
induced carriers, endowing a high photocatalytic efficiency in 
both UV and visible light regions.

Besides TiO2 nanobelts, TiO2 nanotube arrays were used as 
substrates to load MoS2 nanosheets that grew evenly over both 
the tube top surface and the intertubular voids with a large 
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Figure 2.  SEM and TEM images of a,b) TiO2 rods@MoS2 nanosheets composite, and c,d) MoS2 nanoflowers@TiO2 nanoparticles composite. 
Reproduced with permission.[31] Copyright 2015 Royal Society of Chemistry. e,f) TiO2 nanobelts@MoS2 nanosheets composite (50 wt% of MoS2). 
Reproduced with permission.[15a] Copyright 2013 Wiley-VCH. g,h) TiO2 nanotubes@MoS2 nanosheets composite. Reproduced with permission.[33] 
Copyright 2016, Wiley-VCH.
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scale (Figure  2g,h).[33] The efficiency toward RhB degradation 
of TiO2@MoS2 composite was ≈1.8 times higher than that of 
commercially available P25. Moreover, in order to overcome 
the drawbacks of suspension catalytic systems of MoS2/TiO2 
powdery composites, activated carbon fibers with high specific 
surface area[34] and porous zeolite[35] were reported to use as 
the carrier for MoS2/TiO2 catalyst to pursue the synergism of 
adsorption and catalysis.

2.2.3. Effect of Exposed Crystal Facets in TiO2

In addition to surface area, morphology of composites, and 
loading amounts of MoS2, the exposed crystal facets of TiO2 are 
critical in determining the photocatalytic efficiency. There are 
three different exposed facets: (001), (100), and (101) for TiO2, 
and their average surface energies follow the order: 0.90 J m−2 
for (001) > 0.53 J m−2 for (100) > 0.44 J m−2 for (101).[36] Most 
anatase TiO2 crystals were dominated by the thermodynami-
cally stable (101) facets instead of (001) with higher surface 
energy.[37] Many experimental and theoretical results have 
revealed that the (001) facets show higher photocatalytic activity 
than (101) due to the presence of more undercoordinated 
atoms.[36,38] While for MoS2/TiO2 (001) composite system, the 
first systematically theoretical study on electronic and optical 
absorption properties was reported by Cao’s group using den-
sity functional theory (DFT) in 2014.[39] The layer-structured 
MoS2 combination effects on energy gap, interfacial charge 
transfer, and visible light response of the composite were sys-
tematically investigated. Then Zhang et al.[40] demonstrated that 
2D MoS2 grown on (001) facets of TiO2 nanosheets displayed a 

face-to-face contact, which was an ideal transmission channel 
to effectively separate the photocarriers with less scattering 
(Figure 3a–c). The CB and VB of (001) facets of TiO2 are little 
higher than those of (101) facets, so photoinduced electrons 
would transfer to (101) surface while photoinduced holes would 
transfer to (001) surface, and then be extracted by MoS2 for 
photodegradation.

2.2.4. Effect of Electrical Conductivity

The poor electrical conductivity of MoS2 highly restricts its cocat-
alytic activity, thus the photoelectrons can be derived from photo-
catalysts, and the recombination of e–h pairs is impeded. Other 
conducting materials (graphene,[41] graphene aerogel,[42] and 
reduced graphene oxide[43]) are introduced to improve the elec-
trical conductivity and activity. Graphene exhibits high specific 
surface area, excellent electronic behavior, and superior electron 
mobility, and it has been recognized as an efficient cocatalyst 
for photocatalytic reactions. Gao et al.[41] reported a facile one-
pot solvothermal method to fabricate MoS2 QDs-graphene-TiO2 
composite where graphene played a key role during the for-
mation of MoS2 QDs instead of layered nanosheets. However, 
the large accessible surface area in the composite system was 
unfortunately sacrificed given that graphene sheets were prone 
to aggregate with each other, hindering the electrolyte ion 
infiltration and resulting in a great loss of electroactive sites. 
Then 3D graphene macrostructures (hydrogels and aerogels) 
have been developed to form ternary composites,[42] and the 
improved photoactivity was attributed to the porous frame-
work, good electrical conductivity, and the maximization of 
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Figure 3.  a) Structure model for the interface between MoS2 and TiO2(001) surface: (Left) top view and (Right) side view. Red, light gray, yellow, and 
blue-green balls represent O, Ti, S, and Mo, respectively. b) A schematic diagram of carrier exchange in the heterostructure, and c) photoinduced elec-
trons and holes separated by (101) and (001) facets of anatase TiO2. Reproduced with permission.[40] Copyright 2016 Elsevier. d) Schematic structure 
and proposed reaction mechanism of 3D MoS2/P25/graphene-aerogel networks, and e) their catalytic performance for MO degradation. Reproduced 
with permission.[42] Copyright 2014 Elsevier. Copyright 2019 Elsevier. f) The charge carriers transfer process in TiO2-RGO/MoS2 hybrid composite under 
UV light irradiation. Reproduced with permission.[43] Copyright 2016 The Royal Society of Chemistry.



www.advenergymat.de

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1902355  (8 of 32)

www.advancedsciencenews.com

accessible sites, and the positive synergetic effect among the 
three components in the hybrid (Figure 3d,e). Interestingly, the 
graphene oxide can be (partly) reduced to graphene-like sheet 
by removing the surface attached oxygen-containing functional 
groups to restore the sp2-hybridized network. The reduced  
graphene oxide (RGO) sheets are usually considered as one 
kind of chemically derived graphene and they were reported[44] 
to show better properties than GO. Ke’s group[43] reported 
anatase TiO2 NPs coupled with a RGO/MoS2 hybrid junc-
tion (TiO2-RGO/MoS2) where RGO behaved like a conductor. 
It accepted only electrons and transported them to the active 
sites of MoS2 cocatalyst surface under UV light irradiation 
(Figure 3f). The electron paramagnetic resonance (EPR) spectra 
revealed that the interfacial charge transferred from TiO2 to 
MoS2 surface via the RGO nanosheets.

2.3. Solar Hydrogen Production

Typically, the photocatalytic H2 production activity of TiO2 is 
strongly dependent on the type and amount of cocatalyst con-
sidering the poor activity of bare TiO2.[45] When coupling MoS2 
with TiO2, both experimental results[15a,46] and theoretical 
calculations[39] have revealed an obvious redshift in the optical 
absorption edge and an enhanced absorption ability in the vis-
ible and UV light region compared with bare TiO2, as a result 
of feasible charge separation and transfer, and improved visible 
light response. Many recent reports indicated that layered MoS2 
could function as an effective electron-cocatalyst in photocata-
lytic hydrogen evolution reaction (HER) and even become a 
promising alternative to noble-metal catalysts.[47]

The principal catalytic mechanism for layered MoS2 is that 
the unsaturated S atoms on the crystalline MoS2 edges can 
work as the efficient active sites to rapidly capture protons from 
solution, and then promote the direct reduction of H+ to H2 by 
photogenerated electrons[8,48] whereas the basal planes are cata-
lytically inert, limiting the overall performance. By reducing the 
dimension along the in-plane direction, the edges of 2D MoS2 
are extensively exposed, and the electronic and catalytic proper-
ties are effectively enhanced. These edge sites have been dem-
onstrated to possess metallic electronic states.[49] Therefore, 
tuning the architecture of MoS2 to preferentially edge-exposed 
sites as much as possible is promising in the improved solar 
hydrogen production performance.[9b] Besides, the electrical 
conductivity, efficient interfacial charge separation efficiency 
and crystal phases of MoS2 also play significant roles in the 
hydrogen production performance. In most cases, several 
factors exert a synergistic effect. Table 2 lists the water splitting 
performance of MoS2/TiO2-based photoelectrodes.

2.3.1. Morphology Control

To date, various MoS2 morphologies in the TiO2-based 
heterojunction have been developed to expose abundant 
active edge sites, including 0D NPs,[46b,d,51] 2D few-layer  
nanosheets,[15a,46a,c,52] and 3D nanoflowers.[53] The 2D 
nanosheets would be more active than MoS2 NPs owing to a 
larger amount of exposed edge sites. The commonly loading 

strategy is a facile hydrothermal method which usually 
involves sodium molybdate and thioacetamide/sodium sulfide 
as precursors for the Mo and S sources, respectively. After 
reaction in the Teflon-lined stainless-steel autoclave for a cer-
tain period, few-layered MoS2 nanosheets with abundant active 
sites can be obtained. For instance, Yuan et  al.[46c] reported a 
novel 2D-2D MoS2/TiO2 composite where ≈6–9 layers of MoS2 
nanosheets were loaded on the surface of anatase TiO2 with 
exposed (001) facets, presenting superior H2 evolution perfor-
mance (2145 µmol h−1 g−1), even better than Pt/TiO2 photocat-
alysts with a 0D-2D structure (1368 µmol h−1 g−1), indicating 
that MoS2 nanosheets could act as a more efficient cocatalyst 
than Pt for photocatalytic H2 production (Figure  4a–c). The 
reason was most probably due to the greatly increased interfa-
cial contact and larger specific surface area for cocatalyst dis-
persion as well as a great number of active sites. Moreover, 
in the presence of a dye photosensitizer (Eosin Y), few-layer 
MoS2 nanosheet–porous TiO2 nanowire (shell–core) hybrid 
exhibited higher visible-light photoactivity with hydrogen 
generation rate of 16.7  mmol h−1 g−1 using triethanolamine 
(TEOA) as sacrificial agent.[52]

Interestingly, in contrast to hydrothermal method that 
required high energy or time-consuming, Zeng et al.[54] reported 
a self-sustained photo-driven microbial fuel cell (PMFC) reactor 
for in situ preparation of MoS2 nanosheets with more edge 
sites and constructed MoS2/polydopamine(PDA)/TiO2 elec-
trode for H2 generation online (Figure 4d–f). The biosynthesis 
route also provided special dual-electrons mode to dramatically 
hinder the recombination of photogenerated e–h pairs, leaving 
more opportunities for photoelectrons to take part in HER 
under bioelectric field. The ternary composite exhibited high 
electrocatalytic and photoelectrocatalytic activities.

2.3.2. Defect Engineering

The design of MoS2 nanostructures with preferential expo-
sure of active edge sites is dominant for enhanced PEC per-
formance. For MoS2, the preferentially exposed basal planes of 
the nanosheets are the thermodynamically stable (002) planes 
rather than the active edge planes.[55] In this regard, defect 
engineering may benefit the structural design to expose active 
edge sites by forming cracks on the surfaces of the nanosheets, 
and thereby dramatically improving the performance. Xie’s 
group[56] proposed a scalable pathway to realize defect-rich 
MoS2 ultrathin nanosheets by using excess amount of thio-
urea, because the absorbed CN2H4S molecules on the sur-
face of primary MoS2 nanocrystallites can partially hinder the 
oriented crystal growth and form a defect-rich quasiperiodic 
structure. Since then, many studies employed this strategy to 
produce defect-rich MoS2 nanosheets and widely applied in 
electrochemical energy storage fields.[57] In the PEC processes, 
defects also play a vital role by providing extra active sites for 
surface reaction and serving as recombination centers for elec-
trons and holes.[58] To take full advantage of narrow bandgap of 
MoS2, Guo’s group[59] proposed a combined physical vapor dep-
osition (PVD) and chemical vapor deposition (CVD) strategy 
to prepare MoS2@TiO2 laminate heterostructures with nearly 
full-solar-spectrum absorption. Both experimental results and 
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Table 2.  Hydrogen generation performance of MoS2/TiO2 composite based photocatalysts.

Photoelectrodes Loading method Light source Sacrificial reagent Surface area Amount Performance (H2 yield, 
J0,a)η(10),b)Jph,c) and Tafel 

slope; AQY,d) AQE,e) 
ABPEf))

Ref.

