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Abstract: Ultrathin two-dimensional (2D) semiconductor-mediated photocatalysts have shown
their compelling potential and have arguably received tremendous attention in photocatalysis
because of their superior thickness-dependent physical, chemical, mechanical and optical properties.
Although numerous comprehensions about 2D semiconductor photocatalysts have been amassed
up to now, low cost efficiency, degradation, kinetics of charge transfer along with recycling are
still the big challenges to realize a wide application of 2D semiconductor-based photocatalysis.
At present, most photocatalysts still need rare or expensive noble metals to improve the photocatalytic
activity, which inhibits their commercial-scale application extremely. Thus, developing less costly,
earth-abundant semiconductor-based photocatalysts with efficient conversion of sunlight energy
remains the primary challenge. In this review, it begins with a brief description of the general
mechanism of overall photocatalytic water splitting. Then a concise overview of different types
of 2D semiconductor-mediated photocatalysts is given to figure out the advantages and disadvantages
for mentioned semiconductor-based photocatalysis, including the structural property and stability,
synthesize method, electrochemical property and optical properties for Hy /O, production half reaction
along with overall water splitting. Finally, we conclude this review with a perspective, marked on
some remaining challenges and new directions of 2D semiconductor-mediated photocatalysts.

Keywords: ultrathin semiconductor-based photocatalysts; hydrogen evolution reaction; oxygen
evolution reaction; overall water splitting

1. Introduction

Nowadays, the biggest technological challenges for human beings are the increasing consumption
of resources and energy and the related environmental pollution problem all over the world.
For example, the worldwide energy consumption will expect to reach up to 815 quadrillion Btu
in 2040 due to the growing global production and population [1,2]. However, the huge energy
resources in the earth mainly originate from non-renewable coal, oil, natural gas and nuclear energy,
and their reserves are limited. Although the energy is released by combustion on the application
of these fossil fuels, a series of critical environmental problems—water contamination, greenhouse
gas emissions, global warming and the emergence of a hole in the ozone layer—occur at the same
time. Thus, lots of scientists, politicians, industry groups are encouraged to seek new and sustainable
alternative energy resources. Every day the sun radiates an enormous amount of energy for our planet,
which has attracted great attention as a promising alternative energy source for cutting greenhouse
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gas emissions and providing the current and future human energy demand. However, it is not
nearly sufficient, therefore, the harvest and conversion of solar energy into other kinds of energy
is a priority to resolve [3-5]. At present, photovoltaic cells are already a popular sight on rooftops
to directly convert solar energy into electricity. However, electricity presents its own challenges
in that it would have to be used immediately or be stored in a secondary device at a high energy
density, such as capacitors or batteries. In comparison with converting solar energy into electricity,
synthesizing storable, transportable chemical fuels via photocatalytic processes would be a more
attractive approach, in which the harnessing of energy in sunlight would be stored in the form
of molecular bonds through a thermodynamic “uphill reaction” (see Equation (1)). Up to now,
a photocatalysis technique has been used in different application fields, such as water splitting
to produce hydrogen [6,7], sterilization [8], wastewater treatment and self-cleaning materials [9],
decomposition of crude spills [10,11], dye-sensitized solar cell and inactivation of cancer cells [12,13].

Hydrogen (H») is a clean and carbon-free fuel with high specific enthalpy. Whereas, until now,
around 95% of the world’s hydrogen fuel is mainly sourced from natural gas, by reacting methane
with steam using fossil fuel to produce hydrogen and carbon dioxide (CO;). Thus the production of
hydrogen from methane is a kind of fossil fuel product rather than renewable energy. The critical
method to utilize hydrogen production is developing an effective Hy-preparation approach without
ever seeing fossil fuels. The method using photocatalytic materials to produce hydrogen has been
demonstrated since 1972 according to the following reaction equation,

2H,0 — 2H; 4+ Oy, 1

AEY =1.23eV, AG? = 42372 k] mol

This photocatalytic process is driven by a thermodynamic “uphill reaction” of solar energy with
a large change of AG? = 1.23 eV (237.13 k] mol~!) per photon [14]. Here, the photocatalytic materials
require four electron generations according to Equation (2) to endure this reaction of water,

2H,0 — 4H' +4e™ + Oy, )

NHE, pH = 0, vs. AE® = 237.13 k] mol !

