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a  b  s  t  r a  c t

To  relieve  the  growing  pressure  originated  from  the  energy  shortage  and  environmental  issues,  solar-
energy conversion  into chemical or  electrical  energy  has undergone  an unprecedented  development as
a promising strategy  in recent  years.  Indium  sulfide  (In2S3),  an  efficient  visible-light harvester, has  been
extensively investigated  in  the field of photoconversion,  owing to the  fascinating  merits  including  supe-
rior photo-absorption  coefficient,  photoelectric  sensitivity,  favorable  carrier  mobility,  moderate  band  gap,
excellent stability,  and  low toxicity.  To  take  full  advantage of these  properties  and  further  expand  beyond
the existing short  board like  low  quantum efficiency,  various In2S3-based  functional  nanostructures
like nanoparticles,  nanotubes,  atomic  two-dimensional  sheets,  and nanosheets-assembled  complexes
have been  developed.  Meanwhile,  pleasurable  characters  of  In2S3 have  been  modulated  via  defective
engineering, doping, and  hybridization  (with inorganic materials  or  bio-molecules).  Gratifyingly,  In2S3-
based photocatalytic,  photoelectrocatalytic  and  photovoltaic  systems  have  made  significant  impact on
the field  of energy and  environmental  issues. Therefore,  this review provides an  overview  of crystal  and
morphologic structures  of pristine  In2S3 as well  as  many  outstanding properties.  Moreover,  the  pris-
tine In2S3 and its derivatives  with  diverse synthesis  routes are  systematically  summarized. Further, the
advancement of In2S3-based  photocatalytic,  photoelectrocatalytic  and  photovoltaic  systems,  especially
in environmental  decontamination,  artificial  photosynthesis  for  renewable  fuels  and  solar cells,  are  high-
lighted in detail.  Ultimately,  we conclude with  a summary  and  propose some invigorating perspectives  on
the challenges  from atomic  (or  macroscopical)  structure  modulation  in material  nature, photochemical
behavior understanding  to solar  photovoltaic applications  at  the  forefront of this research  platform.

© 2018  Elsevier B.V.  All  rights  reserved.

Contents

1. Introduction  . . . . .  . . . . .  .  . . . . .  . . . . . .  . . . . . .  .  . . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . . .  .  . . . . .  . . . . .  .  . . . . .  .  . . . . . . . . . . .  . . . . .  .  . . . . . .  . . . . .  . . . . . . .  . . . . .  . . . . .  . . . . .  .  . . . . .  . . . . . . .  . . . . 2
2. Pivotal  ingredients  of  indium  sulfide-based photoconversion  materials . . . . .  . . . . . . .  . . . . .  . . . . . .  .  . . . . .  . . . . . .  . . . . .  .  . . . . .  . . . . . .  . . . . .  . . . . .  . . . . . .  .  . . . . .  . . . . .  3

2.1. Atomic and  crystal structure  . . . .  .  . . . . .  .  . . . . .  . . . . . .  . . . . .  .  . . . . .  . . . . . .  . . . . . .  .  . . . . .  . . . . . .  . . . . . .  . . . . .  . . . . . .  .  . . . . .  . . . . . .  . . . . .  . . . . .  .  . . . . .  .  . . . . .  .  . . . . .  . . . 4
2.2. Intrinsic properties  . . . . . . . . .  . . . . . .  .  . . . . .  . . . . .  . . . . . .  .  . . . . .  . . . . .  .  . . . . . .  . . . . .  .  . . . . .  .  . . . . . .  . . . . .  . . . . .  .  . . . . . .  . . . . .  . . . . . .  .  . . . .  .  .  . . . . .  . . . . .  . . . . . .  . . . . .  . . . 4

2.2.1. Electronic,  transport and  band  gap properties  .  . . . . . .  . . . . . .  . . . . . .  .  . . . . .  . . . . .  . . . . . .  .  . . . . .  .  . . . . .  . . . . .  . . . . . .  .  . . . .  .  . . . . . .  . . . . .  . . . . .  . . . . .  .  . . 4
2.2.2. Optical properties  . . . . .  .  . . . . .  .  . . . . .  .  . . . . .  . . . . . .  . . . . .  .  . . . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . .  .  .  . . . . .  . . . . .  . . . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . .  . . . . . .  .  . . . . .  .  . . . 5

2.3. Morphology  modulation  for  diversified  properties  .  .  . . . . .  .  . . . . .  . . . . . .  .  . . . . .  . . . . . .  . . . . .  .  . . . . . .  . . . . .  . . . . . .  .  . . . . .  . . . . .  . . . . . .  . . . . .  .  . . . . .  . . . . .  . . . . .  .  . 5
3. A  systematic  summary  of  constructing  In2S3-based  materials . . . .  .  . . . . . .  . . . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . .  .  . . . . . .  . . . . .  . . . . . .  . . . . .  .  . . . . .  . . . . .  . . . . .  .  . . . . .  .  . . . . .  5

3.1. Adjustment of phase structure  and  morphology  for  pristine  indium sulfide.  . . .  . . . . .  .  . . . . . .  . . . . .  . . . . .  .  . . . . . .  . . . . .  . . . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . .  . .5
3.2. Heteroatom doping  .  .  . . . . .  . . . . . . . . . . . .  .  . . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . .  .  . . . . . .  . . . . .  . . . . . .  .  . . . . .  . . . . .  .  . . . . .  .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . .  . . . . .  .  . . . . .  7
3.3. Heterostructured hybrids  . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . . .  . . . . . .  . . . . .  .  . . . . .  .  . . . . . . . . . . .  . . . . . .  .  . . . . .  . . . . .  .  . . . . . .  . . . . .  . . . . .  .  . . . . .  . . . . .  . . . . . .  .  . . . . .  .  . . . . .  . 9

∗ Corresponding authors at: College of Environmental Science and Engineering,
Hunan University, Changsha 410082, PR China.

E-mail addresses: huankewanghou024@163.com (H. Wang), yxz@hnu.edu.cn
(X. Yuan).

https://doi.org/10.1016/j.jphotochemrev.2018.11.001
1389-5567/© 2018 Elsevier B.V. All  rights reserved.



2 J.  Zhang et al. / Journal of  Photochemistry and Photobiology C: Photochemistry Reviews 38 (2019) 1–26

4.  Applications  . .  .  . . . . .  . . . . .  .  . . . . . .  . . . . . . . . . . .  .  . . . . .  .  . . . . .  . . . . .  .  . . . . . .  . . . . .  . . . . . .  .  . . . . .  .  . . . . .  . . . . .  .  . . . . . .  . . . . .  . . . . . .  . . . . . .  . . . . .  .  . . . . . .  . . . . .  . . . . .  . . . . . .  . . . . .  .  11
4.1. Photochemically  environmental  decontamination . .  .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . . .  . . . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . .  .  . . . . . .  . . . . .  . . . . .  .  . . . . .  . . . . .  11
4.2. Artificially  photosynthetic  renewable  fuels  . . . . .  . . . . .  .  . . . . . .  . . . . .  . . . . . .  . . . . . .  .  . . . . .  . . . . .  .  . . . . . .  . . . . .  . . . . . .  .  . . . . .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . . .  . . . 14

4.2.1. Hydrogen  energy via  water  splitting  . . . . .  . . . . .  .  . . . . . .  . . . . .  . . . . . .  . . . . .  .  . . . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . . .  .  . . . . .  .  . . . . .  . . . . . .  . . . . .  . . . . . .  . . . . .  . 14
4.2.2. Biology-assisted  photocatalytic  hydrogen  and  oxygen  production  . . . . .  .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . . .  . . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . 16
4.2.3. Carbon-based  fuel production  from  carbon  dioxide reduction . . . . . . .  .  . . . . .  .  . . . . .  . . . . .  .  . . . . . .  . . . . .  . . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . . .  . . . . .  . 18

4.3. Solar  cell . . . . .  .  . . . . .  .  . . . . .  . . . . . .  . . . . . .  .  . . . . .  . . . . .  . . . . . .  .  . . . . .  . . . . . .  . . . . . .  . . . . .  .  . . . . .  .  . . . . .  .  . . . . .  . . . . .  .  . . . . . .  . . . . .  . . . . . .  . . . . . .  . . . . .  . . . . .  . . . . . .  . . . . .  19
5. Conclusions  and perspectives  . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . . .  .  . . . . .  . . . . . .  . . . . .  . . . . . .  .  . . . . .  . . . . . .  .  . . . . .  . . . . .  .  . . . . .  .  . . . . .  .  . . . . .  . . . . . .  .  . . . .  . . . . . .  .  . . . . .  . . . . .  .  . . 20

Conflicts of  interest  .  .  . . . . .  . . . . .  .  . . . . .  . . . . . .  . . . . . .  . . . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . .  .  . . . . . .  . . . . .  . . . . .  .  . . . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . . .  . . . . .  .  . . . . .  .  . . . . .  22
Acknowledgments . . .  .  . . . . .  . . . . . . . . . . .  .  . . . . .  .  . . . .  .  . . . . . .  . . . . .  . . . . . .  .  . . . . .  . . . . .  .  . . . . .  .  . . . . . .  . . . . .  . . . . . . .  . . . . .  . . . . .  .  . . . . .  .  . . . . . . . . . . .  . . . . . .  . . . . .  . . . . .  . . . . . 22
References . . . . .  . . . . .  .  . . . . . . . . . . .  . . . . . .  .  . . . . .  . . . . . .  . . . . .  . . . . .  .  . . . . . .  . . . . .  .  . . . . . .  . . . . .  . . . . . .  . . . . . .  .  . . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . . .  . . . . . .  . . . . .  . . . . .  . . . . .  .  . . . . .  22

Jingjing Zhang received her  B.S. in environmental
engineering from Wuhan University of Science and Tech-
nology. She is  currently a  postgraduate student in Prof.
Xingzhong Yuan’s lab at Hunan University. Her research
interests include the study of solar-energy conversion
based on  advanced nanomaterials.

Hou Wang received his  Ph.D. degree at Hunan University
in 2016. At present, he is  working at  Nanyang Techno-
logical University. His research focuses on the synthesis
and application of advanced nanomaterials. He has pub-
lished 90 peer-reviewed articles with a total citation of
more than 3040 and H-index of 31.

Xingzhong Yuan obtained his Ph.D. degree from the
School of Environmental Science and Engineering at
Hunan University in 2003. He began his independent
career in 1990 at Hunan University and was promoted
to associate professor in July 1997 and professor in June
2004. His current research interests focus on the materials
design and photochemical application. He has published
over  270 papers, with 5374 citations, H-index of 41.

Guangming Zeng has been the head of the School of Envi-
ronmental Science and Engineering at  Hunan University
since 1996. He received his Ph.D. degree from Wuhan Uni-
versity in 1988. He was invited as reviewers for over 50
journals and has over 320 scientific publications (journal
& conference papers) with total citations at 31095 and
H-index at  82. He is  Highly Cited Researchers in 2017
from Clarivate Analytics. He  is also the Most Cited Chinese
Researchers in 2014–2017 according to Elsevier’s statis-
tics.  His research interests focus on the development of
novel functional materials for environmental and energy
systems.

Wenguang Tu obtained his B.S. degree in 2010 from
Southwest University, China. He is pursuing his  Ph.D.
degree under the guidance of Prof. Yong Zhou in
ERERC, School of Physics, National Laboratory of Solid
State Microstructures, Nanjing University, China. He is
a research fellow at Nanyang Technological Univer-
sity  (NTU), Singapore. His current research involves the
synthesis of nanomaterials for photocatalysis. He  has pub-
lished over 60 papers, with 2639 citations, H-index of 24.

Sibo Wang received his  Ph.D. degree from the College of
Chemistry at Fuzhou University in 2016. At  present, he
is  working as a  research fellow at Nanyang Technological
University, Singapore. His research interests mainly focus
on the design, synthesis, and application of nanostruc-
tured  semiconductors for photocatalytic CO2 reduction
and water splitting. He has published over 20 papers, with
1698 citations, H-index of 15.