TiO2 nanobelts@MoS2 

nanosheets

Hydrothermal 300 W Xe lamp,  

λ = 280−700 nm
0.35 m Na2S + 0.25 m 

Na2SO3

44.9 m2 g−1 1.6 mg 1600 µmol h−1 g−1 [15a]

MoS2 nanosheets/TiO2 

nanosheets

Hydrothermal 300 W Xe lamp 10 v% CH3OH-H2O – 100 mg 2145 µmol h−1 g−1; 

AQY(360 nm) = 6.4%

[46c]

TiO2 nanofiber @MoS2 

nanosheets

Hydrothermal 300 W Xe lamp,  

λ = 320–780 nm
0.35 m Na2S + 0.25 m 

Na2SO3

27 m2 g−1 4 mg 1.68 mmol h−1 g−1  

(λ > 320 nm); 0.49 mmol 

h−1 g−1 (λ > 420 nm)

[46a]

MoS2 NPs/TiO2 NPs Ball-milling 300 W Xe lamp,  

λ > 380 nm

15% CH3OH-H2O – 200 mg 753.5 µmol h−1 g−1 [46d]

MoS2 NPs/TiO2 NPs Photodeposition- 

calcination

300 W Xe lamp  

(λ > 300 nm)

5% HCOOH – 30 mg 73.3 µmol h−1 g−1 [50]

TiO2 nanofibers@MoS2 

nanosheets

Hydrothermal 300 W Xe lamp,  

λ > 420 nm
5 v% TEOA + Eosin 

Y dye

66 m2 g−1 1.0 mg 16.7 mmol h−1 g−1 [51]

MoS2 nanosheets/

TiO2 NPs

Solvothermal AM 1.5G  

(300 W Xe lamp)

20 v% CH3OH 50 mg 119.5 µmol h−1 g−1 [50]

MoS2 nanosheets/TiO2 

nanobelts

Hydrothermal Solar simulator  

(300 W Xe lamp)

20 v% CH3OH-H2O 100 mg 75 µmol h−1 g−1 [4b]

MoS2 nanosheets/PDA/

TiO2 nanotube arrays

Bioelectrochemical 

synthesis
Xe lamp, 33 mW cm−2; 

λ > 420 nm

– – 4.32 m3 m−3 d−1;  

η(10) = 36 mV (SHE),  

53 mV dec−1

[53]

MoS2 nanosheets/CdS 

NPs/porous TiO2

Hydrothermal 300 W Xe lamp,  

λ > 400 nm
0.35 m Na2S + 0.25 m 

Na2SO3

63.39 m2 g−1 50 mg 4146 µmol h−1 g−1 [63b]

TiO2 nanofibers@MoS2 

nanosheets@CdS NPs

Hydrothermal 300 W Xe lamp,  

λ = 320–780 nm
0.35 m Na2S + 0.25 m 

Na2SO3

97 m2 g−1 20 mg 12.3 mmol h−1 g−1  

(solar light) or 6.2 mmol 

h−1 g−1 (visible light); 

AQE(365 nm) = 70.5%, 

AQE(420 nm) = 57.6%

[63a]

TiO2 NPs/MoS2 

nanosheets/graphene

Hydrothermal Four UV LED  

(3 W, 365 nm)

25% CH3CH2OH-H2O 171 m2 g−1 80 mg ≈2066 µmol h−1 g−1; 

AQE(365 nm) = 9.7%

[66]

g-C3N4 flower-like 

sphere/MoS2/TiO2 NPs

Hydrothermal 300 W Xe lamp,  

λ > 400 nm

1:3 CH3OH:H2O 92.9 m2 g−1 100 mg 1250 µmol h−1 g−1 [51c]

Au nanodots/MoS2 

nanosheets/TiO2  

nanotube arrays

CVD UV light 0.5 m H2SO4 – J0 = 71.6 µA cm−2;  

η(10) = 166 mV(Ag/AgCl)  

and 72 mV dec−1

[68a]

Ag NPs/MoS2 

nanosheets/TiO2−x 

nanobelts

Hydrothermal 300 W Xe lamp,  

λ ≥ 420 nm

20 v% CH3OH-H2O – 50 mg ≈1.98 mmol h−1 g−1 [68b]

MoS2 nanoflakes/TiO2 

film/Ti

Commercially available AM 1.5 G solar simulator 

(300 mW cm−2)

0.5 m H2SO4 – – η(10) = 114 mV(RHE), 

99 mV dec−1

[69]

MoS2 NPs/Pt NPs/

TiO2 NPs

Hydrothermal 300 W Xe lamp,  

λ > 400 nm
0.35 m Na2S + 0.25 m 

Na2SO3

20 mg, 1 cm2 4.18 mmol h−1 g−1, AQE 

(420 nm) = 12.54%

[67a]

Pt NPs@MoS2 

nanosheets/TiO2(B) 

nanobelts

Hydrothermal 250 W Xe lamp,  

λ ≈ 370−730 nm

0.5 m H2SO4 ≈0.34 mg cm−2 J0 = 0.296 mA cm−2;  

η(10) = 74 mV(Ag/AgCl)  

and 30 mV dec−1

[51a]

TiO2 nanorod array/ 

1T-MoS2 nanosheets

Lithium intercalation

Drop casting

AM 1.5 G solar simulator 

(100 mW cm−2)

0.5 m Na2SO4 ≈1 cm2 Jph ≈ 2.4 mA cm−2;  

ABPE = 0.81%@0.51 V 

(Ag/AgCl)

[70]

Porous TiO2/CdS 

QDs/1T-MoS2 

nanosheets

Chemical exfoliation 

method

Solar simulator,  

λ > 400 nm
0.25 m Na2S + 0.35 m 

Na2SO3

– – 1.47 mL h−1 cm−2@ 

1 V(RHE)

[71e]
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calculations confirmed that local surface plasmonic resonance 
(LSPR) of this nonmetal plasmonic heterostructure substan-
tially contributed to superior photocatalytic activity for H2 
evolution. It is worth noticing that S-vacancy and nonstoichio-
metric features of MoS2 nanoflakes were where free electrons 
and plasmonic resonance processes originated.

Apart from S-vacancy in MoS2,[60] numerous studies are 
emerged regarding the defect engineering of MoS2, including 
oxygen vacancy,[61] metal defects,[62] n-doped,[53a] and p-type 
doped MoS2.[63]

2.3.3. Facilitating the Interfacial Charge Transfer

A Secondary Semiconductor Cosensitization: To further facilitate 
the separation of photogenerated e–h pairs in MoS2/TiO2 het-
erojunction, a secondary semiconductor was developed to form 
ternary composites.[64] Li et al.[64c] constructed a 2D-2D-2D het-
erojunction with dual cocatalysts in which 2D Ti3C2 MXene 
and MoS2 nanosheets were acted as the electron mediator and 
reduction cocatalysts, respectively, on the (101) facets of TiO2 
with mainly exposed high-active (001) facets (Figure  4g). In 
this structure, electrons and holes are photogenerated on the 
(001) surfaces of TiO2, and then they can be transferred onto 
(101) and (001) facets of TiO2 due to the presence of surface 
heterojunction,[65] respectively. While the MoS2 can capture 
photogenerated electrons of (101) facets and behaved as reduc-
tion active sites. Moreover, the highly electron conductive Ti3C2 
acted as a source of titanium and a pathway to transfer photo-
generated electrons. Thus, the synergetic effect of the ternary 
composite could effectively enhance the charge separation effi-
ciency, leading to improved photocatalytic H2 production.

Nanocarbon Modification: Graphene with an appropriate 
redox potential that is less negative than the CB of TiO2 and 
more negative than the H+/H2 potential[66] was found to be 
an attractive supporting material for HER. The first study on 
the synergetic effect of MoS2 and graphene as cocatalysts of 
TiO2 with superior photocatalytic H2 production activity was 
reported by Xiang et  al., which reached a high H2 production 
rate of 165.3  µmol h−1 (≈2066  µmol h−1 g−1) with a quantum 
efficiency of 9.7% at 365 nm.[67] The photogenerated electrons 
on the CB of TiO2 could easily transport to MoS2 nanosheets 

through graphene, which acted as a conductive electron trans-
port “highway,” and then reacted with the adsorbed H+ ions at 
the edges of MoS2 to produce H2. Then Yang et al.[53c] reported 
a ternary g-C3N4/MoS2/TiO2 composite for H2 evolution due to 
the positive synergetic effect between MoS2 and g-C3N4 com-
ponents, which served as an electron collector and a source of 
active adsorption sites, respectively.

Metal Decoration: Pt-group noble metals activated ternary 
composites have been explored to be the most efficient con-
ventional electrocatalysts due to their low onset overpotential 
and high electrocatalytic activity, but the high cost and rarity 
in nature largely limit their industrial-scale utilization.[53a,68] 
Li et  al.[68a] prepared a ternary MoS2/Pt-TiO2 photocatalyst in 
which Pt NPs were distributed on the surface of TiO2-MoS2 
and between their junctions uniformly. The ternary structure 
exhibited an apparent quantum yield (AQY) value of 12.54% at 
420 nm, outperforming both the binary MoS2-TiO2 and Pt-TiO2 
systems owing to the efficient electron transport path and e–h 
separation mechanism. Pt NPs played two roles of storing CB 
electrons of TiO2 and acting as cocatalyst for reduction of pro-
tons to H2. Based on it, Paul et al.[53a] reduced Pt consumption 
without compromising the HER activity. Interestingly, S was 
doped in the TiO2 layer causing a high density of electrons in 
TiO2 that migrated to the MoS2 layer inducing n-type doping 
and thus TiO2 acted as an efficient photocathode.

Besides, other metal decoration such as Au and Ag was 
adopted to ameliorate the low conductivity of TiO2-MoS2 het-
erojunction and boost the charge transport efficiency.[69] 
Tao et  al.[69a] developed a ternary composite Au/MoS2/TiO2 
where the coverage and dimension of Au nanodots were well 
controlled by varying deposition time. The charge transfer 
resistance (Rct) values from Nyquist plot confirmed that the  
Au/MoS2/TiO2 hybrid (128 Ω) exhibited more facile electrode 
kinetics toward HER compared with MoS2/TiO2 heterostruc-
ture (671 Ω).

Controlling the Crystal Phases: The introduction of TiO2 
homojunction[70] with MoS2/TiO2 heterojunctions exerted a 
positive effect on the HER performance by effectively regu-
lating the charge separation and transfer pathways. More 
complex situation was found on the introduction of different 
crystal phases of MoS2. Generally, there are two main coordi-
nation configurations for Mo atoms: the octahedral (1T phase) 
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Photoelectrodes Loading method Light source Sacrificial reagent Surface area Amount Performance (H2 yield, 
J0,a)η(10),b)Jph,c) and Tafel 

slope; AQY,d) AQE,e) 
ABPEf))

Ref.

MoS2 nanosheets@

TiO2 nanorod arrays

Hydrothermal Solar simulator  

(300 W Xe lamp)
0.35 m Na2S + 0.25 m 

Na2SO3

≈9 cm2 8.43 µmol cm−2 h−1 [71a]

N-TiO2−x  

nanospheres@MoS2 

nanosheets

Hydrothermal 300 W Xe lamp,  

λ > 420 nm

1 m KOH 50 mg 1.882 mmol h−1 g−1 [30]

Ti3C2 MXene@TiO2 

nanosheets@MoS2 

nanosheets

Hydrothermal AM 1.5G solar simulator 

(300 W Xe lamp)
Acetone + TEOA 20.065 m2 g−1 10 mg ≈6.4 mmol h−1 g−1 [63c]

a)J0: exchange current density; b)η(10): overpotential at 10 mA cm−2; c)Jph: photocurrent density; d)AQY: apparent quantum yield; e)AQE: apparent quantum efficiency; f)ABPE: 
applied bias to PEC hydrogen generation efficiency.

Table 2.  Continued.
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and trigonal prismatic (2H and 3R phases). 2H semicon-
ducting phase is dominant and more stable in nature, which 
has two layers per unit cell stacked in the hexagonal symmetry. 
The unstable 3R type has three layers per cell in rhombohe-
dral symmetry, and can be easily transformed to 2H phase 
upon heating. While the shift of one of sulfur layers leads to 
the generation of 1T crystal phase corresponding to octahedral 
coordination of metal atoms. The 2H semiconducting phase 
can form composites with other semiconductors, while the 1T 
metallic phase only works as a cocatalyst like metal Pt. Thus, 
it is of great interest to probe the influence of these phases on 
the PEC performance.

Previous studies have suggested that 1T-MoS2 has higher 
catalytic activity than 2H-MoS2 due to superior electron con-
ductivity (3500 S m−1 for 1T MoS2; 1.43 S m−1 for 2H-MoS2)[71] 
and more active edge sites for H2 evolution.[71,72] Early in 2015, 
Raja et al.[72e] found that the biphasic crystalline structure (2H 
and 1T) with clear grain boundaries existed in a single layer 

of chemically exfoliated MoS2 with lattice fringes estimated to 
be 0.30 and 0.26 nm, respectively, in consistent with the litera-
ture.[73] The mixed phase MoS2 coupled with TiO2 based hetero-
junction has a more complex situation for H2 evolution consid-
ering the different catalytic mechanism of 2H semiconducting 
phase and 1T metallic phase. Very recently, Liu et  al.[72a] for 
the first time have clearly verified the photogenerated electron 
transfer process and photocatalytic mechanism between the 
mixed phase MoS2 and TiO2. When 2H-MoS2 layer was inter-
calated into the lattice of 1T-MoS2, the newly introduced energy 
band located in the vicinity of the pristine gap, leading to a con-
tinuous band across the Fermi level (Figure  4h,i). This result 
indicated that the mixed phase few-layer MoS2 nanosheets 
apparently showed the characteristic of 1T-MoS2 like Pt rather 
than as a semiconductor, which was favorable for accepting the 
photogenerated electrons from TiO2 to produce hydrogen. And 
the designed mixed phase MoS2@TiO2 exhibited two times 
higher activity than Pt@TiO2 for photocatalytic H2 evolution.