4H' +4e” — 2H,, (3)

NHE, pH = 0, vs. AE? = 0 k] mol !

Therefore, the surface of the photocatalytic materials should be struck using a suitable energy
with the corresponding photons. The estimated solar photon flux density (Q) is 2000 pmol s Im~2[15].
While the previous reports found the holes took less than 2 ps to react with the water vapor while the
oxygen took 10-100 us to capture the electrons in P25 TiO; [15,16], thus, gaining the solar photon flux
of photocatalytic materials is a big challenge. Since Honda and Fujishima firstly discovered the Pt/TiO,
electrode could be used to complete the water splitting reaction to generate Hy, utilizing artificial
photosynthesis producing solar hydrogen production has become a promising strategy for converting
and storing solar energy into chemical H, fuel [17]. To date, numerous efforts have been devoted to
realizing photocatalytic H, production from water, including semiconductor-based heterogeneous
systems [1,18-25], molecular material-based homogeneous systems [26-30], and organic-inorganic
hybrid systems [31-33]. Subsequently, the research field is also expanding fast and attracting lots of
scientists from chemistry and material science to physics and computational science. For example,
chemists devote themselves to developing molecular photosensitizers and catalysts as well as
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establishing the relationship between the structure of materials and the corresponding property
for Hy production systems [34-37]. For material scientists, they try their best to design and synthesize
new architecture materials with high photocatalytic performance [38—40]. With regard to physicists,
they focus themselves on dealing with the fundamental physical mechanisms of semiconductor-based
heterogeneous photocatalysts and reduce the recombination of photon-electron pairs as well as their
traveling distance [41—43]. This natural synergy could help in the development of materials science
and generate big future for renewable energy.

There are three major steps to an overall photocatalytic split water for a semiconductor
photocatalyst: (1) the absorption of photons on the surface of a semiconductor, with appropriate
energy, which can stimulate electron transfer to the conduction band position from the valence band
position and generate electron-hole pairs (e~ — k™), (2) the separation and migration of charge carriers
on the surface of the material at a short span of time; (3) the impingement between the corresponding
free electrons and holes on the surface of the system to complete the water splitting reaction to generate
H; or Oy, as depicted in Figure 1. Whereas, the recombination of the free electrons and the excited
holes may readily happen in the second step, giving rise to a poor photocatalytic activity of the
nanocrystal surface. Accordingly, the suitable bandgap and the corresponding levels of the conduction
and valence bands could aid the light absorption on the surface of the semiconductor photocatalyst,
even at a low solar energy flux density. In general, when semiconductor-based photocatalysts
show a more negative level of the bottom of the conduction band than the reduction potential
of H" /H; (0 V vs. NHE, pH = 0) and a more positive level of the top of the valance band than
the oxidation potential of O,/H,0O (1.23 V vs. NHE, pH = 0), the photocatalysis of water is more
thermodynamically feasible [44,45]. It should be mentioned that the extreme challenge for the overall
process of photocatalytic water splitting is to reduce the recombination of four-electron-four-hole as
well as shorten their traveling distance [46,47]. Equations (2) and (3) are the standard half-reactions
for Hy and O, evolution, respectively, the corresponding schematic illustration is shown in Figure 1.
In addition, one of these half-reactions can be substituted by an appropriate sacrificial reductant in
the half-reaction systems. For example, methanol [48], triethylamine [49], ethanol [50], Na;S/NaySO3
pairs [51] and triethanolamine [52] are the most commonly used sacrificial reductants. In addition,
ascorbic/lactic acid [53,54], ethylene diamine tetra-acetic acid [55] and sacrificial oxidant [56] are
also reported in the previous work. Over the past four decades, various semiconductor-based
photocatalysts have been designed, synthesized and developed with a broader purpose to obtain
a solar energy flux (step 1 in Figure 1) and efficient reduction of the charge carriers recombination,
and to shorten the migration for the charge carriers (step 2 in Figure 1). For example, lots of bandgap
engineering methods are applied to improve the sunlight absorption, even at a low flux density,
for wide bandgap semiconductors, including ions/defects doping and forming solid solutions [57-59],
hybridization with small bandgap semiconductors [60,61], disorder engineering [62], and surface
plasmonic enhancement [63]. In addition, different kinds of nanostructured semiconductors have
been synthesized to obtain the efficient charge separation and transportation, such as nanoparticles,
porous nanospheres, nanowires, nanobelts, nanotubes and nanosheets [64,65]. It is worth mentioning
that the formation of a vertical or in-plane hetero-junction using two or more than two semiconductors
has been extensively explored to improve the charge carriers separation and shorten their traveling
distance [66,67]. Until now, the first two steps in Figure 1 have made for a significant advancement
in photocatalytic water splitting. The majority of research achievements are only efficient for either
proton reduction or water oxidation. The co-photocatalysts, which could work for overall water
splitting, have not been overwhelmingly investigated since the combination of a suitable bandgap,
an appropriate bottom of the conduction band and an appropriate top of the valence band is difficult to
engineer [68]. However, a few materials, such as Rhy_,,Cr,O3 [69] and Rh-Cr,03 [70,71], are proposed
as the most active co-catalysts. However, these noble-metal based co-catalysts can not be used in
a large scale energy production because the resources of noble metals are limited. Hence, there is
significance in exploring co-catalysts with low cost and high efficiency.
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Figure 1. Schematic diagram of the three major steps of overall photocatalytic water splitting on
a semiconductor photocatalyst [18].