1.  Introduction

Energy consumption and the increasing environmental pollu-
tion have become two of the world’s largest crises we face today.
Splitting water into hydrogen via simply using solar energy and
inorganic  semiconductors is  so fascinating for renewable energy
applications since the discovery of photoelectrochemical water
splitting on TiO2 electrode in  1972 [1–3]. Thereafter, the photosen-
sitive semiconductor-based photocatalytic, photoelectrochemical
and photovoltaic systems have been established for renewable
solar-energy conversion [4]. The solar-energy conversion into
chemical or electrical form is available for immediate chemi-
cal/electrochemical reactions or  for electric power accumulation
[5–7].  Correspondingly, the derived photoconversion applications
toward photochemically environmental decontamination, artificial
photosynthesis for renewable fuels, and solar cells have gotten into
a  new period of vigorous advancement [8–11].
Generally, the solar-energy conversion reaction contains three

successive processes [4,12,13]. Semiconductor absorbs photons
whose energy is equal to or greater than the bandgap energy, lead-
ing  to  the transfer of electrons located in the valence band (VB)
to  the conduction band (CB) with positively charged holes left in
the VB. Subsequently, the photogenerated electron-hole pairs sep-
arate spatially on the crystal faces or different components surface
of  the heterostructure, or  by an internal electric field. Ultimately,
respective holes and electrons participate in  the redox reactions
with  the medium on the surface of the semiconductor, which
means the accumulation of the solar energy is in  the chemical
form.  Alternatively, the photoelectrons transfer into the electric
circuit  to generate a  photocurrent in  photovoltaic systems, result-
ing  in the accumulation of the solar energy in  the electrical form.
Evidently, solar light absorption is  the key to all photocatalytic,
photoelectrochemical and photovoltaic photoconversion systems,
while  the semiconductor often suffers from low solar energy uti-
lization efficiency [14]. For  instance, titania exhibits photoactivity
only in the ultraviolet (UV) light due to its wide band gap of 3.2 eV
[13,15].  However, the UV light merely accounts for 5% of the total
solar  energy [16]. The visible (Vis) and near-infrared (NIR) light
occupy the proportion of 46% and 49%, respectively [17,18]. There-
fore,  great passion has been devoted to  the exploitation of  novel
semiconductor capable of being excited under visible and even the
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Fig. 1. The number of Bi2S3, CuS, In2S3,  CdS, TiO2 based research works from 2010 to  2018 in photochemistry field, and proportion of In2S3-based materials in each research
fields, and schematic of the focused solar energy conversion system.

near-infrared light to achieve the maximum utilization efficiency
of  solar energy [19–23]. Exactly, as a  Vis-light-responsive semi-
conductor, In2S3 has interested the global researchers due to  its
fascinating merits, such as outstanding absorption coefficient, pho-
toelectric sensitivity, superior carrier mobility, moderate band gap,
excellent stability and low toxicity [24–27].  Especially, our groups
found that In2S3 had a wide response to the full solar spectrum via
doping with rare earth ions Yb3+/Tm3+ and exhibited superior pho-
toactivity even in NIR light, indicating In2S3 a  promising material
to  realize the maximum solar energy [28].
Several outstanding characteristics regarding the compositions,

structures and properties of indium sulfides are  highlighted as fol-
lows.  First, according to  the atom stoichiometry in indium sulfides,
there are three kinds of composition forms, InS, In2S3 and In6S7,
with  band gaps of ∼2.44 eV, 2.0∼2.3 eV, and ∼0.93 eV respectively
[24,29–31]. Suitable band gap provides the prerequisite condi-
tions for facilitating the solar light absorption and conversion.
Among them, the In2S3 becomes the most popular star owing
to  the unique crystalline structures, photoelectric properties, and
stability. There are also five crystalline structures in  the In2S3
including �-phase defect cubic structure (�-In2S3), �-phase defect
spinel structure (�-In2S3), �-phase layered hexagonal structure (�-
In2S3), �-phase rhombohedra structure (�-In2S3) and Th3P4-type
phase cubic defect structure (Th3P4-In2S3) [32]. Second, a host of
vacancies (e.g. sulfur vacancy, oxygen vacancy, indium vacancy)
in  ordered In2S3 crystals can not only exhibit electron affinity and
serve  as electron traps, but also favor for the formation of a transi-
tionally defect band above the VB of In2S3 nanoparticles, providing
a  favorable platform for carrier mobility from UV region to NIR
light  irradiation [33]. Due to the formation of trapping levels within
the  bandgap of In2S3, a  host of the surplus energy of excited elec-
trons/holes could be captured in  Coulomb repulsive centers. In
turn, more electron/hole pairs are excited by the absorbed sur-
plus energy, boosting the excellent photocurrent capability and
photoelectric sensitivity of In2S3 [24]. Third, In3+ has much lower
toxicity compared to Cd2+ and Pb2+ ions, which means less sec-
ondary pollution brought about in the photoconversion process
using In2S3-based nanostructures [32].
Nevertheless, similar to  another narrow band gap photosensi-

tive semiconductor, the pure In2S3 also possesses low quantum
efficiency due to the rapid recombination of photo-generated
electrons-holes pairs [26]. Moreover, In2S3 suffers from the photo-
corrosion inevitably as a  metal chalcogenide semiconductor,
especially in a strong oxidizing condition where S2− could be easily
oxidized to  solid S  accompanied with the elution of  In3+ [34,35].
To  improving quantum efficiency and photochemical stability,
many  significant breakthroughs on In2S3-based nanostructures
have been made by controlling the crystalline structure and mor-
phology, introducing metal impurities (doping) or constructing
In2S3-based heterostructures.

According to  the data from Web  of Science in Clarivate analyt-
ics  (Fig. 1), over a thousand papers on In2S3-based materials have
emerged in a few years from the start of the studies to an explo-
sive  growth. Although much attention has been focused on the
field  of CdS and TiO2, In2S3-based materials are still attractive in
comparison to  Bi2S3 and CuS due to good photosensitivity, sta-
ble chemical and physical characteristics, and low toxicity. These
research works have exploited the maximum employ of In2S3-
based  materials as photocatalyst, solar cell component, lithium-ion
battery, thermoelectric material, photodetector, and luminescent
materials. Among them, the applications for solar energy conver-
sion  as photocatalyst and solar cell component occupy a proportion
of  43% and 30%, respectively. Through the photocatalytic reaction,
various environmental pollutants including organic and inorganic
contaminants and harmful biota in air and water could be  elimi-
nated. And the abundant water resource and greenhouse gas could
be transformed into renewable fuels via photocatalytic or photo-
electrocatalytic process [36–39].  Solar cells can transform solar
light energy into electric power to favor the growing demand.
However, the thorough summary and assessment on the recent
breakthroughs towards the In2S3-based photoconversion systems
remain a gap in  the knowledge base.
Herein, this review begins with an overall description of micro-

scopic  crystal structures and macroscopic morphologic structures
at  different dimensionalities, as well as the properties of pure In2S3
nanostructures. Then the synthesis and characterization of pure
In2S3,  doped In2S3, and In2S3-based composites are discussed. Fur-
ther, the remarkable progress in  photochemically environmental
decontamination, artificial photosynthesis for renewable fuels, and
solar cells are highlighted. More importantly, many interesting
outlooks on the challenges from atomic (or macroscopical) struc-
ture  modulation, photoconversion behavior understanding to new
applications at the forefront of this research platform have been
energetically proposed. It is anticipated that this review can stim-
ulate  a new doorway to develop the next generation of indium
sulfide-based photoconversion systems with ameliorated perfor-
mances  by harnessing the excellent structural, electronic, and
optical characters for green and sustainable development without
environmental detriment.

2.  Pivotal ingredients of indium sulfide-based
photoconversion materials

In  order to have a  deep understanding of In2S3-based photocon-
version materials, it is  crucial to make clear the atomic and crystal
structures which is closely bound up with the electronic, transport
and  optical properties. Macroscopic morphology of materials at dif-
ferent dimensionalities is  also a  nonnegligible factor in  modulating
these properties. Accordingly, the following section sheds light on
the  atomic and crystal structure, properties, as well as properties
modulation based on morphology.
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Fig. 2. Crystalline structures of In2S3:  (a)  tetragonal In2S3, (b) cubic In2S3, (c) trigonal In2S3,  (d) hexagonal In4S6 and (e)  monoclinic In4S6.  Yellow and purple balls stand for
sulfur  and indium atoms, respectively. (f) Conduction band and valence band potentials of In2S3 relative to  energy levels of the redox couples. (g) UV–vis DRS spectrum and
(h)  Vis–NIR DRS spectrum of In2S3 nanoparticles. Adapted with permission [33].  Copyright 2015, Elsevier.

2.1. Atomic and crystal structure

There are  five crystalline structures for In2S3 materials
(Fig. 2a–e). At room pressure, the phase of In2S3 is  ordered by
reaction temperature as �-In2S3, �-In2S3 and �-In2S3, which will
transform into the �-In2S3 and Th3P4-In2S3 under high-pressure
condition [40–42]. The �-In2S3 with tetragonal crystalline struc-
ture  is stable up to 420 ◦C [43]. Above 420 ◦C, the disordering
of  vacancies in the tetrahedral cell proceeds and the tetragonal
�-In2S3 transform into cubic �-In2S3 and cubic �-In2S3 with a  dif-
ferent lattice constant [42]. The �-In2S3 with layered hexagonal
crystal structure appears above 750 ◦C [42]. And modified �-In2S3
with trigonal crystalline structure is obtained above 1049 ◦C [44].
The  �-In2S3 can also be stabilized at room temperature if the In
atoms are partly replaced by As, Sb or Bi [41].  What’s more, the mon-
oclinic �-In2S3 can be prepared at 35 Kbar and 500 ◦C and the cubic
Th3P4-phase In2S3 with high density and substantial coordination
numbers is obtained at 356 Kbar [41,42].
Among the different phases, the �-In2S3 with stable and

defective spinel structure at room temperature attracts the most
considerable attention because of optimal photoelectric properties
[45]. �-In2S3 crystal is obtained either in  the tetragonal or cubic
form [46]. In the tetragonal form, only 2/3 of the tetrahedral sites are
occupied with indium atoms, the other 1/3 site is  empty to  main-
tain  the stoichiometry of In2S3, thus leading to  a  large number of
indium vacancies ordering in �-In2S3 crystals [47]. Nevertheless,
all octahedral sites are filled by indium atoms in the octahedral

form. The cubic form hence arises out of vacancies disordering
in the octahedral cation sites [47]. Selective tuning in the crystal
phase of �-In2S3 can be achieved via a  solvothermal method using
task-specific ionic liquids as structure directing agents which is
expounded in Section 3.1. [48]. Notably, the positions and arrange-
ment characteristics of vacancies in  n-type �-In2S3 play decisive
roles in  nearest-neighboring atoms and even all the atoms in the
molecular layer, further affecting the electronic structure and pho-
tophysical properties [43]. For example, it was proposed that  the
sulfur-bridged indium ions were crucial to transfer the photogen-
erated charges. The presence of ordered indium vacancies blocked
the  transportation efficiency of the carrier transfer pathway [43].
Therefore, it is  expected that the modulation of atomic arrangement
and vacancies distribution in  In2S3 crystalline structures is  a feasi-
ble mode for rationally designing more efficient photoconversion
systems.

2.2.  Intrinsic properties

2.2.1. Electronic, transport and band gap properties
Notably, the �-In2S3 exhibits n-type conductivity, while the �-

In2S3 and �-In2S3 exhibits p-type conductivity [49].  A large number
of  intrinsic vacancies originated from the defect spinel structure
of  �-In2S3 shows electron affinity and can act as electron traps,
thus endowing �-In2S3 semiconductor with relatively attractive
electrochemical properties [47]. The carrier concentration of �-
In2S3 is  about 1018 cm−3 and the carrier mobility of �-In2S3 could
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reach as high as 17.6 cm2 V−1 s−1 [24,29,50]. Electrical transport
properties are related to the Seebeck coefficient and electrical con-
ductivity [51]. The absolute value of the Seebeck coefficient for
�-In2S3 exceeds 250 mV K-1 over a wide temperature range from
400  K  to 700 K [52]. On account of the low coordination numbers
of  the In3 and S2  atoms, the corresponding In3-5 s states and S2-
3p  states at different lattice positions crucially contribute to  the
composition of band-edge electronic structure, resulting in  special
optical and optoelectronic properties [53]. According to the calcu-
lated  band structure of �-In2S3 by density functional theory (DFT),
the  VB and CB position edge with the measured value of 1.37 eV and
-  0.97 eV respectively, are mainly formed by the hybridization effect
between S-3 s, S-3p states and In-5 s, In-5p states [26,53]. Within
the  band gap (2.0–2.3 eV) of �-In2S3 (Fig. 2f), an indirect band gap
of  about 1.977 eV is  observed in  both calculated and experimen-
tal  research [54].  The trapping levels and intermediate band (IB)
are formed due to the defect spinel structure [24,29].  For  example,
the  defective bulk �-In2S3 exhibits distinctive photoconductivity
response below the band gap, which is induced by the multiphoton
absorption through IB, and shows a  broadband spectral response
[24,55].

2.2.2. Optical properties
Absorption coefficient, dielectric functions, and transmittance

spectra are the basic factors related to the optical properties [49].
As  shown in the UV–vis diffuse reflectance absorption (DRS) spec-
trum  (Fig. 2g), In2S3 nanoparticles exhibit significant absorption
up  to 650 nm,  nearly covering the entire visible region [33].  In  the
NIR  light region (Fig. 2h), due to the presence of a defect band
located above the VB, In2S3 nanoparticles display two obvious
broad absorption peaks at 1440 nm and 1940 nm [33].  The dielec-
tric function sensitive to the electronic band structure of the crystal
is  used to  describe the response to an electric field [49]. Particularly,
�-In2S3 photodetector shows a photo-responsivity of 137 A W−1,
an  external quantum efficiency of 3.78 × 104 %, and a  detectivity of
4.74 × 1010 Jones, accompanied with a fast rise and decay time of 6
and  8 ms,  respectively [24].  The �-In2S3 has a  transmittance of 85%
incident light in the NIR region, 50% Vis light and falls to  20% in  UV
region [49,56]. The morphology of In2S3 nanostructure also makes
a  great influence on the optical transmittance [56]. Compared with
tilted  nanorods, the screws and vertical nanorods possess less inci-
dent  light transmittance, and more more light-absorbance [56].
In  short, due to  the favorable electrical conductivity and the

broad photoresponse region, In2S3-based materials have been
widely used in various fields including solar cells, lithium-ion bat-
teries, photodetectors, luminescent materials, and photocatalysis.
Designing In2S3 crystals in  the desired crystal phase or morpho-
logic dimension with optimal properties are promising for further
augmenting the performance of these technologies.