Adv. Energy Mater. 2020, 10, 1902355

Figure 4.  a) Energy diagram of charge transfer and photocatalytic H2 production processes in 2D-2D MoS2/TiO2 photocatalyst, b) Schematic diagrams 
showing that the 2D-2D MoS2/TiO2 photocatalyst exhibits much larger contact interface between the light-harvesting semiconductor and cocatalyst in 
comparison to the 0D-2D Pt/TiO2 composite. c) Rate of H2 production on TiO2 loaded with 0.50 wt% of different cocatalysts under irradiation from 
a 300 W Xe lamp in 100 mL of 10 vol% aqueous methanol solution. Reproduced with permission.[46c] Copyright 2015 American Chemical Society.  
d) Schematic illustration of fabrication MoS2 in the photo-driven microbial fuel cell system, e) possible catalytic mechanism, and f) catalytic perfor-
mance of MoS2/polydopamine/TiO2 for H2 generation. Reproduced with permission.[54] Copyright 2019 Elsevier. g) Schematic photocatalytic reaction 
mechanism for Ti3C2@TiO2@MoS2 composites under solar light irradiation. Reproduced with permission.[64c] Copyright 2019 Elsevier. h) Charge 
transfer process of MoS2@TiO2 under visible light and i) Perdew–Burke–Enzerhof (PBE) calculated band structures of 2H-MoS2, 1T- MoS2, and mixed 
phase MoS2. Reproduced with permission.[72a] Copyright 2018 Elsevier.
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2.4. Photocatalytic CO2 Reduction

Photocatalytic CO2 reduction into hydrocarbon energy fuels has 
attracted many attentions in recent years. Since the discovery 
of CO2 photoreduction by semiconductor by Inoue’s group,[74] 
tremendous endeavor has been done to realize CO2 conver-
sion more economically. There are a few reports on MoS2/TiO2 
heterojunctions acting as a catalyst for CO2 reduction reaction 
(CO2RR).[75] As reported, the conduction band minimum (CBM) 
of TiO2 (−0.29  eV) and MoS2 (−0.15  eV) are both more posi-
tive than the reduction potential of CO2/CH4 (−0.24  V), CO2/
CH3OH (−0.38  V), CO2/HCHO (−0.48  V), CO2/CO (−0.53  V), 
CO2/HCO2H (−0.61  V).[15b,76] It indicates that no matter how 
to couple TiO2 with MoS2 the hybrid nanostructured material 
fail to have enough reductive ability for photocatalytic reduc-
tion of CO2. Li et al.[75a] found that the yield was very low with 
gradually reduced Faraday efficiency when the composite elec-
trode was used as cathode for electrocatalytic (EC) reducing 
CO2 to methanol due to the unmatched CBM. Thus, they 
designed a new photoenhanced electrocatalytic (PEEC) way and 
obvious improvement on the faradaic efficiency (from 42.2% 
for EC to 1111.58% for PEEC and methanol yield (from 6.32 
to 14.49 mmol L−1) after applying illumination were achieved.

As discussed before, the unsaturated S atoms on the exposed 
edges of layered MoS2 are favorable for HER, while Mo atoms 
on the exposed edges avail the CO2RR as reported by Asadi in 
2014.[77] Hence, fewer unsaturated S and more Mo atoms on 
the exposed edges of MoS2 may favor the CO2RR, which is a big 
challenge to synthesize this kind of MoS2. Yu et al.[75d] proposed 

a smart strategy to prepare integrated 3D TiO2@MoS2 architec-
tures in which TiO2 nanosheet arrays worked as a scaffold to 
sustain the upper MoS2 spheres to be spatially divergent against 
aggregation, providing a large open space for CO2 adsorption 
and allowing a full contact with the electrolyte (Figure 5a–c). The 
unique structure also helped avoid the mismatch at the inter-
face. The prepared TiO2@MoS2 composite (TM3) showed a high 
activity toward CO2RR with a CO selectivity of ≈85% at −0.70 V. 
The formation of TiS bonds revealed by DFT calculations 
changed the electric properties of MoS2 layer and the adsorption 
characteristics of Mo exposed edges. The modulated MoS2 was 
robust for CO2 reduction due to the decrease of both binding 
energy of CO2 and energy barriers of CO2RR pathways (0.74 eV 
for MoS2 decreased to 0.47 eV over TiO2@MoS2), which was fur-
ther verified by the experimental electrochemical performance.

2.5. Other Applications

The MoS2/TiO2 heterojunctions are also reported to be applied 
in other energy storage applications, such as lithium-ion 
storage,[78] supercapacitors,[79] and dye-sensitized photovoltaic 
devices.[80] Dai et  al.[105] reported a strategy to prepare lattice 
mismatched TiO2@MoS2 composites with core/multishell 
nano-onion heterostructure, initiating from atomically thin 
TiO2 nanosheets followed by hydrothermal growth of MoS2 
shell with conformal surface coating. The composite exhibited 
superior electrochemical energy storage performance, espe-
cially at high current densities owing to the unique architecture.

Adv. Energy Mater. 2020, 10, 1902355

Figure 5.  a) Schematic illustration of the formation of TiO2@MoS2 architectures. b) Faradaic efficiency of CO and H2 at −0.70 V for TiO2, MoS2, and 
TM3 (TiO2@MoS2). c) DFT calculated zero potential free energy diagrams for the CO2RR to CO on the Mo exposed edges of monolayer MoS2 and 
TiO2@MoS2 (H2O and H are omitted for clarity). (O: red, S: yellow, C: black, H: white, Ti: gray, and Mo: light blue.) Reproduced with permission.[75d] 
Copyright 2018, Royal Society of Chemistry.
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2.6. Drawbacks of MoS2/TiO2

MoS2 nanostructures tend to form irregular aggregates or 
stacked layers which greatly shelters the catalytically active sites 
owing to overlapping. Many studies reported the successful 
realization of visible absorption based on MoS2/TiO2 hetero-
structure, however, it is still crucial to grow monolayer MoS2 to 
take advantage of the type II band alignment and achieve effec-
tive separation of e–h pairs. In addition, the different phases of 
MoS2 (2H, 1T) affect its conductivity and exposed active sites 
as well as play different role in the PEC processes, and how to 
precisely control the proper phase in the MoS2/TiO2 composite 
is still a big challenge. Most importantly, intentionally tuning 
the structure of MoS2 to preferentially edge-exposed sites needs 
more attention.

3. CdS/TiO2 Heterostructures

The second well-reported metal sulfide is CdS with a direct 
bandgap of ≈2.4  eV, which broadens the photocatalytic per-
formance to visible light region. The small bandgap of CdS 
allows the absorption of low energy photons from the visible 
light region up to 520  nm and its CB is more negative than 
that of TiO2 which should be beneficial to enhance the charge 
separation (Scheme  1). Therefore, sensitization of TiO2 with 
CdS nanostructures would make the photo-(electro-)chemical 
performance superior by increasing the ability to harvest vis-
ible light as well as improving interfacial charge separation. 
However, low photocatalytic efficiency and severe photocorro-
sion were reported for CdS without the presence of sacrificial 
reagents.

3.1. Photodegradation of Pollutants

The type II TiO2/CdS heterojunction can effectively separate 
e–h pairs, and result in superior performance in the photo-
degradation of organic pollutants in the waste water.[81] The 
accumulated electrons in the CB of TiO2 can be transferred 
to oxygen to form H2O2, which could be further reduced to 
hydroxyl radicals. The formed hydroxyl radicals could further 
degrade or mineralize organic dye to end products (H2O and 
CO2). Furthermore, holes accumulated in the VB of CdS could 
be consumed by participating in reaction with dye molecules 
directly to form intermediates or mineralized products.[82] Gen-
erally, the structure morphology and specific surface area of the 
heterostructure, exposed active facets of TiO2, and the effec-
tive contact between CdS and TiO2 obviously affect the pho-
tocatalytic performance. Here, we simply reviewed from TiO2 
morphological nanostructures point of view.

3.1.1. 0D TiO2

It was highly desirable to prepare porous CdS/TiO2 photocata-
lysts with a large surface area to enrich the amount of active 
sites, which was beneficial to the reactant molecules diffu-
sion and light absorbing ability.[83] In addition, a direct contact 

between CdS and TiO2 also played a vital role for efficient 
charge injection[84] which could not be achieved by ex situ 
methods in which presynthesized CdS NPs were deposited on 
the surface of TiO2. Yang et  al.[84a] proposed an in situ hydro-
thermal method to prepare TiO2-CdS heterostructures which 
realized over 90% degradation ratio for RhB in 15 min under 
UV–vis light irradiation. Mani et  al.[84b] developed a one-pot 
synthesis method through combustion technique to grow CdS/
TiO2, which induced proper connectivity between the con-
stituent materials and facilitated faster electron transfer rate 
at the heterojunction. Ternary composites were further devel-
oped to increase the photocatalytic performance. For instance, 
modifying with carbon materials helped increase the electrical 
conductivity and enlarge the surface area.[85] Adding another 
narrow bandgap material such as MoS2

86 proved to be a good 
choice for improving the utilization of visible light by taking 
advantages of the synergetic effect of MoS2 and CdS.

3.1.2. 1D TiO2

In contrast, 1D TiO2 exhibited superior electron transporta-
tion capability due to the excellent vectorial path for efficient 
interfacial charge transfer. Thus, CdS-modified TiO2 nanotube 
array,[87] nanofibers,[88] nanobelts,[89] and nanorod arrays[90] 
exhibited excellent photodegradation performance.

3.1.3. 2D TiO2

Two different electron transfer processes were formed by selec-
tively depositing CdS NPs on h+-rich (001) or e−-rich (101) 
facets of TiO2 nanosheets, which greatly affected the photocata-
lytic efficiency and anticorrosion of CdS. Specifically, a typical 
type II alignment and direct Z-scheme system were formed 
in (001) TiO2/CdS/CDots and (101) TiO2/CdS/CDots, respec-
tively, the inner electric field generated by the p-n heterojunc-
tion would drive away the e–h pairs spatially, resulting in the 
oxidation and reduction reactions separately occurred in two 
different regions. Unfortunately, this type II charge transfer 
process would seriously weaken the redox ability of CdS/TiO2 
and lead to severe photocorrosion of CdS. While the direct 
Z-scheme system would realize the spatial separation of e–h 
pairs and ensure strong redox ability as well as preventing  
corrosion of CdS.

3.2. Water Splitting and H2 Generation

A brief review on CdS/TiO2 composites applied in photocata-
lytic H2 generation has been published by Zhao et al. in 2015.[91] 
Here we only review the latest progress on CdS/TiO2 in PEC 
within the five years and the results are shown in Table 3.

3.2.1. CdS/TiO2 Electrodes

The type II alignment of CdS/TiO2 was reported to effec-
tively separate the e–h pairs and resulted in enhanced PEC 

Adv. Energy Mater. 2020, 10, 1902355
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Table 3.  PEC performance of CdS/TiO2-based heterostructures.

Photocatalysts Loading method Light source Surface area Amount Sacrificial reagent Performance  
(H2 yield; Jph;a); 
AQE;b) IPCE;c) 

EQEd))

Ref.

CdS NPs/TiO2 NPs One-pot combustion 

technique

Visible light  

(800–900 W m−2)
152 m2 g−1 100 mg 1 m Na2S + 1 m Na2SO3 11.8 mmol h−1 g−1 [84b]

CdS QDs/Ti3+-TiO2 

nanobelts

CBD 300 W Xe lamp,  

λ ≥ 420 nm

– 100 mg 20%CH3OH-H2OH + 0.5 

wt% H2PtCl6

4800 µmol h−1 g−1 [89b]

CdS NPs/TiO2 nanosheets SILAR 350 W Xe lamp 84 m2 g−1 0.05 g 25%CH3OH-H2O 1024 µmol h−1 g−1 [92c]

CdS/TiO2 porous hollow 

microspheres

Salt-assisted aerosol 

decomposition

Visible light 72.4 m2 g−1 50 mg + 1.5% Ru 0.35 m Na2S + 0.25 m 

K2SO3

19.920 mmol h−1 g−1 [92a]

CdS NPs/porous TiO2 

monolith

Template sol-gel and 

hydrothermal methods

300 W Xe lamp 65.96 m2 g−1 50 mg 0.35 m Na2S + 0.25 m 

Na2SO3

1048.7 µmol h−1 g−1 [92b]

CdS nanowires@TiO2  

ultrathin layer

Hydrothermal 150 W Xe lamp,  

AM1.5G filter

– 1.0 × 1.0 cm2 0.5 m Na2S + 0.5 m 

Na2SO3

Jph = 1.8 mA cm−2 

at 0 V vs RHE; 

47.5 mmol h−1 g−1

[92e]

CdS NPs@TiO2 NPs Hydrothermal White light  

(100 mW cm−2)

– – 0.25 m Na2S + 0.35 m 

Na2SO3

IPCE450 nm = 2.4% [92d]

CdS QDs/TiO2 hybrid 

nanostructures

SILAR Simulated sunlight 

(AM1.5, 100 mW cm−2)

– – 0.25 m Na2S + 0.35 m 

Na2SO3 + 0.1 m KCl

Jph = 2.31 mA cm−2  

at 0 V vs Ag/AgCl;  

IPCE = 25%

[94a]

CdS thin layer/TiO2  

nanotube arrays

ALD 300–650 nm 52 cm2 cm−2 – 0.1 m Na2SO4 IPCE450 nm > 60% [94b]

TiO2 nanorod film/ 

CdS NPs

Phase transformation 150 W Xe lamp  

(λ ≥ 400 nm)

– 1.0 × 1.0 cm2 0.25 m Na2S + 0.35 m 

Na2SO3

Jph = 9.65 mA cm−2 

at 0.8 V vs RHE; 

93.8 µmol h−1 cm−2

[94c]

CdS nanoflower/TiO2  

nanotube arrays

Hydrothermal Solar simulator  

(100 mW cm−2)

– 0.1 m Na2S + 0.02 m 

Na2SO3 (pH = 12.7)

≈80 µmol h−1 cm−2 [94d]

CdS nanoflower/TiO2 

nanorod arrays

Hydrothermal Solar simulator  

(100 mW cm−2)

– 1 cm2 0.1 m Na2S + 0.02 m 

Na2SO3 (pH = 11.5)

≈336 µmol h−1 cm−2 [94f ]

3DOM TiO2/Au NPs/ 

CdS NPs

CBD Visible light (420–780 nm);  

UV–vis light (250–780 nm)
66 m2 g−1 0.1 g 0.1 m Na2S + 0.1 m 

Na2SO3

1.81 mmol h−1 g−1 

(visible); 2.28 mmol 

h−1 g−1 (UV–vis)

[96a]

3DOM TiO2/Au NPs/ 

CdS NPs

CBD Visible light (λ ≥ 420 nm,  

158 mW cm−2)

28 m2 g−1 0.1 g 0.1 m Na2S + 0.1 m 

Na2SO3

3.50 mmol h−1 g−1 [96c]

CdS nanowire/Ag NPs/

TiO2 NPs

Hydrothermal 300 W Xe lamp – 100 mg 10 mL of TEOA + 5 mg 

of (NH4)2PtCl6 in 90 mL 

DI water.