On the other hand, nanoparticles, porous nanospheres, and nanowires have recently attracted
a large amount of attention in the process of water splitting in that they possess unconventional and
fancy physical and chemical properties, which may be easier to meet the requirements for overall
photocatalytic splitting water compared to their bulk counterparts [30,72-76]. First, these different
nanostructures could decrease the rate of charge carriers recombination and let them travel a very
small distance, which largely enriches the selectivity of photocatalytic materials and paves a new path
to design an effective photocatalysis. Second, 2D nanostructured photocatalysts could have more
active sites for electrochemical reactions due to their larger surface areas. Third, quantum confinement
effects in 2D metallic and semiconductor nanostructures dependent on size and morphology of
photocatalysts could open a new approach to engineer the processes of sunlight harvesting. It is
because the quantum size effects can restrict electrons in order to accommodate the additional atom,
platelike nanoparticles, disk or cluster, resulting in the increasing of energy levels and HOMO-LUMO
bandgap. For 1D quantum confined materials, it is found that the modification of the aspect ratio
of nanorods could largely tune the optical response properties [77]. Last but not least, various 2D
nanomaterials provide more sources to integrate heterogeneous structures with multiple functional
properties. On the other hand, for the majority of 3D semiconductors, it is commonly ignored to
distinguish the electronic and optical bandgaps due to the small exciton binding energy. While the
distinction between electronic and optical bandgaps in 2D nanomaterials is significant and obvious.
The Bethe—Salpeter equation is frequently used to predict the exciton binding energy and optical
bandgap. Furthermore, most of the 2D materials exhibit more soft elastic constants, which could
have extra application compared to bulk 3D counterparts. Particularly, the band edge positions
and bandgaps are very sensitive to small strains with a significant extent, thus it could facilitate
tuning the photocatalytic performance of 2D nanomaterials as photocatalysts. Herein, the current
review work covers the fundamental mechanisms of overall photocatalytic water splitting and
recent progress in the use of two dimensional (2D) semiconductor-based nanomaterials and their
nanoheterostructure composites with a focus on the relationship between the structural property of the
nanomaterials and their photocatalytic activity. It begins by introducing the various mechanisms of
photoexcited carriers on different 2D semiconductor-based nanomaterials during photocatalytic overall
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water splitting to provide a whole view for the principle of work on the basis of thermodynamics
half-reactions. Then, we compare the general structural property, advantages in electronic and surface
properties, and electrochemical performances to pursue high efficiency of water splitting on the
different 2D semiconductors, including carbon nitride (g-C3Ny), boron nitride, black phosphorus,
transition metal oxides (TMOs), transition metal dichalcogenides (TMDs), MXenes, perovskite
nanosheets, nanoheterostructure composites, metal organic frameworks (MOFs), covalent organic
frameworks (COFs). Subsequently, some commonly used synthetic methods for 2D nanomaterials are
summarized in Section 4. Toward the end, we conclude the current research status with a perspective
on the challenges of 2D semiconductor-based photocatalysts for photocatalysis application.