2.3. Morphology modulation for diversified properties

Nanostructures with proper morphologies not only make influ-
ence on the light harvest efficiency but also promote mass-transfer
and separation of photocarriers [57,58].  Significant advance-
ments have been made in designing In2S3 nanostructures and
investigating relations between morphology characteristics and
photo (electro) chemical performance. As shown in Fig. 3,
the  In2S3 materials with various morphologic structures can
be  categorized into zero-dimensional structure (e.g. quantum
dots, nanoparticles, nanospheres), one-dimensional structure (e.g.
nanowires, nanorods, nanotubes), two-dimensional structure (e.g.
nanobelts, nanosheets, nanoplates, nanoflakes), three-dimensional
structure (e.g. nanocubes, nanoflowers, hollow microspheres)
[24,27,29,33,45,59–67].  With a large exciton Bohr diameter of

33.8 nm,  the size of zero-dimensional (0D) In2S3 nanoparticles
is  always smaller than or close to  the Bohr radius, thus quan-
tum confinement effect is distinctly induced [68]. The tetragonal
In2S3 nanoparticles with a single crystalline phase and defective
nature are active over the full electromagnetic spectrum [33]. In
terms of one-dimensional (1D) structure nanocrystalline materials,
there are several advantages including efficient electron transport,
facile strain relaxation on flexible substrates, and a  short diffu-
sion  length perpendicular to  charge collecting substrate, therefore
hindering the recombination of the electron-hole pair [61,69].
As a  contrast, two-dimensional (2D) nanostructures, especial in
the nanosheet with atomic thickness, have enough specific sur-
face area (12 m2 g−1) and an opening flat architecture to capture
electrons from the redox couples [25]. As a  result, 2D nanos-
tructures acquire better electronic mobility, more available active
sites, strong light-matter interactions, favorable transparency and
mechanical flexibility [24,57,70]. Under the same conditions, 2D
In2S3 nanosheets were found to exhibit the best electrochemical
performance compared with 1D nanotubes and 3D nanoflowers
[71]. Usually, three-dimensional (3D) structure of In2S3 materials
assembled from low dimensions via an orderly manner have a  large
surface area with capacious interspaces and could afford a  direct
electron transport path when the main junction remain epitaxial
[72]. Herein, 3D  nanostructures are able to provide more “space”
towards the transportation or storage for the electron/ion, gas and
liquid  [73]. Different morphologies of In2S3 nanocrystals from 1D
to  3D structures are tunable by controlling the synthesis strategies
and  reaction conditions [45,74]. For instance, it was discovered that
the  morphologies of In2S3 were sensitive to  the solvothermal reac-
tion  parameters including temperature, sulfur source and solvent,
additional metal ion (e.g. Ca2+, Al3+), organic ligands and an ionic
liquid, which is described in Section 3.1. [45,71,62,65,75].
Hence, to  optimize the favorable properties and performances

of  In2S3-based materials, it is vital to design In2S3 structures with
a  single dimension or mixed dimension according to the respective
advantages.

3.  A systematic summary of constructing In2S3-based
materials

Until now, tremendous efforts have been made to  develop syn-
thetic methods for pure In2S3 and its derivatives. Intuitively, the
synthesis route adopted would influence the surface chemistry of
materials and consequentially the function [7,76]. To fully exploit
the  advantages of In2S3, especially in various composites, it is
important to shed light on the synthesis, mechanism, and char-
acterization.

3.1.  Adjustment of phase structure and morphology for pristine
indium sulfide

According to the difference in  stoichiometry, binary indium
sulfide exists in three composition forms, orthorhombic InS,
monoclinic In6S7, and In2S3.  The preparation of InS nanorods,
nanotubes, platelets, and nanospheres was  achieved via solution-
phase reaction assisted by benzenethiol as a  catalyst [31]. Besides,
Revaprasadu et al. reported a  single source route to synthesize InS
nanoparticles [77].  In6S7 layered crystals were synthesized by Ho
et  al using chemical vapor transport (CVT) technology [30]. When
the  reaction kept 240 h at 750 ◦C, large single In6S7 crystals was
obtained [30].  Attracted by its superior properties, the various syn-
thetic techniques have been rapidly developed to prepare In2S3
with different crystal phase or diverse morphologies at different
dimensions, including dry synthesis and wet chemical methods.
The  dry synthesis includes spray pyrolysis, slurry painting, laser-
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Fig. 3. Different morphologies of �-In2S3:  (a)  TEM image and (b)  HRTEM image of In2S3 nanoparticles. Reproduced with permission [33].  Copyright 2015, Elsevier. (c) TEM
image  of In2S3 nanobelts. Reproduced with permission [62].  Copyright 2015, Royal Society of Chemistry. (d) SEM and (e) TEM image of In2S3 nanotubes. Reproduced with
permission [27].  Copyright 2017, American Chemical Society. (f) TEM image of In2S3 nanoplates. Reproduced with permission [64].  Copyright 2016, American Chemical
Society. (g) TEM image of In2S3 flakes. Reproduced with permission [24].  Copyright 2017, Wiley. (h) SEM image of In2S3 nanocubes. Reproduced with permission [45].
Copyright 2012, Elsevier. (i) SEM image of In2S3 walnut-like microsphere. Reproduced with permission [65].  Copyright 2012, Royal Society of Chemistry. (j)  TEM image of
In2S3 nanoflower. Reproduced with permission [66]. Copyright 2017, Springer Science + Business Media. (k, l) SEM image of In2S3 hollow microsphere. Reproduced with
permission [67]. Copyright 2011, American Chemical Society.

induced evaporation, sonochemical method, and chemical vapor
deposition (CVD) [24,78–87].  Wet chemical methods are mainly
involved in  solvent-reduction route, hydrothermal or solvothermal
method and chemical bath deposition [88–92].
Phase structure and composition may  affect the photoinduced

electron-transfer pathway [49]. It is necessary to  rationally control
the  synthesis routes and conditions. Three crystal phases of In2S3
(�-, �-, or �-) could be synthesized by direct reaction of the ele-
ments with the increase of temperature. The �-In2S3 was firstly
obtained in 309 K  and then the transitions of �-phase and �-phase
occurred at temperatures of 717 K  and 1049 K, respectively [44].
Selective tuning of the tetragonal and cubic phase of  �-In2S3 could

be realized by adding ionic liquids under solvothermal condition
[48].  The alkyl side chain length and the aromatic �-stacking ability
of  1-alkyl-3-methylimidazolium bromide ionic liquids ([Cnmim]Br,
n  = 2, 4, 6, 8,  and 10) was found to  make an influence on crystal phase
of  In2S3 nanocrystals. Cubic �-In2S3 was obtained in  the shorter
alkyl side chain length (n ≤  4), while the tetragonal �-In2S3 poly-
morph formed in longer chain length of ionic liquids (n  ≥ 6) [48].
In addition, tetragonal and cubic phases �-In2S3 could be synthe-
sized by a microwave-assisted solvothermal process in aqueous
and  methanol media, respectively [93]. In microwave condition,
both water and methanol liquid were transformed into the vapor
phase. With the vapor started cooling down, the crystal structure
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came into being. The rapid release of water vapor energy induced
the  formation of vacancy disordered cubic �-In2S3 phase. While
in  the methanol media, it needed to spend too much time for the
formation of vacancy ordering in  tetragonal phase owing to  the
relatively slow cooling rates [93].
Morphology and geometrical structure of materials, closely

related to  the mass-transfer pathway during the chemical inter-
action, could be regulated via wet chemical methods, typically
solvo/hydrothermal method [72–75].  The wet chemical technique
is  beneficial to  prepare well-crystallized products at low tempera-
tures and simply control the morphology and structure of products
by  adjusting the synthesis conditions such as sulfur source, solvent,
reaction temperature, and templates [45,71,74,94–98]. The �-In2S3
quantum dots were synthesized in  the sonochemical process.
Heterogeneous sonochemical effects accelerated the nonspheri-
cal  implosion of bubbles in  liquid-solid interfaces, leading to the
decrease of �-In2S3 quantum dots radius from 2.5 to 2.0 nm [99].
With  the aid of oriented attachment of nanoparticles, the �-In2S3
nanotubes were prepared via an organic solution pyrolysis route, in
which the �-In2S3 grown from hexagonal nanoplates to nanotubes
simply by changing the reaction time [69]. Serving as a  surfactant,
oleylamine adsorbed preferentially on the {111} surface of In2S3
nanoparticles. Because of the low binding energy on the {111} sur-
face,  oriented attachment of �-In2S3 nanocrystals along the <110>
axis  induced the growth of In2S3 from nanoparticles to  hexago-
nal nanoplates and finally formed nanotubes with reaction time
increasing (Fig. 4a) [69].  Remarkably, hierarchical 1D cubic In2S3
nanotubes were synthesized through a  template-assisted liquid
phase  sulfidation process [27]. Using In-based MOF  (MIL-68) hexag-
onal  prisms as the precursor, the obtained In2S3 1D  nanotubes
inherited the morphology from MIL-68 precursors with the diam-
eter of 600 nm and rather rough surface with a  shell thickness of
about 100 nm (Fig. 3d and e) [27]. For 2D lamellate structure, In2S3
nanosheets was usually fabricated with the assistance of surfac-
tant CTAB and the formation scheme was shown in Fig. 4b [97].
The CTA+ was firstly ionized from CTAB, which owned a  positively
charged tetrahedron with a  long C16 alkyl chain. Then, with the aid
of  CTA+,  In2S3 crystal seeds were squeezed into layered nanosheets.
Open lamellar In2S3 structures were finally formed due to the elec-
trostatic repulsion and the steric hindrance of the CTA+ ions [97].
Parallelly, 2D �-In2S3 nanobelts and nanoflakes with a  thickness of
2  nm were synthesized via oriented-attachment (OA) growth pro-
cess  controlled by Ca2+ and Al3+ metal ions respectively as shown
in  Fig. 4c and d [62].  In the early reaction stage of formation, octy-
lamine molecules was deposited on the {110} planes of �-In2S3
nanoparticles, which induced OA growth of nanoparticles along
the  <001> direction. Then, the addition of Al3+ led  to  some of the
octylamine molecules desorbing from {110} planes because of the
combination between the octylamine and Al3+. Partial {110} planes
hence were exposed and caused OA growth of nanoparticles along
the  <110> direction. Finally, due to  the concurrent OA growth along
<001> and <110> directions, 2D �-In2S3 nanoflakes were obtained.
While in Ca2+ solution, fewer octylamine molecules desorbed from
the  planes owing to the much lower atomic potential (Z/r) of Ca2+

than Al3+ metal ions. As a  result, the OA growth along the <110> in
the Ca2+ solution was much weaker, resulting in  the formation of
quasi-2D �-In2S3 nanobelts through the preferential growth along
<001> direction [62]. As for 3D hierarchical structure, Wu et al. used
inorganic-organic hybrid (InS–TETA, TETA =  triethylenetetramine)
as  the precursor to prepare porous flower-like In2S3 via hydrother-
mal  chemical transformation route at 180 ◦C (Fig. 4e) [100]. In
the  initial reaction phase, the InS–TETA decomposed into small
nanoparticles and TETA molecules dissolved into deionized water.
Induced by the TETA as capping ligands and nucleation centre,
InS  nanoparticles grew into 2D ultrathin nanosheets with a  small
size.  The layered single-crystalline nanosheets with a diameter of

1.75 nm served as the building blocks to assemble into flower-like
In2S3 (Fig. 4f) [100].
Differing from wet  chemical methods, chemical vapor deposi-

tion  (CVD) has also been used in the preparation of In2S3-based
materials [24]. In the years of 2004, Afzaal et al. firstly prepared 1D
�-In2S3 nanorods via CVD using [Et2In (S2CNMenBu)] as a  single-
source  precursor. Noticeably, it was performed on a  glass substrate,
avoiding the use of toxic substances under 375 ◦C [87].  A  facile
space-confined CVD technology was  further improved for con-
trolled synthesis of ultrathin 2D �-In2S3 flakes [24]. As shown in
Fig. 4g, the CVD system was  equipped with two  individually con-
trolled heating systems, the precursors containing indium iodide
(InI)  and sulfur (S) powders were put in  the two different heat-
ing  zones, respectively [24]. Thereinto, the microreactor with two
stacked mica substrates were then used to create a confined reac-
tion  space [24].  By optimizing the growth parameters including InI
amount, growth time and gap size, a  large amount of high-quality
cubic �-In2S3 flakes with a  single crystal and regular triangular
shape had been obtained. The size of �-In2S3 flakes was 10 �m
and the thickness was 1.5 nm (Fig. 4h) [24]. The obtained ultrathin
�-In2S3 flakes exhibited unique defective structure and intrinsic
optical properties [24]. However, some disadvantages including
the  relatively expensive equipment, complicated operation, and
relatively high reaction temperature have gradually hindered the
development. Synthetic methods for In2S3 have a  great influence on
its  crystal structure, morphology, and properties. It is expected that
continuing efforts are  still required to accomplish a cost-effective
and  scale-up synthesis for multifunctional In2S3. Especially, the
preparation of atomic scale indium sulfide structures like clus-
ters with different stoichiometry atomic ratio may  become a new
direction.