1.91 mmol h−1 g−1 [100]

MoS2 NPs/CdS NPs/TiO2 

nanofibers

Photodeposition 300 W Xe lamp,  

λ ≥ 420 nm
46.27 m2 g−1 10 mg 10 v% lactic acid 28 mmol h−1 g−1, 

AQE (420 nm)  

= 19.3%

[106b]

Ti3C2(TiO2) NPs@CdS  

NPs/MoS2 NPs

Hydrothermal 300 W Xe lamp,  

λ > 420 nm

– 10 mg 0.5 m Na2SO4 8.47 mmol h−1 g−1 [106a]

TiO2 nanorod arrays/CdS 

QDs/Cu2S QDs

SILAR 300 W Xe lamp  

(100 mW cm−2)

– ≈1 cm2 0.35 m Na2S + 0.25 m 

Na2SO3

Jph = 13.65 mA cm−2 

at 0 V vs Ag/AgCl

[108]

TiO2 nanorod arrays/ 

CdS QDs

CBD Simulated sunlight,  

300 W Xe lamp

– 0.8−1.0 cm2 0.25 m Na2S + 0.35 m 

Na2SO3

Jph = 6.8 mA cm−2 

at 1.0 V vs RHE; 

39.2 µmol h−1 cm−2

[95]

g-C3N4 nanosheets@TiO2-

CdS QDs

Hydrothermal 4 LED lamps  

(3 W, 420 nm)
73.2 m2 g−1 50 mg 0.5 m Na2S + 0.5 m 

Na2SO3

1504 µmol h−1 g−1; 

EQE (420 nm)  

= 11.9%

[109b]

TiO2 nanorods/GQD/ 

CdS QDs

SILAR 500 W Xe lamp  

(≈90 mW cm−2)

– – 0.1 m Na2S Jph = 2.8 mA cm−2  

at 0 V vs Ag/AgCl

[112]

CdS QDs/SiO2 NPs/ 

TiO2 NPs

SILAR 300 W Xe lamp  

(100 mW cm−2)

– 1 × 1 cm2 0.5 m KOH Jph = 4.6 mA cm−2  

at 0 V vs Ag/AgCl;

[104]
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performance.[84b,92] In the H2 generation process, due to the 
reduction of S2−, sulfide sacrificial reagents are needed to 
reduce the photocorrosion of CdS, which implies that no 
oxygen generated for the CdS photoanode. Thus, considering 
the photocorrosion of CdS under light irradiation, some unique 
structural morphology should be considered. For example, Han 
et  al. fabricated a novel core–shell CdS/TiO2 nanostructure, 
and demonstrated that the thickness of TiO2 shell played an 
important role in the charge transfer process (Figure 6a,b).[92d] 
However, it was difficult to recycle the powdery photocatalyst, 
which greatly limited the further application in H2 generation. 
Liu et  al.[92e] constructed a novel PEC H2 fuel cell by using a 
transparent core–shell CdS@TiO2 nanotextile on FTO sub-
strate as the photoanode (Figure 6c). The coating of an ultrathin 
amorphous TiO2 layer (3.5 nm) not only effectively suppressed 
the active photocorrosion of CdS but also created a tunneling 
barrier for photogenerated holes to be trapped by sacrificial rea-
gent to promote efficient charge transfer. The results demon-
strated that under continuous illumination at 0 V versus RHE, 
an amount of 4.45 mL of H2 gas was generated, consistent with 
the expected amount of 4.46  mL, corresponding to a Faradaic 
efficiency close to 100% (Figure  6d). Surprisingly, the photo-
current showed only 9% decay after 9 h, suggesting its pro-
foundly enhanced PEC stability.

CdS QDs[89b,93] have been commonly used as photosen-
sitizers to form composites with TiO2 due to their high 
absorption cross-section and size-dependent optical proper-
ties.[168,173–175] 1D TiO2 nanostructures in the form of nanotube 
arrays, nanorods, and nanobelts are also commonly used as 
substrates to construct CdS/TiO2 photoanodes.[89b,93c,94] Inter-
estingly, Chen et al.[95] intentionally added an anatase seed layer 
into the interface between rutile TiO2 nanorods and FTO sub-
strate to form anatase/rutile homojunction, and found that 34% 
enhancement in H2 generation efficiency was achieved accom-
panied by improved chemical stability. The reason was possibly 
because the band alignment of the anatase/rutile junction 

increased the energy difference (ΔG) between the defect states 
of CdS and CB of TiO2, which provided an enhanced driving 
force of interfacial electron transfer, promoting more efficient 
electron collection efficiency.

3.2.2. Metal Decorated Ternary Composites

To further broaden the light absorption ability, plasmonic metal 
nanostructures (Au[96] or Pt[97]) are thoroughly investigated to 
decorate the CdS/TiO2 for enhanced PEC performance. For 
TiO2-Au-CdS ternary composite, there are two different internal 
charge transfer processes upon visible and UV–vis light irra-
diation (Figure  7a).[96a] Under visible light irradiation, only 
CdS can be excited to generate e–h pairs, the electrons of CdS 
will be transferred to the CB of TiO2 via Au NPs, while holes 
accumulate at the VB of CdS to keep the electrons and holes 
spatially separated. H+ is reduced on the surface of TiO2 and 
oxidation reaction occurs on the surface of CdS. The internal 
electron transfer process could be highly accelerated in the 
presence of Au NPs, leading to a higher H2 generation rate 
than the Au-CdS sample.[96c] While upon UV–vis light irradia-
tion, both TiO2 and CdS supply the e–h pairs, and the photo-
generated electrons of TiO2 would move to the VB of CdS 
through an Au core, and then recombine with holes of the CdS, 
which departs the electrons and holes spatially, forming the typ-
ical electron-transfer pathway of Z-scheme photocatalyst.[92c,98] 
The reduction and oxidation reactions would proceed on the 
CB of CdS and VB of TiO2, respectively. Referring to Z-scheme 
type photocatalysts, Fan group designed several CdS/Au/TiO2 
ternary heterostructures using biomass templates (wood, but-
terfly wing, leaf) to grow hierarchical porous architectures 
ranging from macro-, micro-, to nanoscales,[99] which enhanced 
the overall light harvesting and offered abundant absorp-
tion and reaction sites for the catalytic reactions. The incor-
porated photocatalytic modules—CdS(shell)/Au(core)/TiO2 
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Photocatalysts Loading method Light source Surface area Amount Sacrificial reagent Performance  
(H2 yield; Jph;a); 
AQE;b) IPCE;c) 

EQEd))

Ref.

SnO2 nanosheet arrays/TiO2 

layer/CdS QDs

SILAR 300 W Xe lamp  

(100 mW cm−2)

– 1.5 × 4 cm2 0.25 m Na2S + 0.35 m 

Na2SO3

Jph = 4.7 mA cm−2 

at 0.9 V vs RHE; 

7.6 µmol mA−1 h−1

[103a]

CdS QDs/ZnO nanorods/

TiO2 nanosheets

SILAR 500 W Xe lamp  

(100 mW cm−2)

– – 0.25 m Na2S + 0.35 m 

Na2SO3

Jph = 12.1 mA cm−2  

at 0 V vs RHE

[105]

NiS NPs/CdS NPs/TiO2 

nanosheets

One-step sulfurization 300 W Xe lamp,  

λ > 420 nm

– 50 mg 0.25 m Na2S + 0.35 m 

Na2SO3

2149.15 µmol h−1 g−1 [107]

TiO2 nanotube arrays/PbS 

QDs/CdS QDs

Sonication-assisted 

SILAR

White light  

(λmain = 553 nm,  

5.9 mW cm−2)

– – 0.1 m Na2S + 0.2 m 

Na2SO3

Jph = 0.87 mA cm−2  

at 0 V vs SCE

[94e]

TiO2 nanorod arrays@CdS/

CdSe shell layer

CBD 150 W Xe lamp  

(100 mW cm−2)

0.25 cm2 0.3 m Na2S + 0.2 m 

Na2SO3

Jph > 35 mA cm−2  

at 0.3 V vs SCE

[111a]

Hollow sphere CdS@/TiO2 

layer/Ni2P NPs

Template CBD Xe lamp with  

AM1.5G filter
46.5 m2 g−1 10 mg 0.1 m Na2S + 0.1 m 

Na2SO3

13.912 mmol h−1 g−1 [110]

a)Jph: photocurrent density; b)AQE: apparent quantum efficiency; c)IPCE: incident photon to current conversion efficiency; d)EQE: external quantum efficiency.

Table 3.  Continued.
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Figure 7.  a) Transfer routes of photogenerated electrons and holes in the TiO2-Au-CdS ternary composites under UV–vis (Z-scheme type) and visible 
light irradiation (Type II heterojunction). Reproduced with permission.[96a] Copyright 2016, Elsevier. b) Photocatalytic H2 evolution rate over CdS-TiO2 
nanofibers loaded with 1% MoS2 or 1% Pt under visible light illumination, and c) the working mechanism for MoS2/CdS-TiO2 nanocomposites. Repro-
duced with permission.[106b] Copyright 2017, Elsevier. d) SEM, TEM, and HRTEM images of Au@CdS/TiO2 catalysts. e) Stability study on the formation 
rate of H2, CH4, and CO over Au@CdS/TiO2 catalyst for five test cycles. The values are magnified to ten times for CO formation rate. f) Mechanism 
for the photoreduction of CO2 with H2O over Au@CdS/TiO2 catalysts. Reproduced with permission.[115b] Copyright 2015, Elsevier.

Figure 6.  a) TEM images of samples: pure CdS, 2:1 CdS/TiO2, 1:1 CdS/TiO2, and 1:2 CdS/TiO2 and b) their transient bleach kinetics (λpump = 400 nm). 
The shorter photoexcited electron lifetime means better electron transfer from CdS to TiO2. Reproduced with permission.[92d] Copyright 2015, Royal 
Society of Chemistry. c) Structural morphology, and d) the Faradaic efficiencies and trace H2 amounts from the CdS@TiO2 textile electrodes. The black 
dashed lines and spheres are the theoretical and measured amounts of evolved H2, respectively. Reproduced with permission.[92e] Copyright 2017, 
Royal Society of Chemistry.
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heterostructures—demonstrated increased visible light catalytic 
performance and extended electron–hole lifetimes by mim-
icking Z scheme reactions in photosynthesis. Similar results 
could be found in the Z-scheme CdS-Ag-TiO2 ternary photo-
catalyst reported by Zhao et al.[100]

In contrast to Au-decorated CdS/TiO2 composites, platinized 
CdS/TiO2 hybrids exhibited different electron transfer path 
upon visible light irradiation. The photogenerated electrons 
in the CB of CdS transfer to that of TiO2, and then migrate 
to Pt NPs to reduce H+, finally to produce H2. The Pt NPs on 
TiO2 nanostructures produce a Schottky barrier to facilitate the 
electron capture.[101] Meanwhile, the holes accumulated at the 
VB of CdS are responsible for the oxidative decomposition of 
sacrificial agents. Moreover, in order to reduce the waste of 
photogenerated electrons, Ma et  al.[102] prepared a Z-scheme 
photocatalytic system based on Pt@CdS nanorods and TiO2 
assisted by DNA and benzoquinone, which showed a signifi-
cant improvement in H2 production compared to either single 
photocatalyst or unassembled, dispersed catalyst mixtures.

3.2.3. Other CdS/TiO2-Based Ternary Composites

Ternary composites, such as metal oxide (SnO2,[103] SiO2,[104] 
ZnO[105]), metal sulfides (MoS2,[64b,106] NiS,[107] Cu2S,[108] 
PbS,[94e]), carbon nitride,[109] and others (Ni2P,[110] CdSe,[111]) are 
also explored to further enhance the e–h separation efficiency. 
Qin et  al.[106b] proposed a ternary MoS2/CdS-TiO2 photocatalyst 
by using TiO2 nanofibers with high surface area as support to 
photodeposit both MoS2 and CdS NPs. The prepared 1%MoS2/
CdS-TiO2 photocatalysts exhibited much higher H2 generation 
activity in lactic acid solution (28 mmol h−1 g−1) compared with 
1%MoS2/CdS-P25 composites and 1%Pt/CdS-TiO2 nanofibers 
under visible light illumination (λ ≥ 420 nm) (Figure 7b). Upon 
illumination, the photogenerated holes from CdS were con-
sumed by sacrificial regents and net photogenerated electrons 
were produced. The photogenerated electrons could not only 
directly transfer to the HER active sites on MoS2 due to the inti-
mate interfacial contacts but also indirectly migrated to MoS2 
via TiO2 as the bridge because of the type II energy band struc-
tures, leading to more efficient charge separation and therefore 
improved the catalytic activity (Figure  7c). Pathak et  al.[112] sys-
tematically examined the influence of various carbon allotropes 
including graphene quantum dots (GQDs), reduced graphene 
oxides (RGO), carbon nanotubes, and fullerene as an interfacial 
layer between CdS and TiO2 on the PEC performance, and found 
that all the carbon allotropes showed an increased response, while 
the presence of GQDs resulted in the highest improvement.