2. Mechanisms of Overall Photocatalytic Water Splitting

In previous researches, the mechanisms of 2D and 3D materials as photocatalysts to split water
have been extensively reported. With regard to semiconductors, the absorbed photon should possess
a higher energy (hv) than the corresponding bandgap of the semiconductor in order to excite the
electrons to the empty conduction band (CB) position from the filled valence band (VB) position of the
semiconductor photocatalyst. Then the excited electrons and holes pair (¢~ — h™) is formed according
to the following expression,

Photonactivation : Semiconductor +hv — e~ +h, (4)
Oxygen adsorption : (O3),gs +¢~ — O35, (5)
Water ionization : H,O — OH™ + HT, (6)
Superoxide protonation : O3~ +H" — HOO". (7)

The bandgap of a single semiconductor photocatalyst should meet the requirements of reduction
reaction potential with 0 eV for catalyzing H,O into H, (H' /H,) and oxidation reaction potential
with +1.23 eV for oxidizing H,O into Op (O2/H,0) in pH = 0 reactant solution at a normal
hydrogen electrode (NHE), as shown in Figure 2a. This mechanism is called one-step water splitting.
Alternatively, an appropriate water redox shuttle mediator can connect to two different semiconductors
or even more to form a hybrid semiconductor. Detailedly, the H" /H, reduction and O, /H,O oxidation
can occur on two separately semiconductors in hybrid materials in order to make the photon-induced
e~ — h'" pairs separate and overall water splitting. This system is called the Z-scheme system [78,79].

In a system with a semiconductor electrode immersed in an electrolyte solution, the electrons
transfer takes place spontaneously in order to keep the balance between the Fermi level (E) of the
semiconductor photocatalyst and the redox potential of the electrolyte solution. Specifically, if E¢
of the semiconductor photocatalyst is higher than the oxidation potential of the electrolyte solution,
then the semiconductor photocatalyst will accept electrons from the electrolyte solution—and the
converse is also true. It is known that, in a semiconductor, the electron density is finite but the valence
band (VB) and conduction band (CB) positions at the interfaces are regarded as fixed, thus the electron
transfer can cause band bending. The space charge layer could induce an intrinsic electric field,
which is helpful to separate the charge [80]. For example, a n-type semiconductor can work as a
photoanode for oxygen evolution, thus photon-generated holes will accumulate on the surface of
the semiconductor, whereas the counter electrode will accept the corresponding electrons through
an external circuit, as shown in Figure 2¢ [7]. In this oxidation reaction, the maximum valence band
(MVB) of the photon-anode should be lower than the oxygen evolution potential of —5.67 eV by AEy
to allow the n-type semiconductor to generate oxygen. In contrast, the p-type semiconductors act as
photocathodes for the reduction reaction to catalyze H,O into H if the minimum conduction band edge
(MCB) is higher than the hydrogen evolution potential of —4.44 eV by AE, as depicted in Figure 2d.
Accordingly, in both cases the excited carriers by sunlight could drive the photoelectrochemical
reactions on photoanodes. While, if Ef of the counter electrode fails the redox reactions, an external
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voltage can be used to compensate for the potential deficiency. It is worthy of mentioning that if
the kinetic overpotential of AEy or AE( is larger, then the required bias voltage should be larger to
make the redox reactions successful on the counter electrode. In the Z-scheme water splitting system,
two different photocatalysts, i.e., photoanode and photocathode, are combined in tandem. Then the
sunlight can be efficiently utilized than that in the one-step water splitting systems since the maximum
energy required to drive the photoelectrodes is reduced, as shown in Figure 2e.
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Figure 2. Energy schematic diagram based on (a) one-step water splitting and (b) Z-scheme mechanism;
and photoelectrochemical water splitting using (c) a photoanode, (d) photocathode, and (e) photoanode
and count electrode in tandem systems for photocatalytic water splitting, respectively [81].