3.2.  Heteroatom doping

Doping, designed by deliberately introducing impurities, is  one
of  the most effective strategies to improve the spectral response
of  a photocatalyst and thus ameliorating photocatalytic efficiency
of  semiconductors [101–104]. Generally, the introduction of metal
impurities inflicts splitting of crystal field in the host lattice struc-
ture,  which would bring about several new energy levels within the
band  gap, subsequently make an influence on the absorption coef-
ficient and electron motion [105,106]. Exactly, a  large number of
vacancies in the �-In2S3 crystal structure can act as a reservoir for
the  implant of metal ions intentionally as dopants [107].  In the past
decades, there have been various methods developed for the syn-
thesis of metal ions doped �-In2S3, such as hydrothermal method,
solid-state reaction method, gas-liquid phase chemical deposition
and atomic layer deposition [52,108–114].
As an effective atomization doping method, a  gas-liquid phase

chemical deposition technology was frequently applied for the
preparation of doped In2S3 nanoparticles by metal ions such as
Ho3+, Ce3+, Tb3+,  Dy3+,  Tb3+,  Yb3+ and Tm3+ [113,115–117]. Take the
case  of the preparation of Ho3+ doped cubic In2S3 nanoparticles, the
synthetic facility was shown in  Fig. 5a  [115]. Flowing H2S gas was
initiated and controlled by the chemical reaction between HCl and
Na2S  solution. Under the help of ultrasonic nebulizer, the atomized
reactive droplets including In3+ and Ho3+ cations complexes (the
organic linker is  �-HOCH2CH2SH) would react with the H2S  gas.
Meanwhile, the dissolved S2− anions prompted the complexes to
gradually dissociate and form ionic bonds between In3+ and Ho3+

cations, thus resulting in the Ho3+ cations successfully entering into
the  host In2S3 lattice. The diameter of In2S3: Ho3+ nanoparticles
was  3–5 nm [115]. Additionally, different from the gas-liquid phase
chemical deposition technology being aimed for the preparation
of doped In2S3 nanoparticles, facile hydrothermal (solvothermal)
route may  be  more suitable to fabricate doped �-In2S3 with 2D
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Fig. 4. (a) Formation scheme of In2S3 nanotubes. Reproduced with permission [69].  Copyright 2010, Royal Society of Chemistry. (b) Formation scheme of defective In2S3
nanosheets in highly concentrated CTAB solution. Adapted with permission [97]. Copyright 2016, Royal Society of Chemistry. (c) Formation scheme of In2S3 nanobelts,
nanoparticles and nanoflakes. (d) Schematic mechanism of OA growth of 2D  �-In2S3 nanocrystals. (e)  Schematic illustration of the evolution mechanism of In2S3 microspheres
stacked by 2D ultrathin nanosheets. (f) SEM (left) and TEM (right) images of In2S3 microspheres. Adapted with permission [62,100].  Copyright 2015, Royal Society of Chemistry.
(g)  Schematic diagram of a space-confined CVD system and the microreactor constructed by  two  stacked mica substrates. (h) Bright field optical images of �-In2S3 flakes.
Adapted with permission [24].  Copyright 2017, Wiley.

or 3D nanostructure. For instance, Zr4+ ions doping into �-In2S3
2D ultrathin nanoflakes was achieved via one-pot solvothermal
method using In(NO3)3,  thioacetamide and ZrCl4 in the presence
of  octanol and octylamine at 220 ◦C [118].  Similarly, our groups
also synthesized Yb3+/Tm3+ co-doped tetragonal �-In2S3 flower-

like nanostructures [28]. V-substituted In2S3 nanocrystalline with
the size of 20 nm was  further prepared via solvothermal route using
InCl3, VCl3, and Na2S as reagents [119]. Notably, Lei et al fabricated
atomically thin 2D Co-doped In2S3 sheets via scalable lamellar
inorganic-organic hybrid intermediate strategy, as shown in Fig. 5b
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Fig. 5. (a)  Right: synthetic facility of gas–liquid phase chemical method. Left: two calculation models for pure In2S3 (In16S24) and Ho3+ doped In2S3 (In15Ho1S24). Adapted with
permission [115]. Copyright 2017, Royal Society of Chemistry. (b) The formation diagram of Co-doped In2S3 three atomic layers. Adapted with permission [105]. Copyright
2015, Wiley.

[105]. Because of the electrostatic interaction between In3+, Co2+

and oleate ions, a  lamellar In/Co-oleate complex intermediate
firstly formed in which the oleate ions arranged in  a head-to-
head  bilayer order. After the addition of sulfur source through
hydrothermal treatment, Co2+ doped In2S3 grew along the lamellar
In/Co-oleate hybrid. As the reaction continuously proceeded, the
self-exfoliation of the lamellar mesostructure was achieved and
freestanding Co-doped In2S3 atomic layers came into being after
the  removal of surface oleate ions [105]. Hence, the facile improved
hydrothermal method assisted by organic intermediate is  a  promis-
ing  route to synthesize atomic-layer doped In2S3 materials.
Despite the prosperity of metal ions doped In2S3 photocata-

lysts, profound explorations on the preparation of non-metal (P,
N,  Cl etc.) doped In2S3 materials are promising. Besides, a thor-
ough fundamental investigation of doped �-In2S3 materials based
on  advanced electron microscope platforms and theoretical sim-
ulation is  urgently necessary towards the controlling of vacancies
distribution, the analysis of corresponding doping sites in  the crys-
tal structure, as well as the influence of dopants on the morphology
of  In2S3.

3.3. Heterostructured hybrids

Heterostructured composites have attracted great interest in
making up for respective shortcomings in the area of mate-
rials science [13,120–122]. Vis-light responsive In2S3 with a
relatively narrow band gap can act as a sensitizer or active
constituent for coupling with another charge acceptor (and/or

carrier) [123]. In recent years, various In2S3-based heterostruc-
tured  hybrids have been synthesized, which can be classified into
In2S3/metal sulfides composites, In2S3/carbonaceous composites,
noble  metal/In2S3 composites, metal-oxide/In2S3 composites, and
In2S3/metal-organic frameworks composites. Also, these synthetic
routes can be summarized into precipitation, solvo/hydrothermal
method, sonochemical method, electrodeposition technique and
chemical welding [124–131].
With favorable redox reaction sites, electrical conductivity,

good thermal stability, and earth abundance, metal sulfides (Bi2S3,
ZnS, Cu2S, MoS2,  MnS, CdS, Cu3BiS3,  AgInS2, CuInS2,  ZnIn2S4, etc)
have been demonstrated to  couple with In2S3 for superior perfor-
mance and specific properties [132,133]. For  instance, hierarchical
Bi2S3 nanoflower/In2S3 nanosheet composite were hydrothermally
synthesized by virtue of differently seeded growth rates of two sul-
phides (solubility Ksp(Bi2S3) = 1.0 × 10−97 and Ksp(In2S3) = 5.7 ×  10−73)
[134]. The formation diagram was exhibited in Fig. 6a. In the
reaction system, preferentially deposited Bi2S3 formed the sea-
urchin-shaped crystal seeds with the adsorbed positively In3+

on the surface. With the reduction of surface activation energy,
the  In3+ was  desorbed and the Bi3+ was  depleted gradually.
Accordingly, many vigorous energy sites in Bi2S3 nanoflowers
initialized the nucleation process of In2S3 and facilitated the for-
mation of uniformly ultrathin nanosheets [134]. This one-step
synthetic process was of better repeatability to prepare uni-
form  coating surface because of the compatibility between Bi2S3
nanoflower and In2S3 nanosheet. Similarly, ZnS@In2S3 core@shell
hollow nanospheres were fabricated via a  facile refluxing method
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Fig. 6. (a) Top: formation scheme of Bi2S3/In2S3 composite; Bottom: SEM images of the products obtained at different reaction times. Reproduced with permission [134].
Copyright 2015, Royal Society of Chemistry. (b) Formation scheme of the ZnS@In2S3 core@shell hollow spheres. Adapted with permission [135]. Copyright 2017, Nature. (c)
Formation scheme of CQDs@In2S3/SWNTs composite. Adapted with permission [32]. Copyright 2016, Elsevier. (d) Formation scheme of  In2S3/Ti3C2Tx hybirds. Adapted with
permission [26]. Copyright 2018, Elsevier.
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based on ion-exchange Ostwald ripening (Fig. 6b) [135]. In order
to  prevent the agglomeration of ZnS nanospheres, the surfac-
tant polyvinylpyrrolidone (PVP) was added to provide the intense
repulsive forces among the polyvinyl groups [135]. Under the
strong interaction between pyrrolidone ring of PVP and Zn2+, the
initiate ZnS tiny nanocrystals tended to self-assemble into solid
spheres for minimizing the surface energy after the addition of
CH3CSNH2 (TAA) [135]. Subsequently, the In3+ ions were added
and attached on the negative surface of ZnS spheres by virtue
of  the electrostatic attraction. Through the interfacial diffusion of
S2−, In2S3 nanoparticles grew on the surface of ZnS crystals and
then  core@shell ZnS@In2S3 structure developed with another addi-
tion of TAA [135]. Similarly, the different solubility of ZnS and
In2S3 was also served as the main driving force for the forma-
tion  of core@shell structure [135]. Apart from the seeded growth
routes, the catalyst-assisted growth principle was  applied to  syn-
thesize Cu2S/In2S3 heterostructured nanocrystals with various
shapes under the high-temperature precursor-injection condition
[125].  The intrinsic cationic deficiency of Cu1.94S  nanocrystals
catalyzed the growth of In2S3 nanocrystals after the injection
of  In(CH3COO)3-obtained dodecanethiol in  the hot  reaction sys-
tem.  Under different controlled parameters, the matchstick-like
Cu2S/In2S3 heterostructured nanorods and teardrop-like quasi-
core/shell Cu2S@In2S3 nanocrystals formed [125].
Carbonaceous nanomaterials are promising supports and charge

carriers due to chemical inertness, stability, tunable structure and
electrical properties [10,136]. In2S3 integrated carbonaceous nano-
materials, such as carbon quantum dots, carbon nanotubes, carbon
nanofibers, graphene, graphene oxide, have been proven to be
effective approaches for enhancing the photoelectrochemical prop-
erties  of In2S3-based photocatalysts [32,126,137–139]. The carbon
quantum dots@3D daisy-like In2S3/single-wall carbon nanotubes
composite was fabricated via a one-pot hydrothermal approach
[32]. As shown in Fig. 6c, a certain amount of carbon quantum dots
(CQDs) and shorted single-wall carbon nanotubes (SWNTs) were
simultaneously added in  the synthetic process of In2S3 [32].  Car-
boxyl group was served as the nucleation sites for CQDs and In2S3
nanoflowers on SWNTs. In heterostructured CQDs@In2S3/SWNTs
system, the CQDs efficiently linked three parts of the composite
materials and became the bridge for transferring electron between
In2S3 and SWNTs [32]. Post-modification assisted hydrothermal
process is the main strategy for the preparation of In2S3/graphene
composite [123,140,141].  Typically, positively charged In3+ ions (or
(3-aminopropyl) trimethoxysilane-In2S3) were immobilized onto
the  negative surface of graphene oxide (GO). Then, In2S3 parti-
cles  formed during the self-assembly process and the graphene
oxide was reduced into graphene via reducing agent like cysteine,
hydrothermal or calcination reduction [138]. A similar method
has  been applied to synthesize the In2S3/g-C3N4 heterostructure
[142,143]. The cubic In2S3 nanoparticles with a diameter of about
10–20  nm were uniformly dispersed on the g-C3N4 nanosheets sur-
face [32].
Other promising materials including noble metal, metal oxide

and  metal-organic frameworks have also been coupled with In2S3
to form binary or ternary heterostructures [128,131,144–146]. Li
et  al prepared In2S3/TiO2 composites by employing three different
electrodeposition processes (cyclic voltammetry electrodeposi-
tion,  potentiostatic electrodeposition and pulse electrodeposition)
[128].  Under the electric field conditions, S2− ions were origi-
nated from the reaction between the electrons and the S2O32−

ions in the electrolyte. During the rapidly diffused process along
the  inner surface of  the TiO2 nanotube channels, the S2− would
react with In3+,  resulting in the nucleation and growth of In2S3
nanoparticles. Compared with the composites prepared by cyclic
voltammetry electrodeposition and potentiostatic electrodeposi-
tion, the In2S3/TiO2 composites prepared by the pulse technique

showed the optimal dispersion of ultra-fine In2S3 nanoparticles
on  the TiO2 nanotube array [128]. To make full use of porous
characters of metal-organic frameworks (MOFs), our groups firstly
reported a  core-shell In2S3@MIL-125(Ti) photocatalyst prepared
by  microemulsion-assisted solvothermal method [146]. Non-polar
CS2 dissolved in  polar ethanol mixture (In3+,  NO32− with H2O) and
then  formed the oil/water emulsion. The hydrophobic group (C2H5)
of  polar molecules enveloped non-polar solvent droplets and the
In3+ was bonded with the hydrophilic group (OH). Such micelles
were absorbed on the hydrophilic surface of MIL-125(Ti). Under
solvothermal conditions, the In3+ was surrounded by the soluble
C2H5NS in polar phases to initiate the growth and crystallization
of  In2S3 along the micelle interface to  form the In2S3 “shell” on
the  external of MIL-125(Ti) [146]. Very recently, novel quasi-core-
shell  In2S3/anatase TiO2@metallic Ti3C2Tx MXene heterostructures
were also fabricated via a  simple hydrothermal process, as shown
in  Fig. 6d [26]. The Ti3C2Tx nanosheets with abundant groups (e.g.
-F, -OH and -O) had a  hydrophilic surface and negative charge.
When the In3+ ion was added into the reaction solution, multi-
layer hydrophilic Ti3C2Tx nanosheets could adsorb In3+ ions. Then,
the  adsorbed In3+ reacted with S2− ionized from thioacetamide,
thus  leading to the growth of a large amount of irregular In2S3
nanoparticles on the surface of Ti3C2Tx nanosheets [26]. Mean-
while, TiO2 nanoparticles also formed as secondary product owing
to  the defects of Ti3C2Tx, leading to the formation of final core-shell
In2S3/TiO2@Ti3C2Tx MXene heterostructures.
Despite the significant advances in the preparation of abundant

In2S3-based hybrids were made, coupling In2S3 with latest mate-
rials,  such as MXene, black phosphorus, boronene, phosphine, may
achieve a huge leap forward against the existing photoconversion.
Moreover, the deep understanding of the growth mechanism also
needs to  be advanced.