Besides, the optical and electronic properties of CdS can be 
adjusted by defect engineering. For example, Ma et al.[113] found 
that suitable Zn doping can improve the electrical conductivity 
of CdS film, which exhibited great potential in the application of 
optoelectronic devices. Liu et al.[94c] reported that CdS layer with 
fewer grain boundaries showed higher visible-light PEC activity 
than that with numerous grain boundaries. Gong et al.[114] fixed 
surface defects of CdS by a TiO2 layer to reduce surface carrier’s 
recombination. The TiO2 layer also acted as a hole-blocking 
layer to reflect photogenerated holes to improve charge separa-
tion and a protective layer to avoid the corrosion of CdS.

3.3. Photocatalytic CO2 Conversion

CdS/TiO2 composite has also been used in the field of photo-
catalytic CO2 reduction.[115] In CdS/TiO2, the holes at the VB 
of CdS can react with water molecules to generate hydrogen 
ions, while the electrons at the CB of TiO2 can reduce CO2 into 
energy fuels such as CH4, CO, CH3OH, etc. For instance, Wei 
et  al.[115b] synthesized a unique ternary composite (Au@CdS/
TiO2 catalysts) with core–shell structured Au@CdS NPs well 
dispersed on inverse opal TiO2 by the gas bubbling-assisted 
membrane reduction precipitation method (Figure  7d–f). The 
obtained photocatalyst showed a high formation rate of CH4 
(41.6 µmol g−1 h−1) with good stability, and its selectivity to CH4 
production by CO2 reduction was 98.6%. The slow photon effect 
of inverse opal structure with moderate macropore sizes can 
enhance the light harvesting efficiency. And the all-solid-state 
Z-scheme system with CdS(shell)-Au(core)-TiO2(support) nano-
junction was favorable for the separation of photogenerated 
e–h due to the vectorial electron transfer of TiO2→Au→CdS. Li 
et al.[115a] prepared CdS-modified TiO2 nanotubes and obtained 
high formation rate of methanol (≈30 µmol g−1 h−1), which was 
less than that of Bi2S3-modified TiO2 nanotubes.

3.4. QDSCs

There are various reports on solar cells based on TiO2 elec-
trodes sensitizing with CdS QDs in the past years.[116] In order 
to efficiently control the size and thickness of CdS QDs, Chen 
et  al.[117] developed a polymer-assisted layer-by-layer adsorp-
tion and reaction method, and the CdS/TiO2-based solar cell 
exhibited a PCE up to 2.944% (7 cycles), higher than that pre-
pared with 14 cycles of traditional SILAR deposition method. 
Further experiments[118] demonstrated that the maximum 
cell efficiency can reach to 4.15% using the TiO2 nanotu-
bular arrays as the matrix structure of QDSC, which was 
higher than that of TiO2 nanorod arrays electrode (3.57%).[119] 
In order to harvest more visible light, CdSe and PbS QDs 
were used as the cosensitizers to enhance the cell perfor-
mance (6%).[116d] Recently, passivation layer was introduced 
between CdS QDS and TiO2 to reduce the recombination rate 
from TiO2 to the electrolyte, resulting in increased charge  
collection efficiency.[120]

3.5. Drawbacks of CdS/TiO2

Cadmium is a well-known toxic heavy metal, which is harmful 
to human body and environment, thus making the utilization of 
CdS-based catalysts less promising. Besides, severe photocorro-
sion of CdS is also a big drawback for PEC-related applications.

4. CuS/TiO2 Heterostructures

4.1. Basic Properties

Environmentally friendly, p-type semiconducting copper sulfide 
(CuxS) with Cu vacancies within the lattice are attractive. There 
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are five stable phases of CuxS (1 ≤ x  ≤ 2): analite (Cu1.75S), 
digenite (Cu1.8S), djurleite (Cu1.95S), chalcocite (Cu2S) (Cu-rich), 
and covellite (CuS) (copper deficient).[121] The energy bandgaps 
of CuxS are 1.2, 1.5, and 2.0 eV for x = 2, 1.8, and 1, respectively, 
depending on the average oxidation states of copper.[121b] These 
phases of Cu2−xS have been regarded as ideal candidates for 
solar cells, gas sensors, catalysts, lithium ion batteries, etc.[73,122] 
Among them, owing to its long-term stability, excellent conduc-
tivity, environmental benignity, and suitable energy levels, the 
covellite phase of CuS becomes one of the desirable candidates 
for optoelectronic devices. The energy bandgap of CuS (Eg  = 
2.0 eV) matches well with the visible light region of solar spec-
trum and offers a potential platform to tailor the light absorption 
in CuS/TiO2 heterojunctions. The integration of CuS nanostruc-
ture also leads to a type-II alignment of TiO2/CuS (Scheme 1), 
which helps harvest more light and enhances the charge sepa-
ration. Table  4 summarizes the photocatalytic degradation and 
hydrogen evolution performance of CuS/TiO2 composites.

4.2. Photodegradation of Organic Pollutants

4.2.1. CuS/TiO2 Heterostructures

The type-II CuS/TiO2 heterostructure shows excellent photocat-
alytic degradation performance,[123] and the proposed operative 

mechanism is very similar to that of CdS/TiO2 photocatalysts 
discussed in Section 3.1.

CuS NPs: Ratanatawanate et  al.[121c] reported a stepwise 
chemical method to functionalize TiO2 nanotubes with CuS 
QDs (3–4  nm in diameter) using cysteine linkers owing 
to three reactive centers: a thiol group (SH), an amine 
(NH2), and a carboxylic acid (COOH),[123d] which was also 
applicable to grow other QDs materials such as PbS QDs, 
by using thiolactic acid as a linker.[124] The prepared CuS/
TiO2 photocatalyst degraded malachite green (MG) effec-
tively under visible light illumination. Li et  al.[125] proposed 
an ultrasonic-assisted hydrothermal method to provide a 
uniform dispersion of CuS NPs on TiO2 nanotubes with 
increased CuS amount, which was promising for the con-
struction of a good p-n heterojunction to make easier separa-
tion of photogenerated e–h pairs.

CuS Nanofilms: In contrast to coupling with CuS NPs, 
Khanchandani et  al.[123c] found that the visible light photocat-
alytic efficiency of TiO2/CuS core/shell nanostructure (≈90%) 
was much higher than that of TiO2/CuS composite (≈58%) 
due to the specific design of core–shell geometry maximizing  
the interfacial contact between TiO2 and CuS and enabling 
effective charge separation by confining electrons mainly in one 
component (core) and holes in the other (shell) (Figure  8a,b). 
The similar results were found by Ma et  al. recently.[126] They 
developed a bifunctional linker-assisted assembly method to 

Adv. Energy Mater. 2020, 10, 1902355

Table 4.  Photodegradation and hydrogen evolution performance of CuS/TiO2-based composites.

Photocatalysts Loading method Light source Surface area Amount Organic dyes/ 
sacrificial reagent

Performance  
(Degradation ratio%;  

H2 yield; AQYa))

Ref.

CuS QDs/TiO2 nanotubes Stepwise chemical 

method

450 W Hg lamp 

(λ > 600 nm)

– 25 mg MG (100 mL, 0.3 × 10−3 m) ≈80%, 120 min [121c]

CuS NPs/TiO2 nanofibers Hydrothermal 25 W wideband lamp 

(λmain = 365 nm)
36.85 m2 g−1 100 mg MB (100 mL, 10 mg L−1) ≈79%, 180 min [123b]

CuS-graphene oxide/TiO2 NPs Sol-gel reaction Visible light (8 W) 13.29 m2 g−1 MB (100 mL, 50 mg L−1) ≈45%, 120 min [127c]

CuS-CdS NPs/TiO2 NPs Hydrothermal 400 W halogen lamp 74 m2 g−1 0.1 g AO 7 (100 mL, 5 mg L−1) 100%, 40 min [127a]

CuS nanoflowers/TiO2 NPs Element-direct-

reaction route

125 W Hg lamp  

(λ = 365 nm)

– – MB or 4-CP (60 mL,  

20 mg L−1)
MB: >60%, 90 min

4-CP: 87%, 150 min

[123a]

CuS NPs/TiO2:Fe nanotubes SILAR Sunlight irradiation  

(≈900 W m−2)
1100 m2 g−1 50 mg MG or naphthol green B 

(50 mL, 5 × 10−6 m)
Malachite green: >70%  

in 2.5 h at pH = 5 and 7;  

naphthol green B:  

100% at pH = 7; >90%  

at pH = 9 in 2.5 h

[127b]

TiO2 microsphere@CuS NPs Bifunctional linker-

assisted assembly

300 W Xe lamp  

(λ > 420 nm)

– 100 mg MB (250 mL, 10 mg L−1) ≈90%, 180 min [126]

CuS NPs/TiO2 NPs Hydrothermal 500 W Xe lamp – 50 mg 50%CH3OH-H2O 11.4 mmol h−1 g−1 [128a]

CuS nanoflakes/TiO2 

nanospindles

Chemical 

precipitation

300 W Xe lamp  

(λ > 420 nm)
35 m2 g−1 50 mg 0.35 m Na2S + 0.25 m 

Na2SO3

1262 µmol h−1 g−1 [128c]

CuS NPs@TiO2 NPs Hydrothermal Three UV-lamp:  

6 W cm−2, 356 nm
17.88 m2 g−1 500 mg 50%CH3OH-H2O 380 µmol h−1 g−1 at  

pH = 7; 1.6 mmol h−1 g−1 

at pH = 11

[128b]

CuS NPs/NiS NPs/TiO2 NPs Hydrothermal 500 W Xe lamp 48.86 m2 g−1 50 mg 50%CH3OH-H2O 16 mmol h−1 g−1 [129]

CuS nanoflowers/TiO2  

NPs/Pt NPs

Hydrothermal 400 W Xe lamp  

(λ > 395 nm)
15.87 m2 g−1 20 mg 0.1 m Na2S + 0.1 m Na2SO3 746 µmol h−1 g−1,  

AQY = 1.55%

[130]

a)AQY: apparent quantum yield.
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prepare core–shell TiO2@CuS, which allowed CuS NPs to be 
anchored tightly on TiO2 surface with small size, narrow size 
distribution, and conformal coverage. The core–shell photocata-
lyst exhibited superior synergistic effect and catalytic activity to 
the commonly prepared TiO2/CuS composite counterparts.

4.2.2. Ternary Composites

In order to further enhance the photocatalytic activity, 
CuS/TiO2 ternary composites[127] are developed to narrow the 
optical bandgap, enlarge specific surface area, and facilitate 
the effective charge separation. Yeon et  al.[127c] prepared a 
CuS-graphene oxide/TiO2 composite for photocatalytic reac-
tion in which graphene oxide was acted as a photosensitizer to 
generate electrons as well as capture and transfer electrons gen-
erated by CuS and TiO2 under irradiation, retarding the charge 
recombination. Interestingly, He et  al.[127b] reported that the 
Fe-doped TiO2 with an actual Fe content (≈2.93 at%) exhibited a 
smaller optical bandgap of ≈3.0 eV, which was further narrowed 
to ≈2.5 eV after the coupling with CuS NPs. The CuS/TiO2:Fe 
composite exhibited different degradation activities at different 
initial pH values of the dye solutions. Due to the Fe doping, the 
addition of H2O2 obviously accelerated the photodegradation 
process (one magnitude order higher than that in the absence 
of H2O2) following a photo-Fenton-like reaction.

4.3. Photocatalytic Hydrogen Evolution Reactions (HER)

4.3.1. Effect of Loading Amount of CuS

Generally, CuS is investigated as a cocatalyst to effectively pro-
mote the charge separation, as it not only offers low activa-
tion potentials for H2 evolution but also serves as active sites. 
The amount of CuS cocatalyst in the CuS/TiO2 heterostructure 

affected the catalytic performance to a large extent.[123a,128] The 
excessive CuS nanostructures on the surface of TiO2 would 
exert a shielding effect on the active sites and decrease the 
light absorption as well as introducing more recombination 
centers. While insufficient quantity fails to realize the optimal 
catalytic activity. Chandra et al.[128c] reported the preparation of 
CuS/TiO2 with varying percentage of TiO2 contents via a simple 
hydrothermal and solution-based process. Controlling the 
optimal ratio of CuS/TiO2 led to the highest photocatalytic H2 
production rate of 1262 µmol h−1 g−1, which is 9.7 and 9.3 times 
higher than that of pristine TiO2 and CuS nanoflakes under 
irradiation, respectively.

4.3.2. Effect of pH Values

Im et  al.[128b] reported a CuS@TiO2 core@shell catalyst in 
which anatase TiO2 NPs with a high concentration were coated 
on the surface of rectangular-shaped CuS NPs with 100  nm 
in length and 60  nm in width. 1.9  mmol of H2 gas was pro-
duced after 10 h (380 µmol h−1 g−1) at pH = 7. This value was 
increased to more than fourfold (8.0  mmol) at pH = 11. In 
alkali solution, the subsequent reaction occurs: OH− + hole → 
•OH in the valence band, thus a large number of OH radicals 
were generated, resulting in an increase in HER. While in an 
acidic solution, the amount of H2 production was decreased 
due to the formation of SO4

2− ions after reaction. Then the sul-
fate ions combined with the hydrogen ions generated during 
the methanol/water photosplitting process, which occurred 
during the formation of H2SO4. Moreover, the pH also affected 
the zeta potentials and it was found that the surface charges 
changed from a positive value in an acidic solution to a larger 
negative value in an alkali solution. The highest absolute values 
of surface charges at pH = 11 suggested that the colloidal sam-
ples were stable with high mobility, which was closely related 
to the reaction sites over the photocatalyst surface.
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Figure 8.  a) TEM images and b) photogenerated charge transfer processes under visible light irradiation of TiO2/CuS core/shell and TiO2/CuS com-
posite nanostructures. Reproduced with permission.[123c] Copyright 2016, American Chemical Society. c) Electronic band structures of In2S3/PbS/TiO2 
and In2S3/PbS/CdS/TiO2 photoanodes, and d) the photovoltaic performance. Reproduced with permission.[139] Copyright 2016, Elsevier.
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4.3.3. Coupling with a Secondary Material

Wang et  al.[129] demonstrated that the addition of dual cocata-
lysts CuS and NiS greatly enhanced the photocatalytic activity 
because they had lower CBs than TiO2 and acted as electron 
acceptors and active sites for H2 production. Manjunath 
et  al.[130] investigated the photocatalytic hydrogen production 
using CuS-TiO2/Pt composite where Pt acted as a sandwich 
metal between CuS and TiO2, which was beneficial for effec-
tive charge separation. The hydrogen production recorded 
was 458  µmol h−1 g−1 for CuS-TiO2 and 746  µmol h−1 g−1 for 
CuS-TiO2/Pt. The corresponding AQY values were 1.01% and 
1.55%.