3. Classification of 2D Semiconductors for Photocatalysts

To date, a great amount of 2D nanosheets have been synthesized by various chemical and/or
physical methods, which are mainly divided into two types, layered and non-layer structural materials.
With regard to layered materials, the in-plane layer is formed by connecting the in-plane atoms by
strong chemical bonding. However, the weak van der Waals interaction plays an important role in
stacking these monolayers to form bulk crystals [82]. The representative layered material is graphite
crystal, which is stacked by many graphene layers via weak van der Waals force. In addition, nitrides
(such as g-C3Ny, h-BN, GaN, Ca;N), black phosphorus (BP), Xenes, transition metal dichalcogenides
(TMDs), transition metal oxides are also layered materials, as shown in Figure 3. The exfoliation of
highly anisotropic layered materials into a 2D monolayer can use the micro-mechanical cleavage
method, mechanical force-assisted liquid exfoliation method or ion intercalation-assisted liquid
exfoliation, which are collectively known as top-down exfoliation methods. It is because highly
anisotropic layered materials possess strong in-plane bonds in each layer with high covalent character
but weakly stack the monolayers via ionic or Van der Waals interactions [82]. In contrast, other solid
crystals, generally crystallized into three dimensions (3D) bulk via atomic or chemical bonding,
including bulk metals, metal oxide matrices, metal chalcogenide matrices and polymers, can form
2D inorganic nanosheets by the bottom-up approach, which includes a wet-chemical route and
chemical vapor deposition (CVD) [83-85]. Particularly, a variety of solid materials can be formed
relying on the coordination mode and arrangement of atoms as well as the stacking orders among
every monolayer [86-88]. All these factors could have a significant effect on the physical and
chemical properties and functionalities of the crystal materials [86-91]. The promising ultrathin 2D
photocatalysts for photocatalytic water splitting can mainly be categorized into metal-composite oxides,
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metal hydroxides, TMDs, MXenes and metal-free photocatalysts, metal-organic frameworks (MOFs),
covalent-organic frameworks (COFs) and so on. In this section, the crystal structural information and
the photocatalysis properties of these widely explored 2D semiconductor-based photocatalysts will be
detailedly introduced based on their composition.

H Organic materials He

Li Be Transition Metal B C N (0] F Ne
Dichalcogenides Graphene and graphene

Na Mg like materials Al Si P S Cl Ar

K Ca Sc Ti \% Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Gd In Sn Sb Te I Xe

La-
Cs Ba L Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
u
2D Metal- CuO, ZnO, CoO | Fe,0;, Bi,O, BivVO,, CuWO,, CuFeO, Perovskite-type:
Composite - Bi,Ti;0,,, Ca,Ta,TiO,y,  Others
Oxides MoO,, WO, TiO,, Cu,0 C?‘Fezpu ZnFe204, LaNb,0O; and so on
CuBi,0,
2D Transition Semiconducting dichalcongenides: | Metallic dichalcongenides: Janus Semiconducting
Metal MoS,,MoSe,,MoTe,, WS,, WSe,, NbS,, NbSe,, NbTe,, TaS,, | dichalcongenides: MoSSe, MoSTe,
Dichalcongenides WTe, TaSe,, TaTe, MoTeSe, WSSe, WSeTe, WSTe
Metal-free 2D Graphene, g-C;N,, #-BN, #-BCN, | MXenes: Ti,C, Ti;C,, Ti,C;, Zr,C, Ti,N;, Hf,C, V,C, Nb,C, V,N,
nanosheets Borophene, 72-BO (Tip5V.5),C, (Nbg 3Tiy,),Cs, (Mo 5Tiy 5)4Cs, (Mog 67Ty 33):C,

Figure 3. Periodic table with highlighted elements for typical ultrathin 2D materials.
3.1. Metal-Composite Oxides