4. Applications

4.1. Photochemically environmental decontamination

Different from traditional catalysis via reducing the energy bar-
rier  for promoting redox reaction, photocatalytic technology can
directly utilize photon energies to  overcome the energy barrier
for  the formation of electron excitation phase [2,147,148]. Take
the  environmental remediation into consideration, photochemi-
cal pollutant elimination is involved in  the indirect reaction, direct
interaction, or  both. On the one hand, the excited electrons usually
move  to the surface of photocatalyst and react with oxygen (O2) for
the  generation of superoxide radical anions (

•
O2−) [131]. Simulta-

neously, the corresponding holes travel to  the exterior and oxidize
surface  adsorbed water molecules (H2O) or  hydroxyl groups (-OH)
to produce hydroxyl radicals (

•
OH) [149]. These reactive radical

species can decompose and mineralize pollutants into carbon diox-
ide,  water and other inorganic ions finally [150].  On  the other hand,
the photogenerated holes (or electron) directly oxidize (or reduce)
pollutants remaining adsorbed on the photocatalyst surface via the
nucleophilic reaction or  electrophilic reaction [151,152]. However,
solar-light utilization efficiency, cost-performance ratio, secondary
toxicity, etc. are  the major concerns for such photocatalysts. It
has  been extensively demonstrated that the In2S3 with excel-
lent stability and low-toxic feature can be served as a  promising
full-solar-spectrum (UV–vis-NIR) photocatalyst and a  sensitizer
for another semiconductor photocatalyst due to  the presence of
defect band [33,153].  In order to  improve the efficiency of pol-
lutant removal, the separation and transport of photoinduced
charge carriers for In2S3-based materials is the most crucial influ-
ences for more accessibly reductive electron and oxidizing holes.
Therefore, many efforts have been devoted to lowering the recom-
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bination of photogenerated electron-hole pairs by morphology
design, doping or  constructing heterostructure. In the applications
of  In2S3-based photocatalysts in water and gas pollution, most of
the pollutants are focused on organic dyes, heavy metals, pharma-
ceuticals and personal care products, fluorine-containing phenolic
derivatives, gaseous ortho-dichlorobenzene and microorganisms
[128,134,135,152,154–160].
Controlling specific morphology with favorable microstructure

(e.g. porosity) is feasible to  adjust the mass-transfer pathway
towards photocatalytic removal performance of pollutants in the
liquid-phase system. For instance, tetragonal In2S3 nanoparticles
with a particle size of 5–20 nm showed stable and excellent photo-
catalytic performance for methyl orange (MO) removal over the
entire solar light spectrum. The MO reduction efficiency could
reach 96.2% within 30 min  under UV light, 95.4% within 3 h under
Vis  light and 67.2% within 3 h under NIR light, respectively [33].
This  kind of 0D In2S3 nanoparticle structure exhibited very broad
light absorption region (the absorption edges reached 650 nm)  and
two  broad absorption peaks at 1440 nm and 1940 nm in  the NIR
region due to the presence of a defect band located above the
VB  of In2S3. The photocurrent response reached up to 10.5 �A in
the NIR light [33]. Besides, Wu et al. engineered 3D hierarchical
porous microsphere-like (3HPM) In2S3 stacked by 2D ultrathin
nanosheets, which exhibited 3 times higher photo-degradation
efficiency of MO  than that of 3D solid microsphere-like In2S3 [100].
This could be attributed to  the relatively higher specific surface
area and more exposed reaction sites, which in turn accelerated the
surface separation of photoinduced electrons (or holes) and inter-
facial charge-carrier transfer [100].  Similar researches have also
been reported by Qiu et al. and Wei  et al. [66,161,162]. Although
the microstructure adjustment has significant improvement in
photo-degradation efficiency, the quantified relationship between
morphology (or materials dimension) and photocatalytic perfor-
mance is not  clear.
Doping is  also able to modulate the electronic properties and

extend the absorption spectrum of In2S3.  Rare earth ions doping
such as Dy3+, Tb3+,  Eu3+, Yb3+ and Tm3+ have also been devoted
to  increasing the light absorption of In2S3,  as they could convert
low  energy photons (NIR) into higher energy emitted photons (UV
or  Vis light) via nonlinear optical effect of up-conversion pro-
cess  [28,163–166]. Recently, our group designed the Yb3+/Tm3+

co-doped In2S3 crystal structure, which remarkably increased the
photo-activity of In2S3 towards chromium(VI) reduction and RhB
oxidation [28]. The reduction efficiency of Cr  (VI) reached 97.9%
under NIR light irradiation for 100 min, 99.3% under Vis light for
10 min  and 98.3% under UV light for 10 min. As  well, the Yb3+/Tm3+

co-doped In2S3 retained stable efficiency for the RhB degradation
of  98.4% (NIR, 100 min), 97.3% (Vis, 14 min), and 96.3% (UV, 14 min)
[28]. As shown in Fig. 7a,  through the up-conversion process of
Yb3+/Tm3+,  the adsorbed NIR light photons were converted into
higher energy emitted photons, which excited the In2S3 to generate
electron-hole pairs [28]. In detail, the Yb3+ ions were firstly excited
by  the pump photons of 980 nm under NIR light. Through three
successive energy transfer from Yb3+ to  Tm3+,  the higher energy
levels 3H5, 3F2 and 1G4 of Tm3+ were populated [28]. While the
1D2 energy level of Tm3+ was populated via the cross-relaxation
process between Tm3+ ions. During the decays of high state level, a
certain amount of photons at high energy levels were emitted to the
low energy levels [28]. Further, the fluorescence emission energy
was absorbed by the photocatalyst to produce electrons and holes.
Notably, the excited electrons could be captured by the interme-
diate energy states and vacancies, accelerating the separation of
photogenerated charges [28]. Intermediate band semiconductors
have  raised interest as materials to promote photocatalytic activity.
Conesa et al. demonstrated that V-substituted In2S3 as an inter-
mediate band (IB) material could enhance the photo-conversion

efficiency by combining two photons to obtain a  higher energy elec-
tron  excitation [119,167]. The partial substitution of In by V in the
In2S3 could yield in-gap levels within the crystalline structure, fur-
ther causing the shift of Fermi energy level, and both valence and
conduction bands positions [119,167]. The photo-degradation of
HCOOH under different wavelengths light (Fig. 7b) demonstrated
that the V-substituted In2S3 was able to  photodegrade HCOOH in
the wavelengths light between 700 and 750 nm, confirming its abil-
ity  to use photons with energy clearly below the band gap of pure
In2S3 [119]. Also, it was proved that the photo-degradation rates
of V-substituted In2S3 were comparable to the pure In2S3 [119].
Yang et al. examined the photocatalytic performance of Ca2+ doped
In2S3 towards RhB degradation under visible light. The introduc-
tion of Ca2+ not only induced the spherical hierarchical structures
of  In2S3 but also promoted the formation of the indirect band gap,
thus  accelerating the RhB degradation rates 3 folds as fast as TiO2
(P25) under the same condition [75].
Additionally, In2S3-based heterostructured photocatalyst via

coupling with another charge acceptor (and/or carrier) is also
endowed with good photo-degradation activity. Recently, a  novel
quasi-core-shell In2S3/TiO2@Ti3C2Tx ternary heterostructure was
proposed by our research group. The MO removal efficiency of
In2S3/TiO2@Ti3C2Tx hybrids reached above 90% under Vis light
exposure within 60 min, which was about 6.2 and 3.2  times higher
than  that of pure Ti3C2Tx and In2S3.  According to the pseudo-
first-order model ln(C/C0)  =  kt, the photocatalytic degradation rate
parameter (k)  (y-axis in Fig. 7c)  was used for evaluating the per-
formance  of five In2S3-based photocatalysts [26]. Compared with
other  types of In2S3-based photocatalysts including In2S3/MoS2,
In2S3/TiO2,  In2S3/reduced graphene oxide (rGO) and In2S3/carbon
nanotube (CNT), the In2S3/TiO2@Ti3C2Tx hybrids showed the high-
est  photocatalytic degradation rate of 0.04977 min−1 for MO
(Fig. 7c) [26]. The constructed double heterojunction structure
composed of type-II heterojunction and Schottky junction pro-
vided plentiful charge transfer channels, thus accelerating the
separation and transfer of photogenerated charge carriers [26].
Yan et al. constructed a  Z-scheme Ag3PO4/In2S3 photocatalyst
via  loading ultra-low Ag3PO4 (0.086 wt %) on hierarchical In2S3
microspheres. The hierarchical In2S3/Ag3PO4 composites degraded
almost all dyes (MO, MB and RhB) under Vis light within 7  min
[131]. As shown in  Fig. 7d, Ag nanoparticles produced in the
synthetic process acted as a  charge transmission mediator to
neutralize photogenerated holes from the VB of In2S3 and elec-
trons  from the CB of Ag3PO4, thus restraining the photocorrosion
of  In2S3 and keeping the strong reducibility of electrons [131].
As  for the photocatalytic removal of pharmaceuticals and per-
sonal care products pollution, a  multi-dimensional ternary carbon
quantum dots (CQD)@3D daisy-like In2S3/single-wall carbon nano-
tubes (SWNTs) heterostructure was  reported to exhibit superior
activity (Fig. 7e) for the photo-degradation of ciprofloxacin (CIP),
tetracycline (TC) and levofloxacin tablets (LEV) [32]. With the
addition of SWNTs and CQDs in  sequence, the photodegrada-
tion rates of all the antibiotic increased gradually under Vis
light irradiation for 60 min  [32]. The remarkable increment in
photo-degradation efficiency was ascribed to the addition of
charge  transfer bridge (CQDs), increased specific surface area and
improved light absorbance [32]. Recently, the In2O3/In2S3/CdS
ternary porous heterostructure films were reported to exhibit
exceptional Vis-light photoelectrocatalytic (PEC) activity towards
the  degradation of 4-Fluoro-3-methylphenol [155]. The PEC degra-
dation efficiency reached 87.3% with the fastest degradation rate
of  0.279 h−1.  Correspondingly, the In2O3/In2S3/CdS photoelectrode
had the strongest photocurrent response compared with pure
In2O3 and In2O3/In2S3 films (Fig. 7f) [155]. The favorable perfor-
mance was  considered to the rapid separation of charge carriers
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Fig. 7.  (a) Photocatalytic process of Yb3+/Tm3+ co-doped In2S3 for Cr (VI) and RhB degradation. Adapted with permission [28].  Copyright 2017, Elsevier. (b) Photocatalytic
degradation of HCOOH under different wavelengths light for In2S3 and V  doped In2S3.  Adapted with permission [119]. Copyright 2014, Royal Society of Chemistry. (c)
Photocatalytic degradation of MO  for different In2S3-based hybrids. Adapted with permission [26].  Copyright 2018, Elsevier. (d) Schematic of electron −  hole pairs separation
mechanism for Z-scheme In2S3/Ag3PO4 composites. (e) Photodegradation rates of CIP, TC and LEV with In2S3,  In2S3/SWNTs and In2S3/SWNTs/CQD for 60 min  under Vis
light.  Adapted with permission [131,32]. Copyright 2016, Elsevier. (f) The chronoamperometry of In2O3, In2O3/In2S3 and In2O3/In2S3/CdS. Adapted with permission [155].
Copyright 2017, Elsevier. (g) Left: schematic degradation pathway of gaseous o-DCB, Right: schematic of the electron − hole separation mechanism for the 3D In2S3/In2O3
heterostructures under Vis light. Adapted with permission [152].  Copyright 2016, American Chemical Society. (h) E. coli inactivation performance under various reaction
conditions  (inset: corresponding photographs of agar plates). Adapted with permission [172]. Copyright 2014, Wiley.
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generated from the double type-II modes, and the enhanced super-
hydrophilicity and Vis light utilization [155].
Gaseous ortho-dichlorobenzene (o-DCB), a  kind of chlorinated

volatile organic compound generated from the incineration of med-
ical  and municipal wastes, could be efficiently photodegraded as
well [152]. A  3D In2S3/In2O3 heterostructure was constructed with
the  In2O3 microflowers and the adherent In2S3 nanoflakes. The
In2S3/In2O3 heterostructure exhibited 16.4 times higher photo-
degradation rate of gaseous o-DCB than that of TiO2 (P25) under
Vis light exposure [152].  The schematic degradation pathway
was  shown in Fig. 7g, through the type II  heterojunction system,
the  photogenerated electron-hole pairs effectively separated and
transferred to the surface of In2S3/In2O3. Then, the absorbed o-DCB
was  oxidized by radical species (

•
O2−, •OH, and photogenerated h+)

to  form phenolate species, formates, acetates, and maleates. Ulti-
mately, these reaction products were transferred into H2O  and CO2
[152].
Pathogenic microbes have caused millions of mortalities via

the media of water or air according to the literature and World
Health Organization [168–170]. Distinguished from the traditional
disinfection method (UV, ozonation or  chlorination disinfection),
photocatalytic disinfection is more environmentally friendly for
its  nontoxicity and cost-effective [171]. Gao et al. firstly investi-
gated the photocatalytic inactivation of Escherichia coli by coupling
carbon nanofiber (CNF) and In2S3 nanoflowers to build hierar-
chical CNF–In2S3 nanostructures, which possessed large specific
surface area (162.91 m2 g−1) and improved light absorption [172].
As  shown in Fig. 7h,  nearly 80% Escherichia coli (E. coli) cells could be
killed by CNF-In2S3 under Vis light irradiation due to  the occurrence
of  oxidative stress, which was 2 times higher than that of the In2S3
(40%) [172]. Because of the effective separation of photogenerated
electrons and holes on the heterostructure surface, E. coli cells were
finally inactivated by the oxidization of generated superoxide anion
radicals and holes conjointly [172].
Based on the achievement of In2S3-based photocatalysts in  the

field  of environmental remediation, we deem that there is still
a  long way to go for its industrialization due to  the complex
constituents in an actual environment. Novel In2S3-based pho-
tocatalysts with universal photo-activity towards various organic
contaminate under Vis or NIR light are still in  demand. Besides,
there still remains a big gap between the In2S3-based photocat-
alytic  technology and the volatile organic compounds pollution.
The  elimination of emerging volatile organic compounds over
In2S3-based photocatalysts is  still in its infancy and the degrada-
tion  pathways of contaminant need to be deeply explored for better
comprehension with regard to the photocatalytic reaction.