4.4. Other Applications

CuS/TiO2-based heterostructures have also been used in the 
field of biosensors,[131] solar cells,[132] and lithium batteries.[122a] 
As a clinical indicator of diabetes, the fast and sensitive deter-
mination of glucose level in human blood and urine is impor-
tant. Wang et al.[131] reported a novel and highly sensitive PEC 
biosensor for glucose detection based on ternary composite Au/
CuS/TiO2. Owing to the remarkable photocatalytic capabilities 
of TiO2 and CuS, and the surface plasmonic resonance effect 
of Au NPs, the ternary composite exhibited excellent catalytic 
activity, favorable selectivity, good reproducibility, and long-
term stability for glucose detection.

Copper sulfide (Cu2−xS) with Cu vacancies within the 
lattice is attractive in the fields of QDSCs and lithium ion 
batteries. Quan et  al.[133] reported a novel Cu1.8S/CuS nano-
plates structure used as CE to construct high-performance 
QDSCs. Compared to the Cu2S electrode, defects in Cu1.8S 
material increased the electric conductivity and the number 
of active sites, reduced the charge-transfer resistance at the 
electrode/electrolyte interface, and resulted in higher PCE 
performance.

Because of a high theoretical capacity (≈560 mAh g−1), good 
electrical conductivity (10−3 S cm−1), and favorable electrochem-
ical properties with voltage plateaus like Ti-based materials, 
CuS is attractive in lithium ion batteries. However, the volume 
expansion and lattice distortion as well as the loss of electroac-
tive species due to the dissolution of sulfide species negatively 
affect the cyclability. Wang et al.[122a] proposed a self-templating 
thermolysis strategy, different from traditional wet processing 
methods, to fabricate Cu2−xS hollow spheres coated with dif-
ferent shells (carbon, TiO2, MoS2), by exploiting the thermal 
decomposition properties of the core (CuS) and the protection 
provided by the shell. The hollow spheres were then assembled 
as electrodes and tested in lithium batteries, showing excellent 
cycling stability.

4.5. Drawbacks of CuS/TiO2

Owing to the mismatched lattice structures between CuS and 
TiO2, it remains a critical challenge to form well-defined CuS/
TiO2 heterojunction as CuS tend to aggregate or randomly 
reside on bare TiO2.

5. PbS/TiO2 Heterostructures

5.1. General Properties

Energetically favorable band alignment is highly desirable 
between QDs and metal oxides in order to promote efficient 
interfacial charge transfer and chemical stability. Lead sulfide 
(PbS) is well known for its small bandgap (Eg  = 0.37  eV) and 
large exciton Bohr radius (20  nm) that leads to extensive 
quantum effects.[134] Similarly to that of CdS QDs discussed in 
Section 3, PbS QDs material is another good candidate to effi-
ciently improve photo/electrochemical activity of TiO2 owing to 
multiple exciton generation and efficient spatial charge separa-
tion to prevent e–h recombination.[135] The photo/electrochem-
ical performance of PbS/TiO2 composites is shown in Table 5.

5.2. QDSCs

PbS QDs are extensively studied as sensitizers in QDSCs due 
to the fascinating characteristics such as energy-gap tunability, 
carrier multiplication, and high absorption coefficients. The 
preparation procedure of PbS QDs and the structure of the 
corresponding solar cells have a strong influence on the cell per-
formance. By using typical oleic-acid method, Zhong et  al.[136] 
fabricated core–shell PbS/CdS QDs cosensitized mesoporous 
TiO2 thin film (9 µm thick) as the photoanode and achieved a 
PCE of 7.19%. While Zhang et al.[137] prepared CdSe/CdS/PbS 
using SILAR cosensitized double-layered TiO2 thin film (18 µm 
thick) based cells and obtained a PCE of 5.11%. TiO2 micro-
spheres film was used as the light-blocking layer. Similarly, a 
SiO2 microspheres film was added and then removed by chem-
ical etching and left many macropores in the top TiO2 layer, 
which served as light scattering centers to improve the light 
absorption, as well as increasing the loading amount of QDs 
with good uniformity by SILAR.[138] Consequently, the short-cir-
cuit current density (Jsc) was improved by 17% (14.9 mA cm−2) 
and its PCE was enhanced by 19% (3.02%). In order to avoid 
the electron back-transfer and carrier recombination, In2S3 layer 
was prepared to restrict the carriers recombination at TiO2/
electrolyte and PbS QDs/electrolyte interfaces, whose electronic 
band structure was displayed in Figure 8c.[139] The In2S3 passi-
vation layer also helped reduce the direct contact with the cor-
rosive polysulfide to attain a better photostability. However, the 
performance improvement was hindered when increasing the 
In2S3 deposition amount which was attributed to the difficulty 
in hole transfer at QDs/electrolyte interface because the VB 
edge of In2S3 was located at a lower position than that of PbS. 
The increase in Jsc was marginal due to the low absorbance of 
In2S3. Furthermore, CdS was added and the CdS/PbS/In2S3/
TiO2 multilayered photoanode with an optimum CdS deposition 
prior to PbS confirmed an improved PCE value of 4.3% (36% 
higher than that of PbS standard QDSC), which was credited to 
the increase in Jsc from 21.6 to 25.7 mA cm−2 in addition to the 
increase in open-circuit voltage (VOC) by In2S3 layer (Figure 8d).

Dissanayake et al.[140] adjusted the performance of traditional 
PbS/mesoporous TiO2 QDSCs through changing the number 
of TiO2 layers, and found that TiO2 triple layer nanostructure 
based QDSC showed a significantly higher PCE of 4.72%, while 
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the counterpart with a single layer of TiO2 NPs showed a PCE 
of 2.94%. The enhanced efficiency was attributed to improved 
light harvesting by multiple light scattering in the trilayer TiO2 
photoanode combined with efficient electron transport with 
less recombination. Lee et al.[141] reported the preparation of a 
periodically arrayed 2D TiO2 nanostructure using templating 
method to provide significantly increased contacts with subse-
quently deposited PbS QD layer and thus enhancing the optical 
absorption by regulating the light path through PbS QD layer. 
It led to an increase in the PCE of up to 70% (5.13%).

Considering the balance of hole diffusion length and loading 
quantity of QDs, Zhang et  al.[142] studied the influence of 

length, diameter, and areal density of TiO2 nanorods for the 
performance of PbS/TiO2 QDSCs, and found that the short-
length, high-density TiO2 nanorod array and the compact PbS 
QD thin film based solar cell achieved a PCE of 4.10%, along 
with Voc  = 0.52  V, Jsc  = 13.56  mA cm−2, and fill factor (FF) of 
0.58. The compact PbS QD thin film helped improve the elec-
tron injection efficiency from PbS to TiO2 nanorods and pre-
vent the direct contact of spiro-OMeTAD and TiO2 nanorods.[143] 
Zhang et  al.[144] reported that the PCE performance was opti-
mized (PCE of 7.80%) by tuning the deposition of PbS, which 
was achieved by adjusting the concentration ratio of S and 
Pb sources onto the TiO2 nanotube array support. Lv et  al.[145] 
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Table 5.  Photo/electrochemical performance of PbS/TiO2, SnS2/TiO2, ZnS/TiO2, Ag2S/TiO2, and In2S3/TiO2 based composites.

Photocatalysts Loading method Light source Surface area Amount Sacrificial reagent Performance (H2 yield; η10;a) 
Tafel slope, J0;b)Jph

c))
Ref.

PbS QDs/Mn-CdS QDs/

TiO2 NPs

SILAR AM 1.5G solar simulator – ≈0.25 cm2 0.25 m Na2S + 0.35 m Na2SO3 Jph = 22.1 mA cm−2  

(at 0.6 V vs RHE)

[148]

PbS QDs/Au NPs/ 

H-TiO2 nanotube array

Dip-coating Xe lamp  

(≈5 A, 100 mW m−2)

– – 0.5 m Na2SO4 Jph = 1.149 mA cm−2  

(at 0.6 V vs RHE)

[149]

PbTe-PbS NPs/TiO2 

nanotube arrays

Electrochemical – – – 0.5 m Na2S + 0.5 m Na2SO3 6.1 mL cm−2 h−1 at 70 °C and 

1.0 V; 95 mV dec−1,  

J0 = 5.07 × 10−2 mA cm−2

[150]

PbS QDs/inverse opal 

TiO2 architecture

SILAR White light (420–800 nm, 

100 mW cm−2)

– – 1 m KCl Jph = 160 ± 36 mA cm−2 (O2 

evolution)

[151a]

Mesoporous TiO2 

structure/PbS QDs/

CdS QDs

SILAR 450 W Xe lamp  

(100 mW cm−2)

– – 0.5 m Na2S + 0.5 m Na2SO3 2.5 mL cm−2 h−1;  

J0 = 6 mA cm−2  

(at 0.4 V vs RHE)

[151b]

Au-TiO2 film/PbS  

QDs/CdS QDs

SILAR AM 1.5 filter  

solar simulator

– – 0.25 m Na2S + 0.35 m Na2SO3 12 ± 0.5 mL h−1 cm−2;  

Jph = 4.3 mA cm−2  

(at 0 V vs Ag/AgCl)

[151c]

ZnS NPs/TiO2 

nanosphere@g-C3N4 

nanosheets

Precipitation- 

hydrothermal

300 W Xe lamp  

(λ > 400 nm)

– 10 mg 10% TEOA 422 µmol h−1 g−1 [5]

SnS2 nanosheets/TiO2 

nanobelts

Hydrothermal – – 1.2 mg, 1 cm2 1 m NaOH η10 = 570 mV, 107 mV dec−1 [166a]

SnS2 nanosheets array/

TiO2 nanotube arrays

Solvothermal AM 1.5 filter  

solar simulator

0.875 cm2 0.5 m Na2SO4 Jph = 1.05 mA cm−2  

(at 0.5 V vs SCE)

[166b]

SnS2 nanosheets/ 

H-TiO2 nanotube arrays

CVD AM 1.5 filter  

solar simulator

– 50 mg 0.5 m Na2SO4 Jph = 4.0 mA cm−2  

(at 1.4 V vs RHE)

[166c]

Ag2S QDs/TiO2 

nanobelts

Coprecipitation 300 W Xe lamp – 50 mg 20 v% CH3OH-H2O 4.32 mmol h−1 g−1 [175]

Graphene oxide/Ag/

Ag2S NPs/TiO2 nanorod 

arrays

SILAR Visible light  

irradiation

– 1.5 cm2 0.1 m KOH Jph = 6.77 mA cm−2  

(at 0 V vs Ag/AgCl)

[176b]

Ag-Ag2S NPs/TiO2 NPs In situ sulfidation 

of Ag

4 LEDs (3 W, 365 nm,  

80.0 mW cm−2)

– 50 mg 10 v% CH3OH-H2O 2382.2 µmol h−1 g−1 [176c]

Ag-Ag2S QDs/TiO2 

nanorod arrays

Wet chemistry 

method

AM 1.5 filter  

solar simulator

– – 0.25 m Na2S + 0.35 m Na2SO3 0.082 mA cm−2 [176d]

Ag2S NPs/TiO2  

hierarchical spheres

Sequential ionic 

deposition

300 W Xe lamp  

(100 mW cm−2)

63.486 m2 

g−1

2 mg 10 v% CH3OH-H2O 707.6 µmol h−1 g−1 [173]

TiO2 nanorod arrays@ 

β-In2S3 shell layer

Aerosol-assisted 

CVD

AM 1.5 filter  

solar simulator

– 8 × 7 mm 0.25 m Na2S + 0.35 m Na2SO3 Jph = 1.42 mA cm−2  

(0.5 V vs Ag/AgCl)

[184a]

In2S3 NPs/Pt-TiO2 NPs Refluxing wet-

chemical approach

300 W Xe lamp  

(λ > 420 nm)

– 300 mg 0.25 m Na2S + 0.25 m Na2SO3 191 µmol g−1 h−1 [184b]

a)η(10): overpotential at 10 mA cm−2; b)J0: exchange current density; c)Jph: photocurrent density.
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investigated the size effect of PbS QDs and found that the 
smallest QD size (≈8.4 nm) resulted in the highest PCE (3.45%) 
when using PbICl as the Pb2+ source. Zhou et al.[146] prepared 
aligned TiO2 nanorod arrays with 1.9 µm-thick sensitized with 
PbS QDs and obtained a significantly enhanced FF of 0.51 in 
contrast to a conventional TiO2 NP-based device (FF ≈ 0.38). It 
can be attributed to the outstanding electron transport behavior 
from QD sensitizers to conducting substrate via the shortest 
pathway (i.e., through radial direction of nanorod arrays), 
thereby suppressing charge recombination in solar devices.