So far, metal-composite oxides have been widely investigated as a photocatalyst to split water.
Synthesizing ultrathin 2D metal-composite oxide materials via chemical bonding in three dimensions
is considered as a practical and efficient method to enlarge the specific surface area for increasing the
activity sets and optimizing charge carriers migration in order to achieve an efficient photocatalytic
behavior. Until now, an incredible amount of metal-composite oxides with 2D structures have been
successfully prepared and numerous investigations about their photocatalytic activities have been
performed to seek the most efficient photocatalysts for splitting water, including TiO,, CeO,, ZnO,
Cuy0, WO3, Fe;O3, Iny O3, SnOy, MnyO3, BiaWOg, BixMoOg, ZnWQO4, BiVO,. Notably, these metal
oxides show a different structural formula with different space group (SG), thus their structural
properties and physical, chemical properties should be different to each other [92]. For example,
CeO; exhibits a face center cubic (fcc) structure with the SG of Fm3m, in which the cations occupy
the regular sites of the fcc unit cell whereas the anions occupy the eight tetrahedral interstitial sites,
as shown in Figure 4a. One can see that Ce** ions are coordinated to eight equivalent anions (O?™),
and similarly, each O?~ is coordinated to 4 Ce** [93]. Comparably, MoOj3; shows an orthorhombic
structure with the SG of Pcmn. While each layer consists of distorted MoOg octahedra, forming a
layered structure, as shown in Figure 4c [94,95]. Furthermore, this octahedra shares the edges with its
neighboring atoms for forming 2D layers via the weak van der Waals force [94,95]. In the vanadium
oxide group, a-V,Os is the most stable phase since the vanadium atoms exhibit a higher oxidation
state [96]. In Figure 4d, one can see a#-V,0O5 shows a layered structure with the SG of Pmmn in which
each layer is composed of a distorted trigonal bipyramidal polyhedral. In addition, the (V204),
zigzag chain is formed naturally by sharing the edges of every polyhedron along the (001) direction,
giving rise to the formation of 2D layers [96,97]. However, some 2D metal-composite oxide nanosheets
failed to facile synthesize by mechanical exfoliation from their parental bulk materials, which posses a
nonlayer structured feature. Thus, some alternative routes are chosen for controlling the preparation
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of the metal-composite oxide nanosheets. For example, ultrathin TiO, nanosheets can be obtained by
performing a lamellar inorganic-organic hybrid intermediate approach [98]. As shown in Figures 4b
and 5, through a hybridization reaction of Ti-isopropoxide and octylamine under 200 °C, the lamellar
TiO,-octylamine hybrid can be obtained. Then the clean TiO; flakes are acquired by washing to remove
the octylamine. The average thickness of ultrathin TiO, could reach up to 1.66 nm in an experiment,
which implies the successful preparation of TiO; monolayers. Notably, the similar synthetic strategy
can be used to synthesize InyO3 [99] and Cu,O [100].

OMo ©0

Figure 4. Crystal structures of (a) CeO;. (b) TiO,. Reproduced with permission from reference [101].

Copyright 2017, American Chemical Society. (¢) MoOj3 and (d) a-V,0s5. Reproduced with permission
from reference [102]. Copyright 2015, Nature.

Among all the 2D metal-composite oxide nanomaterials, the TiO, nanosheet is one of the most
widely used photocatalysts due to the high chemical stability, low cost and innocuous nurture. It is
found that the obtained density of states (DOS) near the Fermi level and charge density on the surface
of TiO, nanosheets are increased with the band gap of 3.2 eV and suitable band alignment to absorb
the sunlight irradiation (shown in Figure 6), giving rise to 450 times higher photocatalytic activity
under ultraviolet region than TiO, bulk material toward CO; reduction for format formation. Han et al.
previously reported preparation of an anatase TiO, monolayer with 89% of reactive {001} facets on the
two side surfaces via a hydrothermal method [103]. It is proven that a large percentage of {001} facets
plays a significant role for enhancement the photocatalytic activity of a TiO, nanosheet. In addition,
the hybridization of single Pt atom with TiO, exhibited an excellent photocatalytic efficiency for Hy
evolution compared to that of commercially available Evonik (formerly Degussa) P25 TiO; and pristine
TiO, nanoparticles. This improved photocatalytic property of Pt/TiO; hybrid nanosheet originates the
synergistic effects of surface fluorination and exposed {001} facets [104]. While it should be addressed
that the photocatalytic activity of TiO, nanosheets only play a superiority in the ultraviolet region due
to the large bandgap. In previous works, conventional approaches, such as the introduction of intrinsic
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defects or impurities and combination of TiO, with electron acceptor materials were used to reduce
the bandgap of TiO, nanosheets. One representative case for combination with electron acceptor
materials is TiO, /graphene composites, which shows an enhanced photocatalytic performance since
the bandgap of TiO; is reduced via energy hybridization with C 2p orbitals, leading to a new valance
band formed [11]. We conclude that TiO; has received significant attention as a metal-composite
oxide photocatalyt owing to its advance photocatalytic activity under ultraviolet light irradiation.
While, in order to extend the optical response of TiO, and other metal-composite oxides, like ZnO
into the visible light spectrum region, different kinds of modifications of traditional photocatalysts
have been developed, such as doping, dye sensitization, hybridization and synthetic multi-component
oxides or nanocomposites. On the sides, due to the layered structure of BiW,0Og, which has [WZO%+]
and [WZO%Jr] layers, the WO3 nanosheet can be acquired through selective etching of [WZO§+] layers,
leading to the quantum confinement effect. As a result, the bandgap of the WO3 nanosheet is increased
to 2.8 eV [105], leading to a more positive position of the top valence band level than water oxidation
potential, as shown in Figure 6. Thus WOj3 is the most widely used photocatalyst for producing O,.
Zhou et al. recently synthesized a BiyWOg monolayer with the assistance of cetyltrimethylammonium
bromide based on a bottom-up wet-chemical method, where Bi atoms are unsaturated on the surface of
BipWOg nanosheets, giving rise to a great deal of photocatalytic active positions on the surfaces [106].
Accordingly, these large percentages of active sites lead to an excellent photocatalytic performance of
Bi;WOg by directly generating holes on the surfaces under visible light irradiation [106]. In addition,
the calculated bandgap and band edge position of VBM and CBM relative to a vacuum is reported
in previous work. More relative studies about bandgap and band edge levels of 2D metal-composite
oxide nanomaterials are collected in Figure 6. Moreover, RuO; [107,108] and IrO; have shown an
improved oxidation evolution efficiency under visible and [109,110]. Although the activity is still very
low, the design of water splitting systems with these transition meter oxides and a sensitizer should be
considered due to their unusual metal-like electronic structures.