4.2.  Artificially photosynthetic renewable fuels

4.2.1.  Hydrogen energy via water splitting
4.2.1.1. Solid powder reaction system. Hydrogen gas (H2) with
the  highest energy density (140 MJ kg−1)  on a gravimetric basis
becomes an alternative fuel in contrast to the hydrocarbon fuels
(i.e.  petrol and diesel) with the energy density range from 40
to  50 MJ  kg−1 [11]. Artificially photosynthetic hydrogen energy,
a  promising energy source without depending on fossil reserves,
owns  three main processes including (i) absorption of photons to
form electron-hole pairs, (ii) separation and migration of photo-
generated carriers to the photocatalyst surface (or interface) and
(iii)  surface chemical reactions on the active sites and surface area
[173,174]. Over the past few years, a  large number of In2S3-based
nanomaterials with enhanced activity for the photocatalytic H2
generation have been developed. As shown in Fig. 2f, the bottom
level of CB (-0.8 V vs. NHE) in pure In2S3 is more negative than the
redox potential of H+/H2 (0 V vs. NHE) [34]. The VB (1.5 V vs. NHE) is
slightly positive than the redox potential of O2/H2O (1.23 V vs NHE)

[34,97].  It  provides the thermodynamically sufficient potentials for
H2 generation via water splitting. The inherent defective nature
and  easily regulatory micro/nanostructures endow In2S3 with an
excellent platform, which facilitates the separation and migration
of  available photoinduced carriers and the decoration of cocatalyst
in  surface chemical reactions.
In the experimentally pioneering work of Naik and co-workers,

the  authors prepared tetragonal and cubic �-In2S3 dandelion flow-
ers  by rapid microwave solvothermal process. The tetragonal
and cubic �-In2S3 were applied to photocatalytic H2 evolution
from H2S photo-decomposition under Vis-light irradiation [93].
The maximum hydrogen production rate was 1856 �mol h−1 [93].
Fu et al. further demonstrated that the cubic �-In2S3 exhibited
steadily photocatalytic activity for H2 production via water splitting
with the maximum hydrogen generation rate of 736 �mol g-1 h-1

at the Pt loading amount of ca.2.0 wt%  while the tetragonal �-
In2S3 showed no activity, which was  related to the vacancy
ordered/disordered degree of In2S3 [43]. They proposed that
sulfur-bridged indium ions were important for the transfer of  pho-
togenerated charges. The presence of ordered indium vacancies
blocked the transportation efficiency of the carrier transfer path-
way.  In parallel, partial indium vacancies ordered �-In2S3 was
considered as the intermediate phase between tetragonal and cubic
�-In2S3,  which was reported to show photo-activity for H2 evolu-
tion with a  generation rate of 442 �mol  g-1 h-1 and the apparent
quantum yields of 1.45% at 400 nm [175]. To enhance photogener-
ated carrier separation of In2S3, various semiconductors (i.e. TiO2,
In2O3,  Na2Ti3O7)  have been integrated in the presence of Pt cocata-
lyst [176–178]. Chai et al. observed that the In2S3/(1.0 wt% Pt-TiO2)
nanocomposite with a  mass ratio of 3 : 2 had the maximum pho-
tocatalytic hydrogen production rate of 135 mol  h−1,  much more
superior than that of pure In2S3 and pure TiO2 [179]. The charge
separation process was  particularly probed by Wang et al. through
photoelectrochemical transient photo-current measurements and
optical pump-terahertz probe spectroscopic [176].  It was verified
that the photocurrent of the In2S3/Pt-TiO2 was stronger than that
of  the neat In2S3 electrode, implying the more efficient separation
of  photo-induced charge carriers in  the nanocomposite. The type-II
migration of photoinduced electrons from the In2S3 CB to the TiO2
CB and subsequently into the external Pt  nanoparticles occurred on
a  ∼5 ps timescale (Fig. 8a) [176]. Besides, the loading amount and
nature of cocatalyst also affected the photocatalytic H2 generation.
With the same loading amount, the hydrogen production rate of
noble-metal-loaded �-In2S3 followed this order Pd > Pt > Ru > Au/�-
In2S3 [43]. Noble metals with the low activation potentials and
work functions are not only served as the active sites for promot-
ing  H2 evolution, but also promoting the separation of  photoexcited
electrons and holes.
In order to  substitute high-cost noble metals, achieve outstand-

ing quantum yields and reduce photocorrosion simultaneously,
building In2S3-based binary or ternary heterostructured materi-
als  can be  an efficient strategy. These composited photocatalysts
include In2S3-MoS2, In2S3-MnS, In2S3-ZnS-Ag2S, In2S3-ZnS-CuS,
In2S3-MoS2-CdS, and In2S3-WO3-graphene [35,97,180–183]. For
instance, 2D  layered MnS/In2S3 heterostructure exhibited highly
enhanced Vis-light photocatalytic H2 production from H2S in the
absence of noble metals cocatalyst [35]. The maximum H2 produc-
tion rate was about 8360 �mol  g−1 h−1,  which was approximately
50  times higher than that of �-In2S3 alone [35]. The apparent
quantum yield (AQE) reached 34.2% at 450 nm,  the correspond-
ing  H2 evolution amount was  36,440 �mol  h−1. More importantly,
the  MnS/In2S3 composite displayed a good stability and anti-
photocorrosion [35]. In the photocatalytic process of splitting H2S
(Fig. 8b), the MnS/In2S3 photocatalyst was excited to produce
electron-hole pairs. Because of the matched energy band, the pho-
togenerated charges separated with the holes left in  the VB of



J.  Zhang et al. / Journal of  Photochemistry and Photobiology C: Photochemistry Reviews 38 (2019) 1–26 15

Fig. 8. (a) Right: normalized THz photoconductivity signals for In2S3, In2S3/TiO2, and In2S3/Pt-TiO2 and the inset is the OPTP signals for In2S3 and TiO2. Left: the extracted
amplitude (column) and decay times (circles) for the fast and slow decay components, respectively [176]. Adapted with permission. Copyright 2016, Elsevier. (b) Photocatalytic
process of splitting H2S in 0.6 M Na2SO3/0.1 M Na2S/3 M H2S solution for MnS/In2S3 composite. Adapted with permission [35]. Copyright 2017, Elsevier. (c)  Photocatalytic
rate  of H2 evolution on In2S3/MoS2/CdS, GO/CdS, rGO/CdS and Pt/CdS under Vis light. (d)  Schematic of In2S3/CdS/MoS2 and In2S3/MoS2/CdS heterostructures. Adapted with
permission [182]. Copyright 2015, Royal Society of Chemistry.

In2S3 and electrons left in  the CB of MnS. The photogenerated holes
were  consumed by the additional sacrificial reagents Na2SO3 and
Na2S, thus improving the anti-photocorrosion ability of MnS/In2S3
photocatalysts. Moreover, both  the solid S  and the lightproof yel-
low disulfide ions (S22−) originated from the photooxidation of
holes  were reduced by SO32− ions into colorless thiosulfate ions
(S2O32−), which ensured the long-term photocatalytic stability
[35]. Fang et al. constructed a  dual-defective and strongly-binding
MoS2/In2S3 photocatalyst, in which defective MoS2 layers with
abundant exposed edges in situ grown on the layered and defec-
tive  In2S3 nanosheets [97]. With the 1 wt% MoS2 layers loading in
MoS2/In2S3, a  ca. 12-fold enhancement of the H2 evolution rate
using lactic acid as scavenger agent compared with bare In2S3. The
cocatalyst MoS2 served as the active site for H2 spillover, helped to
harvest light and occupy the unstable positions of In2S3.  Long-term
stability in  photocatalysis was proposed that the existing disorder
crystal structures broke the strict crystal anisotropy of In2S3 for
the  formation of homogenous bond situations in all orientations,
which  made the separated holes difficult in  breaking the isotropic
energy-balanced bonds. Further, Jiang et al. designed a  hierarchical
ternary In2S3/MoS2/CdS heterostructured photocatalyst (Fig. 8c),
which was declared to display higher activity without noble metal
photocatalyst for photocatalytic H2 evolution than that of graphene
oxide/CdS, graphene/CdS composites and co-catalyst Pt contained
systems [182]. The important advantage is the structure sequence
and deposition site (Fig. 8d),  that  is, MoS2 deposited on the interface
of  CdS and In2S3 is more efficient in  promoting charge transfer and
inhibiting the recombination of photoinduced electrons and holes.
Moreover, the well-matched band position between CdS and In2S3

prevented the accumulation of holes in CdS and inhibited corro-
sion of CdS. From the above analysis, rational and multifunctional
heterostructure design is a  developing trend for highly-efficient H2
generation and anti-photocorrosion via combining the superiority
of  respective composition and the directional carrier transfer path-
way [182]. It is promising to extend atomically thin In2S3 to the
preparation of heterojunctions via coupling with different mate-
rials  for efficient solar energy conversion. Significant work is  still
required towards manipulating the crystal structure of In2S3 for
adjustable vacancies or filling the vacancies with a  heteroatom (P,
N,  Cl, etc.) to tailor the intrinsic properties, and identifying the
structure sequence and deposition site when building multiple
In2S3 heterostructures.

4.2.1.2. Photoelectrochemical cell. Photoelectrochemical (PEC)
water splitting via In2S3-based semiconductor is  the other promis-
ing  approach to the scalable generation of renewable fuels. Coupled
with  solar energy conversion, PEC water splitting can achieve the
rapid kinetic processes for both water reduction and oxidation
with a minimal carbon footprint. In the PEC cell, three processes
are included, carriers generation from the absorption of the pho-
tons  of semiconductor firstly, the rapid separation and transfer of
carriers  due to  the additional electric field, and the redox reaction
for water splitting. Several characteristics are crucial for efficient
water splitting in  PEC cell systems, including low onset potential
of  photoanode, favorable photocurrent, and long-term stability.
The research on PEC properties of In2S3 films was  firstly reported

by Zhang et al, in  which the wedge-like In2S3 films exhibited a pho-
tocurrent density of 0.48 mA  cm−2 [184]. Subsequently, the relation
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between In2S3 morphologic structures and PEC characteristics was
investigated by Ehsan et al. [185]. Through controlling the precur-
sor’s  nature (i.e. alkyl groups, metal-ligand designs, and deposition
temperatures), different morphologies of �-In2S3 including lumps,
pyramidal, flakes and granular crystallites were deposited on the
substrate surface. Among them, the �-In2S3 thin films with pyra-
midal crystallites exhibited the highest photocurrent density of
1.25  mA cm−2 vs at Ag/AgCl of 0.23 V [185]. Tian et al. further inves-
tigated the PEC performance of 2D ultrathin �-In2S3 nanocrystals
(nanobelts and nanoflakes) with a  thickness of 2  nm [62]. Due to
the  more convenient pathway and active sites derived from the 2D
ultrathin structure, the photocurrent density of �-In2S3 nanoflakes
(0.37 mA cm−2) and nanobelts (0.12 mA  cm−2)  were both higher
than that of the �-In2S3 nanoparticles (0.02 mA  cm−2). The 2D
�-In2S3 nanocrystals showed excellent stability for PEC water split-
ting with a  constant potential of 0.22 V vs.  Ag/AgCl under irradiation
for  160 min  [62]. Su et al. demonstrated that n-type flower-like
In2S3 porous films possessed higher anodic photocurrent of ca.
1.3  mA  cm−2 at 0.2 V vs reversible hydrogen electrode (RHE), which
was  ascribed to  the more efficient carrier passway from the ideal
porous structure. The maximum incident photon-to-electron con-
version  efficiency of In2S3 porous films reached 2.57% at 420 nm
and  0 V [186].
Metal ion doping into the host lattice structure also makes sig-

nificant progress in the PEC efficiency of �-In2S3,  through which the
electron density, trap states, energy levels, and surface defects are
tailored to retain charge balance for the doped system. Therefore,
the  unique photoelectric properties of doped �-In2S3 are induced
for  superior PEC water splitting. As an example, Zr4+ doped �-In2S3
2D nanoflakes was reported to exhibit 10 folds higher photocur-
rent  density (1.1 mA  cm−2 at 1.3 VRHE) than pure �-In2S3 [118].
The  onset potential of Zr4+ doped �-In2S3 was 1.05 VRHE, which was
lower than that of pure �-In2S3 (1.2 VRHE). After being illuminated
at  1.2 VRHE for 240 min, the Zr4+ doped �-In2S3 retained favorable
stability for PEC water splitting. A  redshift of  0.22 eV in  the absorp-
tion  spectrum and negative shift in  energy levels were observed
after  the introduction of Zr4+,  thus leading to the improved PEC
activity in the extended visible light edge from 450 to 490 nm [118].
Remarkably, atomic layer confined doping of Co ions into cubic
In2S3 three atomic layers (3ALs) was achieved by Lei  et al. [105].
As  revealed by the density functional calculations, the Co ions dop-
ing resulted in the increased density of states at CB and several
new energy levels from the splitting of Co 3d states. Hence, the d-d
internal transition of Co ions in  tetrahedral coordination was  built
for the electrons to be excited easily, making it possible for Co-
doped In2S3 3Als to achieve more outstanding photoconversion
efficiency. As shown in  Fig. 9a, the practical photocurrent of Co-
doped In2S3 3ALs photoelectrode (1.17 mA  cm−2 at 1.5 VRHE)  was
10  and 17 times higher than that of the three atomic layers In2S3
and the bulk In2S3 respectively. The experimental incident photo-
conversion efficiency (IPCE) of Co-doped In2S3 3ALs photoelectrode
reached up to 46% at 450 nm and two sharp increases in  the Vis-NIR
spectrum (750–900 and 1500–1750 nm)  were observed (Fig. 9b).
The  recovery lifetime of Co-doped In2S3 3ALs (360 ps) was  25 folds
longer than In2S3 3Als, indicating the superior electron-hole sepa-
ration efficiency. As a result, the experimental water splitting rates
of Co-doped In2S3 3Als reached the verge of its theoretical values
[105].
To further enhance the PEC performance for water split-

ting,  variety of binary or ternary In2S3-based heterostruc-
tures  have been constructed including In2S3/ZnO, In2S3/TiO2,
In2S3/MoS2,  In2S3/g-C3N4, In2O3–x/In2S3,  TiO2/In2S3/AgInS2,  Pt-
In2S3/CuInS2 In2S3/anatase/rutile TiO2 and Pt–In2S3/Cu3BiS3
[25,63,124,142,187–190]. Typically, Yang et al. reported a 3D
In2S3/anatase/rutile TiO2 nanostructured array (In2S3/ANP/RND)
to  exhibit outstanding PEC water (and seawater) splitting perfor-