The contact state at the heterojunction interfaces greatly 
influences the interfacial kinetics of the photogenerated charge 
carriers. Liu et al.[147] revealed that a facile NaOH pretreatment 
can increase the PbS QDs crystallization degree, minimizing 
the crystal face mismatch and dangling bond density between 
PbS QDs and TiO2. The first principle calculations demon-
strated that the PbS QDs and TiO2 nanotubes interfacial contact 
was strengthened, and the built-in electric field was induced 
from TiO2 (101) towards PbS (111) planes, thus accelerating 
the charge carrier crossing and effectively reducing the charge 
recombination at the PbS/TiO2 interface, and enhancing the 
overall PEC performance. The peak PCE after five and ten 
cycles of SILAR deposition demonstrated 19.96% and 29.93% 
increase than the unpretreated specimen.

5.3. PEC Performance

PbS QDs also endow great potential in enhancing the photo/
electrochemical and photocatalytic performance of TiO2 
nanostructures. Kim et  al.[148] prepared PbS/Mn-doped CdS 

QDs modified TiO2 photoanode with superior light-harvesting 
capability arising from the improved QD loadings, leading to 
highly efficient photovoltaic and photocatalytic performances. 
An unprecedentedly high photocurrent density of 22.1 mA cm−2 
(at 0.6 V vs RHE) was obtained under simulated solar light for 
hydrogen production, and the authors claimed that it was the 
highest value ever reported in QD studies. In order to further 
facilitate the charge separation efficiency, Du et al.[149] reported 
a PbS/Au/H-TiO2 hybrid structure, in which Au NPs served 
as both light absorber and separation centers (Figure  9a,b). 
By directly interacting with electrolyte, Au NPs could play as 
main hole-accumulation centers for further reactions under 
positive potential. In addition, the holes generated on H-TiO2 
were easily transported to Au NPs and further achieved better 
charge separation. On the other hand, the PbS/Au/H-TiO2 
photoanode exhibited 77.86% enhancement on photocurrent 
density compared with the PbS/Au/TiO2 counterpart due to the 
contribution of the black Ti3+ shell layer which exhibited strong 
visible light absorption. Liu et  al.[150] reported a coupled ther-
moelectricity and electrocatalysis for H2 production enabling 
by PbTe-PbS/TiO2 heterojunction with a gradient p-n-n band 
configuration (Figure  9c,d). At 70  °C and 1.0  V bath voltage, 
the system registered 6.1  mL cm−2 h−1 rate of H2 generation, 
consuming electric power of 26.2  kW h kg−1, with an energy 
efficiency of 88.5% and a heat efficiency of 49.9%. The exchange 
current density was one order of magnitude higher than that 
of TiO2 and PbS/TiO2, with significantly reduced Tafel slope of 
95  mV dec−1, suggesting much better reversibility and higher 
electrode activity. This work demonstrated a novel pathway to 
produce chemical energy from low-quality waste heat, benefit-
ting from thermoelectric and electrocatalytic coupling.

Adv. Energy Mater. 2020, 10, 1902355

Figure 9.  a) Photogenerated e-h pairs transfer and recombination diagram of PbS/Au/H-TiO2, and b) transient photocurrent responses under visible 
light illumination at +1 V. Reproduced with permission.[149] Copyright 2017, Elsevier. c) Proposed schematic diagram of hydrogen production processes, 
and d) hydrogen generation rates of PbTe-PbS/TiO2 samples at various temperatures. Reproduced with permission.[150] Copyright 2017, Elsevier.
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To mimicking photosynthesis, the quasi-artificial leaf concept 
is proposed to provide a platform for solar water splitting with 
a net positive energy balance.[151] Patra et  al.[151c] developed a 
wireless photochemical cell at no applied potential comprising 
Au on porous TiO2 electrode sensitized by PbS and CdS QDs, 
which demonstrated highly enhanced HER performance at 
490 ± 25 µmol h−1, and photocurrent density of 4.3 mA cm−2. The 
Au NPs used as a plasmonic sensitizer were in physical proximity 
with TiO2 along with chalcogenides QDs for better solar light har-
vesting. QDs that were placed spatially very close to the Au NPs 
enhanced the localized electric field surrounding the Au NPs and 
hence an increase in the photocurrent and solar hydrogen was 
observed by generating more e–h pairs in QDs.

5.4. Other Applications

PbS QDs are also considered to be good candidates in chemical 
sensors,[152] photocatalysts,[153] and light-emitting diodes.[154] Luo 
et al.[152b] prepared a photoelectrochemical sensor based on PbS 
NPs deposited onto TiO2 nanotube arrays toward Pb ion (Pb2+) 
detecting based on the generated photocurrents under visible 
light irradiation. The obtained sensor showed high selectivity 
against other metal ions, broad linear range from 10−8 to10−5 m, 
and low detection limit of 0.39 × 10−9 m (≈0.08 ppb), which was 
much lower than the standard of Pb2+ in drinking water formu-
lated by World Health Organization (WHO).

5.5. Drawbacks of PbS/TiO2

Despite the rapid developments in the past decades, the device 
performance of PbS QDSCs still lags the theoretical value. One 
of notable issues possibly lies in the unsatisfying charge col-
lection and the severe charge recombination for PbS-based 
photovoltaic devices. The electron injection efficiency is greatly 
compromised owing to a much lower CB edge of PbS than that 
of TiO2.

6. SnS2/TiO2 Heterostructures

6.1. General Properties

Tin sulfides, which have several binary compounds such as 
SnS, Sn2S3, Sn3S4, Sn4S5, and SnS2, have attracted consider-
able interest because of their structural diversities.[155] Of these 
compounds, tin monosulfide (SnS) and tin disulfides (SnS2) 
are the most important ones, and have attracted much atten-
tion for their interesting properties and potential applications. 
The n-type semiconductor SnS2 crystallizes in a layered CdI2-
type structure with a hexagonal primitive unit cell where each 
layer of Sn atoms is sandwiched between two layers of hex-
agonally closed-packed S atoms, and the adjacent sulfur layers 
are connected by the weak van der Waals interactions.[156] The 
narrow bandgap of crystalline SnS2 (≈2.1  eV) makes it a hot 
material with visible-light-responsive ability, promising for 
photoelectrical and photocatalytic applications.[157] While p-type 
semiconductor SnS with a smaller direct bandgap of ≈1.32 eV 

has a strongly distorted NaCl structure, and each Sn atom is 
coordinated to six S atoms in a highly distorted octahedron.[158] 
Both SnS2 and SnS have good oxidative stability and thermal 
stability in normal temperature. They can also stably exist in 
acid and neutral environment. According to their electronic 
property and appropriate matching degree of band potentials 
with TiO2, both SnS2 and SnS could have high photocatalytic 
performance and are used as excellent materials to form the 
heterojunction structure with TiO2.[159]

6.2. Photodegradation Performance

The SnS2 has much better photostability than CdS. Meanwhile, 
in contrast to CdS, it favored photocatalytic reduction. The 
development of SnS2/TiO2 heterostructures is critical in large-
scale Cr(VI) wastewater treatment by visible-light-driven reduc-
tion of aqueous Cr(VI) to less toxic Cr(III).[160] Wang et al.[160c] 
proposed a novel mesoporous yolk–shell SnS2/TiO2 photocata-
lyst (Figure  10a), which also exhibited enhanced photoactivity 
with excellent durability due to the strong photosensitizing 
effect of SnS2 in uniform particles and enhanced light absorp-
tion via multiple reflections in yolk–shell chambers and the 
protection from SnS2 leaching by TiO2 shell.

For the photodegradation of organic dyes, in contrast to 
the traditional n-n SnS2/TiO2 heterojunction, Zhang et  al.[161] 
reported a face-to-face n-p-n dual heterojunction comprising 
anatase TiO2 nanosheets with coexposed (101) and (001) facets 
coupled with ultrathin SnS2 nanosheets, which displayed 
47% better in terms of photocatalytic activity than pristine 
TiO2/SnS2 composite. The electron transmission from SnS2 
to TiO2 was weak, resulting in poor separation efficiency of 
photogenerated carriers. While in the novel n-p-n dual hetero-
junction, the photoinduced electrons in the CB of [001] facets 
would flow into the [101] facets of TiO2. Therefore, the elec-
trons in the CB of SnS2 can flow into the [001] facets of TiO2 
to improve the separation efficiency of the photoinduced car-
riers (Figure 10b). In addition to the strong SnS2–TiO2 interac-
tion, large surface area also plays a significant role by offering 
enhanced mass transfer and light capture, as well as electron 
transport ability.[162,163] Also, 1D TiO2 nanostructures are still 
favored to load SnS2 considering the vectorial channel for 
charge transfer.[164] Meanwhile, the photocatalytic performance 
of the composite can be further improved by forming TiO2 
homojunction with anatase-rutile mixed phase[164a] or adding 
RGO as cocatalyst.[165]

6.3. Water Splitting Performance

The superior PEC water splitting performance was reported 
based on SnS2/TiO2 heterojunctions (Table 5).[166] Mu et al.[166b] 
reported a trap-like SnS2/TiO2 heterojunction based photo-
anode demonstrating a photocurrent density of 1.05 mA cm−2 
and optimal η of 0.73% at 0.5 V (vs SCE) under simulated light 
illumination, which were 4.6 and 3.8 times higher compared to 
the pure TiO2 electrode (0.23 mA cm−2 and 0.19%), respectively 
(Figure  10c–e). The generation rates of H2 and O2 were 47.2 
and 23.1 µmol cm−2 h−1, corresponding to faradaic efficiencies 
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of around 80.1% and 78.3%, respectively. They ascribed this 
improvement to the enhanced light harvesting ability of the 
trap-like SnS2 structure, accelerated carrier transportation prop-
erties of 1D TiO2 nanotubes, and facilitated carrier separation 
of the type-II heterojunction. Lin et  al.[166c] further improved 
the photocurrent density to a value of 4.0  mA cm−2 at 1.4  V 
versus RHE in Na2SO4 solution under simulated light illumi-
nation by using hydrogen-treated TiO2 nanotubes (SnS2/H-
TiO2) (Figure  11a,b). They claimed that the hydrogen defects 
in H-TiO2 created delocalized electron carriers with Ti 3d 
character at the bottom of CB, which led to a small bandgap 
value of 3.18 eV and more negative CB edge (−4.22 eV) while 
the CB edge values for TiO2 and SnS2 were −4.18 and −4.07 eV, 
respectively. As a result, a transition from type I to type II 
band alignment at the TiO2/SnS2 interface was achieved, facili-
tating the e–h separation, as well as improving the conductivity 
(Figure 11c,d).

6.4. Other Applications

SnS2 is also considered as a promising anode candidate for 
ion batteries due to its high theoretical capacity.[167] However, 
it always suffers from low electronic/ionic conductivity and 
large volume expansion, largely hindering its practical appli-
cation. Wang et  al.[167b] reported the construction of a 2D 
heterojunction composite electrode comprising ultrafine SnS2 
particles and TiO2 NPs deposited on RGO nanosheets, which 
exhibited superior electrochemical lithium storage capability 
due to the synergetic effects of its respective components with 
rapid electron/ion transport, reduced particle aggregation/
detachment, as well as boosted charge transfer at SnS2/TiO2 

heterointerfaces driven by a built-in electric field. Wu et al.[167d] 
investigated polypyrrole-encapsulated SnS2 nanosheets sup-
ported on defect-rich TiO2 nanotubes as an anode material, and 
found that defect-rich TiO2 provided more chemical adhesions 
to SnS2 and discharge products, compared to defect-poor TiO2, 
and then effectively stabilized the electrode structure, leading to 
an unprecedented good cycle stability.

6.5. Drawbacks of SnS2/TiO2

Only a few studies have reported the application of SnS2 in PEC 
water splitting. The main bottlenecks are the serious charge 
recombination owing to the intrinsic low electrical conductivity, 
and sluggish surface oxygen evolution kinetics.

7. Other MSx/TiO2 Heterostructures

7.1. ZnS/TiO2 Heterostructures

In contrast to the above narrow bandgap MSx materials, ZnS is 
an important II–VI semiconductor with a wide bandgap, and is 
considered as a developing material star owing to good chemical 
and physical properties, including polar surfaces, a high optical 
transmittance toward visible light, good electron mobility, 
decent charge transport properties, and thermal stability.[168] 
It can also be associated to TiO2 to increase the photocatalytic 
activity[169] because of its high potentials of conduction band e− 
and valence band h+ (−1.04 and +2.56 V vs NHE). Zhang et al.[5] 
prepared high-quality mesoporous ZnS@g-C3N4-TiO2 nano-
spheres via a structure regulation strategy which exhibited 
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Figure 10.  a) TEM images of mesoporous yolk–shell SnS2/TiO2 heterostructure. Red and green dots refer to Ti and Sn, respectively. Reproduced with 
permission.[160c] Copyright 2013, Royal Society of Chemistry. b) Diagram of carrier exchange of SnS2/TiO2 n-p-n dual heterojunctions. Reproduced 
with permission.[161,166a] Copyright 2017, Elsevier. c) SEM images, d) H2 and O2 evolution curves at 0.5 V under AM 1.5G for different cycles and  
e) the diagram of charge carrier separation and transportation of trap-like SnS2/TiO2 heterostructure. Reproduced with permission.[166b] Copyright 2018, 
Royal Society of Chemistry.
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efficient photocatalytic H2 production under visible-light irra-
diation due to the accelerated migration of photogenerated elec-
trons from g-C3N4 to TiO2 enabling by the introduction of ZnS.