(a) Octylamine
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Figure 5. (a) Schematic drawing to form ultrathin TiO; nanosheets. (b) HRTEM image. (c) The height
profiles corresponding to the AFM image in (d); the number from 1 to 3 in (c) corresponding to the
numbers from 1 to 3 in (d). (d) AFM image of ultrathin TiO, flakes. Reproduced with permission from
reference [98]. Copyright 1979, IOPscience.
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Figure 6. Band alignments of some typical 2D metal-composite oxides with respect to the water
reduction and oxidation potential for photocatalytic water splitting. The band alignments data are
from references [81,111-123].

3.2. Transition Metal Dichalcogenides (TMDs)

It is well known that the TMDs displayed layered compounds with the common chemical formula
of MXj, in which M represents the transition metal from group IV/V/VI (1i, Zr, Hf, V, Nb, Ta, Mo and
W), and X shows a chalcogen atom (S, Se, and Te) [86]. Every TMD monolayer is made by three atomic
layers where the M layer is sandwiched between two chalcogen layers. Different kinds of exfoliation
routes have been reported to synthesize the TMD monolayer using chemical intercalation of Liion [124],
adhesive tape exfoliation [125,126], sonication-assisted mechanical exfoliation using organic solvents
or polymer surfactant [82,127] and electrochemical Li intercalation [128]. Whereas 2D nanosheet
exfoliation has a critical influence on the geometric structure of TMD. Thus, TMD monolayers could
stack together to form different crystal polytypes via the vdW force. For example, MoS; crystallization
consists of mainly four crystal structures, such as 1H, 2H, 1T, 1T (i.e., distorted 1T) and 3R structures,
as depicted in Figure 7. The configuration of 2H has a stacking order of atoms with S-Mo-S' (ABA)
in a closed packing symmetry with hexagonal arrangements and trigonal prismatic coordination,
as shown in Figure 7d. The formation of the 1T structure is made by an atomic stacking sequence of
S-Mo-S' (ABC) in the form of octahedral coordination with tetragonal symmetry, as shown in Figure 7b.
The 1T,, the distorted 1T structural arrangements, also contains an octahedral coordination, but it has
a superstructure in each layer, as shown in Figure 7c, for example a tetramerization (22 x 2a), with a
trimerization (v/3a x v/3a) and follows a zigzag chain (22 x a). The 3R structure consists of three layers
per primitive cell with different stacking arrangements between individual layers in comparison to the
2H phase, as shown in Figure 7e.