mance [187]. By the deposition of In2S3 on the surface of ANP/RND
array, additional staggered heterojunction was built to enlarge the
band  bending in the neutral electrolyte for efficient charge sep-
aration (Fig. 9c). The photocurrent density of the In2S3/ANP/RND
array  photoanode (1.57 mA cm−2 at 1.23 VRHE) in  the neutral elec-
trolyte was  equal to  that of ANP/RND in  alkaline electrolyte.
The  onset potentials of In2S3/ANP/RND photoanode were as low
as  0.36 VRHE.  Improved charge separation efficiency from 82 to
94% was  observed after the deposition of In2S3,  which profited
from  the dual-staggered heterojunctions. The amount of O2 gener-
ated from PEC water splitting of In2S3/ANP/RND photoanode was
close  to  the theoretical value in the neutral electrolyte. And the
faradaic efficiency of In2S3/ANP/RND photoanode was over 90%
during 2 h irradiation, indicating the superior stability and high
efficiency [187]. Besides, the deposition of Pt with small hydro-
gen overpotential is usually a useful technique to  improve cathodic
photocurrent. Kamimura et al. integrated n-type In2S3 and p-type
Cu3BiS3 to construct p-n In2S3/Cu3BiS3 heterojunction electrode
with Pt deposition [124]. The photocurrent onset potential of the
Pt-In2S3/Cu3BiS3 (0.2 V vs. Ag/AgCl) electrode was more positive
than the Pt-Cu3BiS3 (0.2 V vs. Ag/AgCl). The photocurrent of the Pt-
In2S3/Cu3BiS3 electrode reached ca. -110 �A  cm−2 at 0 VRHE,  100
times higher than that of Pt-Cu3BiS3 (ca. -2 �A  cm−2 at 0 V), which
was  ascribed to the efficient charge separation in  the depletion
region of p-n heterojunction [124]. Thus, the amount of generated
H2 increased with the more negative electrode potential and the
calculated faradic efficiencies kept ca. 80–93% at an entire potential
(Fig. 9d) [124]. Very recently, Hou et al. exploited atomically thin
2D  mesoporous In2O3–x/In2S3 lateral heterostructure as a  photo-
electrode for PEC water splitting [25]. Through an in-situ oxygen
plasma induced strategy, the In2S3 atomic layers were oxidized
to  mesoporous In2O3–x/In2S3 heterostructures. The In2O3–x/In2S3
mesoporous layers possessed much larger specific surface area
(63  m2 g−1)  than the reported In2S3 nanosheets (12 m2 g−1), pro-
viding enough contact area for electrolyte penetration. According
to  density functional theory calculations (Fig. 9e), massive peaks in
the  band gap of the In2O3–x/In2S3 heterostructures were induced
by the oxygen and oxygen-vacancies confined in  the In2S3 atomic
layers. Therefore, the photoconversion efficiency became much
higher  owing to the strong coupling effects at the atomically thin
In2O3–x/In2S3 interface. The photocurrent of In2O3–x/In2S3 pho-
toelectrode reached 1.28 mA  cm−2 at 1.23 VRHE,  which was 21
and 79 times larger than that of In2S3 atomic layers and bulk
In2S3 respectively, indicating the significant improvement of lateral
heterostructures in  the PEC water splitting [25]. The faradaic effi-
ciency of In2O3–x/In2S3 electrode nearly reached 96%. Besides, the
In2O3–x/In2S3 photoelectrode exhibited more stable photocurrent
than In2S3 atomic layers, which proved the anti-photocorrosion
of In2O3–x/In2S3 heterostructure (Fig. 9f). Compared with In2S3
atomic layers, an increased lifetime of the In2O3–x/In2S3 excited
carriers was observed via transient absorption spectroscopy, indi-
cating efficient interfacial charge transport for the enhanced
photocatalytic performance. Therefore, the structural benefits of
the  atomically thin mesoporous In2O3–x/In2S3 accounted for the
remarkable PEC water splitting (Fig. 9g) [25].  Distinctly, coupling
2D In2S3 atomic layers with lateral or vertical heterostructures is
promising to achieve band engineering within the atomic plane for
robust high performance in solar-to-fuel conversion.

4.2.2. Biology-assisted photocatalytic hydrogen and oxygen
production
To  date, constructing an effective electron transfer between

inorganic semiconductor and biocatalysts (enzyme or microorgan-
ism)  for photosynthetic H2 from water has attracted considerable
attention. The photosynthetic biohybrid systems have incorpo-
rated  the merits of inorganic semiconductors with outstanding
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Fig. 9.  (a) Photocurrent density and (b) IPCE of Co-doped In2S3 three atomic layers, pure  In2S3 three atomic layers and the bulk  counterpart. Adapted with permission [105].
Copyright 2015, Wiley. (c) Schematic of  In2S3/ANP/RND array photoanode. Adapted with permission [187].  Copyright, 2018, American Chemical Society. (d)  H2 evolution
over Pt–In2S3/Cu3BiS3 electrode in Na2SO4 solution (pH 6)  at different applied potential. Adapted with permission [124]. Copyright, 2017, Royal Society of Chemistry. (e)
The  density of states and simulation models of atomically thin In2O3–x/In2S3 heterostructures. (f) Photocurrent density versus time of In2S3 layers and In2O3–x/In2S3. (g)
Structural benefits for robust broadband-light PEC water splitting of In2O3–x/In2S3 heterostructures. Adapted with permission [25].  Copyright 2017, Wiley.

light-absorbing efficiency and biocatalysts with superior H2 (or O2)
generation [191–194].
In the pioneering work of Tapia and co-workers, In2S3 parti-

cles were firstly combined with [NiFeSe] Hydrogenase (Hase) from
Desulfovibrio vulgaris for photobioproduction of H2 [192].  In order
to  build a direct electron transfer between In2S3 and Hase, a highly
porous surface of In2S3 was designed for the immobilization of
enzyme into the cavities. As shown in  Fig. 10a, the photobiocat-
alytic generation of H2 occurred only when Hase was  injected and
under Vis light irradiation. Further, the incubation time was found
to make an influence on the specific activity of hydrogenase and H2
photobioproduction. The overall activity of Hase attached to the
In2S3 reached 89% and photobioproduction rate reached highest
of  672 �mol  (mg  of Hase)−1 min−1 after incubated for 6 h. And the

turnover frequency of the NiFeSe Hase for H2 photobioproduction
reached 986 s−1 [192]. Tapia et al. reported a hybrid In2S3/Trametes
hirsuta laccase (In2S3/Thlc) photocatalyst for photoelectrochemical
oxygen evolution [193]. The current density of In2S3/laccase with
covalent  bond photocatalyst (50 �A cm2) was  about 10-fold higher
than that of the laccase physically deposited on In2S3 photocata-
lyst.  The average turnover frequency In2S3/Thlc photoanode for O2
evolution reached 4.6 ±  0.1 s−1,  equal to  that for photosystem II.
The  onset potential of an In2S3/Thlc photocatalyst for the photo-
electrochemical oxygen evolution was  as low as 1.24 V vs RHE at
pH  7.1. However, the inactivation of the biocatalyst occurred under
Vis light illumination for 6 min  because of the photodegradation of
enzyme [193].
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Fig. 10. (a)  Photocatalytic H2 production of In2S3 particles and the arrows mark the time at which the lamp is  turned on or off and of Hase injection into the reactor
vessel.  Adapted with permission [192]. Copyright 2016, American Chemical Society. (b) Schematic pathway diagram and HAADF image of AglnS2/In2S3@E. coli hybrid. (c)
Photocatalytic H2 production of different hybrid systems, and Cell viability and MDA  production during the H2 production process. Adapted with permission [194]. Copyright
2018,  Elsevier.

Recently, without any enzyme purification and genetic
modification, Jiang et al. established the AglnS2/In2S3@E. coli pho-
tosynthetic biohybrid systems by  employing low-cost bacterial
cell  directly [194].  Through the precipitation of In3+ ions with
sulfide produced from E. coli, In2S3 nanoparticles were biologi-
cally grown on the cell surface. AglnS2/In2S3 heterojunction was
formed via in-situ ion exchange and anchored on the surface E. coli
cells (Fig. 10b). From Fig. 10c,  the AglnS2/In2S3@E. coli hybrid
system exhibited an H2 evolution amount of 1660 �mol  and excel-
lent  photobio-stability compared with pure E. coli, In2S3@E. coli
hybrid, AglnS2/In2S3 composite and AglnS2/In2S3 + E. coli under Vis
light  for 3 h.  And the AQE of the AglnS2/In2S3@E. coli hybrid sys-
tem (3.3% at 720 nm) was higher than many photoheterotrophic
bacteria, like Rhodobacter sphaeroides,  Rhodobacter capsulatus etc
[195]. Due to  the matched band structure, photogenerated elec-
trons transferred from AglnS2 CB to  In2S3 CB and finally to E. coli, the
hybrid cells hence was under the higher stress of reduction poten-
tial.  As a  result, fermentative H2 production was enhanced under
Vis light to maintain the redox balance [194]. Inspired by these
favorable semiconductor-biological system, such catalysts strug-
gle  to compete with the high-specificity and the self-replicating,
self-repairing properties of the biologically photocatalytic energy
evolution system.

4.2.3. Carbon-based fuel production from carbon dioxide
reduction
Photocatalytic conversion of CO2 into renewable fuels, imitat-

ing natural photosynthesis, has drawn considerable attention to
address  the environment pressure and global energy [5,6,9,37–39].
In order to break C  O  bond of CO2, a  large of energy from the mul-
tiple electrons are in demand. Besides, the reduction of highest
chemical state (C4+) of C atoms could only be achieved with the
assist of reducing agents (H2O, H2,  S2−, SO32−,  and amines) [5]. H2O
as  the most preferred reducing agent has been widely used in  the
photocatalytic CO2 reduction, which is  an uphill reaction with posi-
tive Gibbs free energy to  overcome reaction barriers. Exactly, the CB
bottom of In2S3 is more negative than CO2 reduction potentials, and
the top of VB is  more positive than the oxidation potential of H2O,
indicating the possibility of In2S3 to the photocatalytic reduction
of CO2 with H2O  into fuels (Fig. 2f).
Photocatalytic reduction of CO2 via the artificial Z-scheme sys-

tem, mimicking the overall natural photosynthetic (photosystem I
and photosystem II), has aroused the great passion of researchers.
Our recent research reported the photocatalytic selective reduc-
tion of CO2 into CO using In2S3-CdIn2S4 tubular heterostructure as
photocatalysts [27]. Owing to the high BET surface area (68 m2 g−1)
originated from the hierarchical mesoporous structure, In2S3-
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Fig. 11. (a)  CO2 photoreduction performance of In2S3-CdIn2S4 heterostructured photocatalyst. Adapted with permission [27].  Copyright 2017, American Chemical Society. (b)
Schematic of charge separation and transfer in the Z-scheme system of WO3/Au/In2S3.  (c) Comparison of photocatalytic activity for CO2 reduction over different photocatalysts.
Adapted with permission [196].  Copyright 2016, American Chemical Society.

CdIn2S4 showed a  high CO2 absorption of ca. 25 cm3 g−1 at 760 mm
Hg  and 0 ◦C. In  the photocatalytic process, H2O/acetonitrile mix-
ture with Co(bpy)32+ (bpy = 2′2-bipyridine) was used as cocatalyst
instead of noble metal. The In2S3-CdIn2S4 heterostructured nan-
otube exhibited excellent CO production rate of 825 �mol  h−1 g−1

(Fig. 11a), which was 12 times higher than pure In2S3 nanotubes.
Besides, the cocatalyst of Co(bpy)32+ was found indispensable to
efficient CO2 reduction performance. Then, the production of CO
was  proved from the photocatalytic reduction of CO2 through 13C-
isotopic tracer experiments. The In2S3-CdIn2S4 heterostructures
also possessed superior stability for CO2 reduction distinguished
from most other single metal sulfides, which was  attribute to  the
hierarchical tubular nanostructures [27].  Li et al. constructed a Z-
scheme WO3/Au/In2S3 photocatalyst for selective CO2 reduction to
CH4, in  which Au nanoparticles acted as charge mediator between
WO3 and In2S3 for a more efficient charge carrier separation. From
Fig. 11b,  the photoexcited electrons in the CB of WO3 transferred
to  the VB of the In2S3,  which was detected by Kelvin probe force
microscopy technique via the change of surface potential. Hence,
electrons in  the CB of In2S3 (-0.7 V vs NHE) reduced CO2 into CH4
(-0.24 V vs NHE) and holes in  the VB of WO3 (+ 3.2 V vs NHE)
oxidized H2O  into O2.  Selective CH4 evolution in the Z-scheme

WO3/Au/In2S3 of 0.42 �mol g−1 h−1 was observed, 2.6 times higher
than  that in WO3/In2S3 (Fig. 11c) [196]. These works inspired the
development of complex photosynthetic assemblies for artificial
solar energy-related synthesis.