Most reported studies based on ZnS/TiO2 composites are 
focused on the applications in dye-sensitized solar cells[170] 
since the first report by Rao et al.[171] who fabricated a ZnS shell 
as a blocking layer on TiO2 NPs in order to reduce the elec-
tron back-reaction, beneficial to enhance the electron injection 
and suppress the charge recombination. Deng et al.[170b] further 
incorporated ZnS inserting layer in TiO2 inverse opal-based 
QDSCs and found that the “in-between” ZnS layer not only 
enhanced the light harvesting of QDs on its top but also less-
ened the charge-transfer resistances at the TiO2/QD/electrolyte 
interfaces, leading to the enhanced cell efficiency.

7.2. Ag2S/TiO2 Heterostructures

As a direct and narrow bandgap semiconductor (≈0.92 eV), Ag2S 
has gained intensive attention recently to be an ideal candidate 
for the photosensitization of TiO2 owing to its high chemical 
stability, low toxicity, broad light absorption span (from UV to 
NIR region), and high absorption coefficient (≈104 m−1). Usu-
ally, when the sizes of the Ag2S QDs are close to its Bohr radius, 
the effective bandgap of the Ag2S QDs increases and the corre-
sponding absorption and fluorescence spectra are blueshifted to 
form a series of discrete energy levels (quantum size effect).[172] 
Ong et al.[173] fabricated Ag2S NPs on TiO2 hierarchical spheres 
demonstrating hydrogen production at 707.6 µmol h−1 g−1 and 
photodegradation of MO with pseudo-first order rate constant 
of 0.018 min−1. Ghafoor et al.[174] used 1D TiO2 nanofibers with 

more active sites and sensitized by ≈17 nm Ag2S NPs (10 wt%) 
with the synergistic effect of enhanced Ti3+ chemical states and 
oxygen vacancies, which exhibited better simulated solar-light-
driven photocatalytic activity by enhancing the rate constant 
to 0.030 min−1. To utilize the full solar spectrum, Hu et al.[175] 
developed Ag2S QDs/TiO2 nanobelt heterostructures with UV–
visible–NIR full spectrum photocatalytic property. Moreover, to 
inhibit the deterioration of Ag2S, Liu et al.[176] introduced RGO 
nanosheets to effectively enhance the Ag2S stability by sup-
pressing the reduction of Ag1 to Ag0 (Figure 12a,b). Under NIR 
light illumination, only Ag2S could be excited and generated 
electrons to transfer to the CB of TiO2 and finally to the sur-
face of RGO sheets. In this process, the electrons could absorb 
some surface molecules such as O2 and convert to oxidative 
species (O2−). Meanwhile, the photogenerated holes accumu-
lated in the VB of Ag2S would accelerate the decomposition of 
organic pollutants into nontoxic substance, rather than gener-
ating the stronger oxidative species (•OH), owing to the poten-
tial of •OH/H2O (2.32 V vs NHE) is more positive than the VB 
of Ag2S. In such a way, the photoinduced electrons and holes 
could be separated effectively, and thereby greatly enhancing 
photoactivity under NIR light irradiation.

Considering the energy level alignment, Ag-Ag2S/TiO2 nano-
hybrids have recently reported to exhibit tunable and enhanced 
photocatalytic and PEC properties. For instance, Yu et  al.[177c] 
reported that the preparation of Ag-Ag2S/TiO2 by a two-step 
process including the simple photoinduced deposition of 
metallic Ag on the TiO2 surface and the following in situ sulfi-
dation of partial Ag into Ag2S. The results indicated that Ag-
Ag2S/TiO2 photocatalysts clearly exhibited a significantly higher 
UV-light photocatalytic H2-evolution activity (119.11 µmol h−1) 
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Figure 11.  a) TEM images of SnS2/H-TiO2/Ti, and b) the Linear-sweep voltammograms of different electrodes under simulated 1 sun illumina-
tion. c) Illustration of the photogenerated charge transfer under visible-light irradiation and d) schematic energy-band diagram SnS2/TiO2 (left) and 
d) SnS2/H-TiO2 (right). Reproduced with permission.[166c] Copyright 2019, Wiley.
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than TiO2/Ag and TiO2/Ag2S photocatalysts by a factor of 
3.9 and 3.6 times, respectively, which was due to the synergistic 
effect of dual electron-cocatalyst (metallic Ag and Ag2S). The 
Ag-NP cocatalyst can steadily capture and transfer the photo-
generated electrons from TiO2 surface, while the Ag2S cocata-
lyst acted as the interfacial active sites to promote the rapid 
H2-evolution reaction.

Ag2S/TiO2 heterostructure is also explored for photoelec-
trochemical biosensing of proteins by incorporating a third 
material Bi2S3.[178] In addition, Ag2S possesses good photoelec-
tric and thermoelectric properties and it has been used in opto-
electronic devices such as photovoltaic cells, infrared detectors, 
etc.[179]

7.3. Bi2S3/TiO2 Heterostructures

Bismuth sulfide (Bi2S3) is a nontoxic and chemically stable 
semiconductor material with a narrow bandgap of ≈1.3–1.7 eV 
depending on the particle sizes. Its high absorption coefficient 
(104 cm−1) in the visible light region and suitable energy band 
positions compatible with TiO2 make it an ideal candidate to 
form Bi2S3/TiO2 heterostructure for rapid electron transportation 
in solar photocatalytic degradation and water splitting.[180] Also, 
Bi2S3/TiO2-based ternary composites are extensively explored in 
solar cells to further facilitate the carrier separation.[181]

7.4. In2S3/TiO2 Heterostructures

Indium sulfide (In2S3) with a narrow bandgap of ≈2.0  eV 
respondent to visible light has been reported to be a 

promising visible light photocatalyst due to its high photosen-
sitivity and photoconductivity, stable chemical and physical 
characteristics, and low toxicity.[182] The toxicity of In3+ ions 
is much lower than Cd2+, making it a good candidate instead 
of toxic CdS, which endows less hazards of secondary pollu-
tion. In2S3 is known to crystallize in three polymorphic forms: 
α-In2S3 (defect cubic), β-In2S3 (defect spinel), and γ-In2S3 (lay-
ered structure). Of these, β-In2S3 has been widely investigated 
as an excellent sensitizer for TiO2-based visible-light-driven 
photocatalysts.[183] Wang et  al.[183c] developed a quasi-core-
shell In2S3/anatase TiO2@metallic Ti3C2Tx hybrid consisting 
of well-designed type-II heterojunction and non-noble metal-
based Schottky junction with favorable charge transfer chan-
nels, which originated from the synergistic effects among the 
visible-light absorption of In2S3, the upward band bending 
of TiO2, and the favorable electrical conductivity of Ti3C2Tx. 
It exhibited superior photocatalytic performance toward pol-
lutant degradation under visible light irradiation compared to 
In2S3/CNT, In2S3/RGO, In2S3/MoS2, and In2S3/TiO2 under 
the same conditions.

In addition, the In2S3/TiO2 heterostructures are good can-
didates for HER applications[184] and solar cells.[185] Mumtaz 
et  al.[184a] developed a bilayered nanostructured core–shell 
heterojunction V-TiO2@β-In2S3 nanorod arrays and tested 
for their photocatalytic applications, which exhibited supe-
rior PEC performance: The photocurrent density of modified 
V-TiO2@β-In2S3 was 1.42  mA cm−2 (AM 1.5 illumination, 
at 0.5  V vs Ag/AgCl), and was twofold that of TiO2@β-In2S3 
(0.78  mA cm−2) and threefold that of pristine TiO2. In addi-
tion, the presence of V0 at the interface suppressed the photo
corrosion. The increased photocatalytic activity and enhanced 
stability were initiated by the hole-quenching window and the 
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Figure 12.  a) Repeated photocatalytic MO degradation under UV light irradiation (red line: AT nanoparticles; black line: 3RAT nanocomposite) and  
b) high-resolution XPS spectra of Ag 3d for AT and 3RAT nanocomposite after the fourth cycle experiments. Reproduced with permission.[176] Copyright 
2017, Elsevier. c) Normalized THz photoconductivity signals for In2S3, In2S3/TiO2, and In2S3/Pt-TiO2 excited by a 400 nm pulse at room temperature, 
and the extracted amplitude (column) and decay times (circles) for the d) fast and e) slow decay components at a pump frequency of 500 µJ cm−2. The 
inset shows the optical pump-terahertz (THz) probe (OPTP) signals. Reproduced with permission.[184b] Copyright 2016, Elsevier.
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enhanced collection of electrons from the β-In2S3 to the V mod-
ified substrate as compared to TiO2@β-In2S3 layered nanorod 
arrays. Wang et  al.[184b] found that it was within 5  ps for the 
photoexcited electrons in the CB of In2S3 transferring to the CB 
of TiO2 and subsequently into Pt NPs in the ternary composite 
In2S3/Pt-TiO2 by using optical pump-terahertz probe spectro
scopy (Figure 12c–e). Han et al.[185] developed In2S3 nanoflower 
films consisted of ultrathin nanoflakes with a thickness of 5 nm 
to be grown on the surface of TiO2 nanorod arrays using poly-
ethylene glycol as the morphology-directing agent and used 
in solar cells. The energy conversion efficiency of In2S3/TiO2 
photoelectrodes was enhanced three times (PCE of 1.82%) 
compared with that of bare TiO2 counterpart.

7.5. Drawbacks of Other MSx/TiO2

The wide bandgaps of both ZnS and TiO2 limit their light 
absorption harvesting within the UV range, which is the main 
drawback of ZnS/TiO2 heterostructures in the PEC field. The 
strong tendency of Ag2S NPs to agglomerate highly hinders 
the catalytic activity owing to the high surface energy. Donor-
acceptor energetics of Bi2S3 QDs largely restricts power conver-
sion efficiencies of QDSSCs.[173b] While the In3+ ions are 
somewhat toxic and have a harmful effect to the environment. 
In a word, despite the exciting progresses, photostability and 
catalytic performance of single metal sulfide photocatalysts 
are still far from satisfactory, mainly due to the easy photocor-
rosion, sluggish separation of e–h pairs, and low migration 
kinetics of charge carriers.

8. Conclusion and Perspective

The structure steering of MSx/TiO2 heterojunctions in pho-
tocatalytic degradation, heavy metal reduction, solar fuel 
production, and CO2 conversion is mainly focused on the 
improved light harvesting ability and effective interfacial 
charge transfer as well as affordable active sites for surface 
chemical reactions. Many effective and promising strate-
gies, such as defects engineering, morphology engineering, 
crystal facets tuning, electrical conductivity enhancement, 
crystal phase adjusting, the development of ternary compos-
ites and multicomponent metal sulfides, have been studied in 
the past few years. Except these interesting and meaningful  
methods mentioned before, other novel methods also exhibit 
great potential and can be considered to further improve the 
performance.

i)	 Trapped structure. Except the QDs structure, the trapped struc-
ture based on 2D nanosheets can also be used to further en-
hance the light harvesting ability. Compared with the intrin-
sic absorbance of narrow bandgap semiconductors, trapped 
structures can promote the internal reflection of light, achiev-
ing high light harvesting ability.

ii)	 Photonic crystals. Photonic crystals have been established as 
unique periodic structures to promote photon capture and 
control over light–matter interactions. Nanophotonic tech-
niques are particularly promising for the purpose of light 

trapping, as they allow us to control the flow of light on the 
length scale of several 100 nm to a few micrometers that is 
required for thin film PEC devices. Thus, constructing photo-
nic crystals from 0D and 1D nanostructure is also an effective 
method to further enhance the light harvesting ability.

iii)	Ternary composite. To further increase the PEC performance 
of MSx/TiO2 heterostructure, the most commonly used strat-
egy is to form a ternary composite by rationally designed 
band alignment engineering. Adding a secondary narrow 
bandgap semiconductor help further extend the absorption 
range to visible or even infrared light. The positive synergetic 
effect between the MSx and a secondary material can help 
suppress charge recombination, facilitate interfacial charge 
transfer, and offer extra active sites.

For QDSCs, new types of QD sensitizers are still greatly 
needed with the characteristics of a suitable band edge posi-
tion, wide absorption range, lower density of trap states, envi-
ronmentally friendly nature, and low cost. Specifically, the con-
struction of composite-structured I-III-VI group QDs through 
alloying or a core/shell strategy is a promising way.

iv)	Z-scheme structure. Metal decoration could ameliorate the low 
conductivity of MSx/TiO2 heterojunction to boost the charge 
transfer efficiency. Under certain conditions, plasmonic 
metal nanostructures could act as electron transfer mediator 
in ternary composites by mimicking Z-scheme reactions in 
photosynthesis to enhance the interfacial charge transfer. Na-
nocarbon material is also an effective candidate to construct 
Z-scheme heterojunction.

Constructing metal sulfides/TiO2 heterojunctions is a 
viable approach for wide photo/electrochemical applications 
including organic photodegradation, hydrogen fuel generation, 
CO2 conversion, and QDSCs. Significant advances have been 
achieved in the material design and electrode construction in 
recent years. As a trend to develop green and low-cost catalysts, 
low-toxic and nontoxic metal sulfides are favored to sensitize 
TiO2. Several heavy metal-free alternative materials like CuInS2 
or AgGa1−xInxS2 have been proposed to replace Cd- or Pb-based 
QDs. Although the solar-to-fuel conversion efficiencies are still 
some way off commercialization, research on the related topics 
is expanding rapidly. This work will make up for the gap of effi-
cient MSx-metal oxide junction architectures with fast charge 
separation efficiency.
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