4.3. Solar cell

The efficient conversion of solar light energy into electric power
has  been a research hotspot since the discovery of the photoelectric
effect by  Henri Becquerel. The silicon-based solar cells were the first
to  appear and be commercialized due to  its outstanding conver-
sion  efficiency. However, shortcomings of the silicon-based solar
cells like low linear absorption coefficients and uneconomic thicker
absorbing layers stimulated the generation of thin film solar cells
and  nanocrystalline solar cells [4]. Owing to  the superior photocon-
ductivity and photoelectric conversion efficiency originated from
the defect state within the bandgap, In2S3 has been widely used as
photovoltaic device components in the advance of solar cells, such
as  buffer layer, emitter, counter electrode, quantum dot sensitizer,
passivation layer and electron transport layer [50,139,197–200].
In2S3 is  famous as an alternative to CdS buffer layer in solar cells

because of its low toxicity and comparative performance. The In2S3
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buffer layer based-Cu(In,Ga)Se2 (CIGSSe) thin film solar cell exhib-
ited an outstanding power conversion efficiency of 16.4%, achieving
a  perfect substitute to  CdS/CIGSSe solar cell (efficiency of 18.8%)
in  terms of the balance between environment and energy effi-
ciency [197]. Then, Cu2ZnSnS4 and Cu2ZnSn(S,Se)4 (CZTSSe) thin
film  solar cell emerges as a  new candidate because of the abundant
constituent elements in the earth and relative non-toxicity com-
pared  with the well-developed CIGSSe solar cell. Siol et al. utilized
pure �-In2S3 buffer layers in  the Cu2ZnSnS4 thin film solar cells
by  a reactive sputter deposition technique, which could achieve
the deposition of pure �-In2S3 over a  broad range of substrate
temperatures via adjusting sulfur partial pressure [201]. The photo-
voltaic performance of In2S3/Cu2ZnSnS4 solar cell was found to be
strongly related to  substrate temperature and thickness. When the
substrate temperature was 290 ◦C, In2S3/Cu2ZnSnS4-based devices
with  a thickness of 60–65 nm exhibited equal efficiency (2.0%) to
CdS/Cu2ZnSnS4 reference cells [201]. Then, Jiang et al. reported
a  post-heating treatment to improve the conversion efficiency of
In2S3 buffer layer/Cu2ZnSnS4 solar cells [202]. When the thick-
ness of In2S3 buffer layer was about 90 nm,  the performance of
In2S3/Cu2ZnSnS4 solar cells reached the best with the short-circuit
current density (JSC), open-circuit voltage (VOC), fill factor (FF) and
power conversion efficiency (PCE) of 585 mV,  17 mA  cm−2, 0.450,
and 4.5%, respectively. After a post-heating treatment, improved
VOC, JSC,  FF, and PEC of 621 mV,  20 mA/cm−2, 0.545, and 6.9%
were achieved in the In2S3/Cu2ZnSnS4 solar cells, which equally
matched the VOC (705 mV), JSC (18 mA  cm−2), and FF (0.632) of
the CdS buffer layer/Cu2ZnSnS4 solar cell [202,203]. Through this
post-heating treatment, In element vertically diffused into voids of
Cu2ZnSnS4 grain, leading to  a built-in potential across the n-type
In2S3/Cu2ZnSnS4 junction and the final improvement of VOC of the
solar cell [202].
In  order to address open circuit voltage (VOC) deficit, the

essential gap between CIGSSe and CZTSSe solar cell performance,
In2S3/CdS double emitters were employed in the CZTSSe solar cells
by Kim et al. [198]. They deposited In2S3 layers on the CdS compo-
nent  and annealed the double-emitter structure to  diffuse indium
(In) from In2S3 into the CdS/CZTSSe layers via rapid thermal anneal-
ing, which exhibited 20% improvement of VOC (547 mV)  and an
improved cell efficiency of 12.7% compared with single CdS emit-
ter.  In doping was found to  enhance the electron density of CdS and
the  hole density of CZTSSe, which in  turn endowed the CZTSSe solar
cells  with comparative photovoltaic performance to  CIGSSe solar
cells  [198,204].  As shown in Fig. 12a, the double-emitter CZTSSe cell
overcame the efficiency collapse at low temperature (lower than
200 ◦C) and the VOC monotonically increased with the light inten-
sity without any saturation, which behaved efficiently as CIGSSe
solar cells [198].
Serving as a  counter electrode in  dye-sensitized solar cells, the

In2S3 nanotubes/reduced graphene oxide (In2S3/rGO NTs) compos-
ites  have been exploited by Guo et al. in which the composites
showed remarkably higher PCE of 8.01% than that of the com-
mercial Pt-counter electrode (7.18%) [139].  The In2S3/rGO NTs also
exhibited the best JSC of 15.48 mA  cm−2,  VOC of 0.78 V and FF of
0.66  compared with Pt, bulk In2S3/rGO, and pure In2S3 counter
electrodes [139]. In the traditional I−/I3− electrolyte, the smooth
large surface of In2S3/rGO NTs accelerated electron transfer across
the counter electrode/substrate interface, which was beneficial to
the  electrocatalytic reduction of I−/I3− and finally promoted the
power conversion efficiency [139]. Kim et al. utilized In2S3 particles
as scattering layer of the incident light path to fabricate TiO2/In2S3
double layered electrode for dye-sensitized solar cells [205]. The
maximum PCE, VOC, JSC,  FF of TiO2/In2S3 dye-sensitized solar cells
reached 5.80%, 0.69 V, 12.36 mA  cm−2 and 0.68, respectively. From
Fig. 12b, the deposition of In2S3 on TiO2 electrode brought about
a  more matched band structure between the N719 dye and the

TiO2 electrode, thus making it easier for charge carriers transfer to
improve the power conversion efficiency [205].
Due to  the advantages over organic dyes sensitizer like low-

cost,  satisfactory molar extinction coefficient, quantum size effect
and multiple faction generations of quantum dots, quantum dot-
sensitized solar cells have evolved from the dye-sensitized solar
cells. Duan et al. firstly employed In2S3 quantum dot as sensitizer
on the TiO2 anodes. And the In2S3 quantum dot sensitized solar cells
possessed a  power conversion efficiency of 1.30% [200]. Wang et al.
prepared a  CuInS2 quantum dots/In2S3 co-sensitized TiO2 photoan-
odes, which showed improved photovoltaic performance with PCE
of  1.62%, JSC of 6.49 mA cm−2,  VOC of 0.50 V, FF of 0.50 [206]. In2S3 as
a  buffer layer on the interface of TiO2 and CuInS2 quantum-dots not
only extend optical adsorption but also suppress the charge recom-
bination,  thus leading to the enhanced power conversion efficiency
[206]. Further, Basit et al. reported In2S3 as a  passivation layer for
PbS  quantum dot-based photoanodes to coalesce the improvement
of JSC and VOC [199].  The PCE of In2S3/PbS multilayered photoanode
was  3.75%, which was  18% higher than that of PbS standard quan-
tum dot-sensitized solar cells. The passivation of the surface states
of  PbS quantum dots, which acted as recombination centers, was
achieved by the deposition of the In2S3 passivation layer. In Fig. 12c,
the  deposition of In2S3 as a  passivation layer restricted the recom-
bination with the electrolyte for the higher CB position, resulting
in  an improved open-circuit voltage. While the hole transfer at PbS
quantum dots/electrolyte interface was  more difficult because of
the  lower VB position of In2S3, hindering the increase of  short-
circuiting photocurrent density [199].  Hence, Basit and co-workers
deposited CdS layer prior to PbS to construct a  CdS/PbS/In2S3 mul-
tilayered photoanode. The JSC was  increased from 21.6 to  25.7 mA
cm−2 by the improved loading of PbS quantum dots originated from
the deposition of CdS (Fig. 12d) [199,207]. The PCE of CdS/PbS/In2S3
solar cell finally reached 4.3% [199].
To date, In2S3 nanoflakes array was reported to be used as an

electron transport layer (ETL) in organic-inorganic perovskite solar
cells (PSCs) as shown in  Fig. 12e [50]. The perovskite solar cells
based on In2S3 ETL showed significantly higher PCE of 18.22% than
that on TiO2 ETL (15.70%). According to the current density-voltage
(J–V) characteristics of In2S3 ETL and TiO2 ETL based CH3NH3PbI3
PSCs (Fig. 12f), the In2S3 ETL based device demonstrated a  JSC of
22.40  mA  cm−2,  VOC of 1020.00 mV  and FF of 0.69. While the TiO2
ETL based device exhibited poor J–V performance with lower JSC
(19.70 mA  cm−2) and VOC (982.19 mV). The more matched band
structure between In2S3 and CH3NH3PbI3 leads to  a  lower energy
barrier  for electron transfer from the perovskite layer into In2S3
ETL than that of TiO2 ETL (Fig. 12e).  Besides, the improved light
harvesting ability and high charge recombination resistance by the
deposition of In2S3 ETL accounts for the superior power conversion
efficiency [50]. Indeed, many In2S3-based photovoltaic systems
have also served as remarkable photocatalysts in  the similar het-
erostructures or the individual state, which in  turn makes it feasible
to  excavate more efficient In2S3-based components for the solar cell
from its optimized photocatalytic systems.

5.  Conclusions and perspectives

Solar-energy conversion and utilization can be divided into
three  areas on the basis of different reaction induced by the solar
light, that is, photocatalytic environmental decontamination, arti-
ficial photosynthesis for renewable fuels, and solar cells. As an
efficient  visible-light harvester, In2S3-based photocatalytic, pho-
toelectrocatalytic and photovoltaic systems have been extensively
investigated in the photoconversion field. Distinctively, In2S3 with
a  host of vacancies or defects possesses many fascinating proper-
ties including superior photo-absorption coefficient, photoelectric
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Fig. 12. (a)  Efficiency versus temperature of a single-emitter cell and a double-emitter cell. Adapted with permission [198].  Copyright 2014, Wiley. (b) Schematic of electronic
band  structure of TiO2/In2S3 dye-sensitized solar cells. Adapted with permission [205].  Copyright 2015, Elsevier. (c) Schematic of electronic band structure of PbS  standard
quantum-dot-sensitized solar cells and In2S3/PbS/TiO2 quantum-dot-sensitized solar cells. (d) Trends in JSC and PCE of all PbS-based quantum-dot-sensitized solar cells.
Adapted with permission [199].  Copyright 2016, Elsevier. (e) Device architecture and electronic band structure of a  typical perovskite solar cell. (f) Current density-voltage
curves of perovskite solar cells based on In2S3 and TiO2 ETLs. Adapted with permission [50].  Copyright 2017, Elsevier.

sensitivity, favorable carrier mobility (17.6 cm2 V−1 s−1), moderate
band gap (2.0–2.3 eV), excellent stability and low toxicity. These
features provide a  solid scaffold for In2S3 to  be tailored for the
optimized solar-to-chemical and solar-to-electric conversion.
To gain superior photoconversion performance in different

fields, a massive effort has been devoted via  defective engi-
neering, doping, and hybridization with inorganic materials or
bio-molecules. Firstly, defective designing towards modulation of
atomic arrangement and vacancies distribution in crystalline struc-
ture or assembling 2D nanosheets into other dimensionalities in
the  morphologic structure is  a  promising direction. Secondly, the
transition metal ions and rare earth ions doping mainly extend the
absorption spectrum of In2S3 and make it possible for In2S3 to be
responsive even in NIR light irradiation. Thirdly, coupling In2S3

with another semiconductor (metal sulfides, noble metal, metal-
oxide,  metal-organic frameworks) to building heterostructures
achieves efficient charge separation and conquers the photo-
corrosion of In2S3.  Besides, In2S3-based bio-hybrid systems can
happily combine the efficient light absorption of In2S3 and specific
biological catalytic power to maximize solar energy.
Based on the vivid progress, we propose several perspectives

favorable to the advance of In2S3-based photoconversion systems
as following aspects: (i)  Structure modulation towards atomic
level  is  promising, such as regulating vacancy distribution of In2S3
atomic sheets, doping single atom in  the atomic layers of In2S3 or
filling  intrinsic vacancy of In2S3 with heteroatom. What’s more,
fabricating 2D layered In2S3 with mixed low dimensions struc-
ture  (0D/2D, 1D/2D, etc.) or coupling In2S3 with latest materials,
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such as MXene, black phosphorus, boronene, and phosphine is
likely to  open a  new door in solar energy maximum utilization.
(ii)  A comprehensive understanding of the photoconversion reac-
tion  mechanism is  still necessary not only about the charge carrier
transfer mechanism but also the kinetics and thermodynamics on
the  surface of the semiconductor. Based on the atomic level In2S3
structure, the combination of building models, theoretical calcula-
tion  and in situ spectroelectrochemistry is accessible to meet this
end  and figure out the relationship between structure and photoac-
tivity  of In2S3-based photoconversion systems [208]. (iii) From the
perspective of photoconversion applications, a  broad field for inte-
grating In2S3-based hybrids with bio-molecules/microorganism is
open for the artificially photosynthetic renewable fuels and photo-
biological CO2 fixation [209]. Such catalysts struggle to compete
with  the high-specificity and the self-replicating, self-repairing
properties of the biologically photocatalytic energy evolution sys-
tem.  Expanding the material library available through biologically
induced In2S3-based precipitation is a  promising trend to increase
the  light-absorption capacity and raise the upper limit on In2S3-
bacteria photosynthetic efficiency. (iv) Ammonia synthesis from
the N2 fixation under ambient temperature and pressure is  a hot
direction. It has preliminarily indicated that the N2 fixation activity
of  BiOBr and g-C3N4 were both improved by introducing oxygen
vacancies and nitrogen vacancies, respectively [210–212].  Inspired
by  these pioneering studies, In2S3 has great potential for pho-
tocatalytic N2 fixation due to its rich intrinsic sulfur vacancies.
However, there is  still a lack of reports with respect to  In2S3-based
photocatalysts for N2 fixation. What’s more, In2S3-based hybrids
with favorable photochemical and photo-absorption properties can
serve as an inspiration for the components of the solar cell, owing
to  the similar roots of light-harvesting systems. For example, the
light is harvested with In2S3-based materials-incorporating photo-
cathode in a solar cell, where the sensitizer supplies the VB holes to
the  p-conducting metal oxide scaffold and accepts electrons from
a  redox-shuttle in the electrolyte. This strategy is  further expected
to  extend to  tandem cells combining a photocathode and a  pho-
toanode both absorbing the solar light and contributing to  the
photocurrent generation for bringing breakthrough of the solar
cell  efficiency. In a  nutshell, research on In2S3-based materials is
a  prosperous area but still needs much more attention under the
framework of metal sulfide nanomaterials.
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