To date, a class of TMDs, such as MoS; [129-132], SnS, [133,134], TiS, [135], WS, [136], MoSe, [137],
WSe, [138], has attracted tremendous research interest toward photocatalytic applications due to
their unique electronic structure, relatively wide light absorption region, high electronic properties,
sizable bandgap, natural abundances and excellent photocatalytic activities. For instance, MoS, bulk
material displays an indirect bandgap of 1.2 eV, which is not very suitable for photocatalytic reactions
owing to the insufficient reduction/oxidation potential to activating the photocatalytic mechanism [127].
Whereas, the MoS; monolayer possesses a bandgap of 1.96 eV (direct) due to the quantum confinement
consequence, which provide a MoS; monolayer displayed by proper band positions and the capability
for visible-light absorption, as shown in Figure 8 [127,139]. More importantly, it is reported that
the edge S atoms in TMDs are more reactive for photocatalytic Hy evolution with high mobility
for charge carriers transport via the efficient bond formation by H' ions, resulting in an effective
reduction to Hy production [140]. Thus, Xie et al. tried to synthesize defect-rich ultrathin nanosheets
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of MoS, in order to increase the active sites on the two surface layers [141]. Except, the introduction
of oxygen defects can also enhance the active sites since the MoS, phase is changed to the octahedral
metallic one, giving rise to the acceleration of the hydrogen evolution process [142]. Up to now,
for photocatalyst mechanisms, using various 2D TMDs monolayers has been explored with diverse
metal ions, for example, binary W/Mo/SnX;, [134,143,144], Cd/Ge/CoX [145,146], InpX3 [58,147],
ternary CdZnX; [148], ZnInXy [149,150], MnSby Xy [151], IngSnXg [152], quaternary CupFeSnX; (X =S,
Se, and Te) [153]. SnS, is another example with hexagonal arrangement, which can be prepared
via refluxing the bulk SnS, matrix in formamide to break the interlayer vdW interactions [154].
The SnS; nanosheets displaying a nearly transparent feature is determined to be 0.61 nm via the
AFM, implying the successfully synthesized ultrathin thickness, which is in better agreement with the
single-nanolayered SnS; slab along the direction of (001). Particularly, the calculated electronic structure
of SnS; monolayers shows a significant change with increased bandgap, significantly higher DOS at
the VB edge and efficient interfacial charge transfer. All these novel properties have come from the
single-layer configuration. Therefore, monolayers of SnS; provide a general photocatalytic performance
division of water remarkably improved, which is 70 times higher than the SnS, bulk under visible light.

3R

o
" ot o0
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Figure 7. Crystal structures of predicted ground states for transition metal dichalcogenides (TMDs)
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Figure 8. Band alignments of some typical 2D transition metal dichalcogenides with respect to the
water reduction and oxidation potential for photocatalytic water splitting. The band alignments data
are from references [121,155-161].
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Recently it was reported by Zong et al. that the MoS; nanosheet directly deposited on the surface
of CdS. It is seen that the Hy production rate increased up to 36 times as compared to its pure CdS
system, by including it with only 0.2 wt % of MoS,. This co-catalyst is significantly larger than that of
some amount of noble metal, for example Pt, Ru, or Rh used as a co-catalyst. In addition, the impact of
a co-doped MoS; /CdS hybrid nanostructure is examined for photocatalytic Hy. Surprisedly, due to the
fast recombination of electron and hole pairs, the pristine MoS; and CdS monolayers did not show
significant performance. In addition, doping at a certain wt % of MoS, also showed the enhancement
of photocatalytic activity (14.10 mmol h—! gh’l) [162]. Moreover, when a finite number of layers of
TMDs grew on the surface of CdS, synthesized MS;-CdS (M = Mo or W), in which the monolayer MS,
display a lateral size of 4-10 nm, can form on the Cd-rich (0001) surface of CdS wurtzite nanocrystals.
Then anionic S donors MSZ* selectively connect to the Cd-terminated (0001) surface and form the
nanohybrids, as presented in Figure 9a—d. Consequently, the number of active surface sites on these
fabricated structures is increased, especially the hybrid composite area between the two structures,
giving rise to the improved production output (WS,-CdS 1984 mmol h—! ¢~! and MoS,-CdS composite
1472 mmol h~! g’l) [163]. Furthermore, the CdS-Au/MoS, nanostructure is examined. It was found
this heterostructure displayed superior H; evolution performance compared to their defect-free
CdS nanorods. More importantly, a Schottky contact can be formed with the introduction of Au
nanoparticles on the surface of CdS nanorods, which could also promote the formation of core and
shell of MoS; nanolayers around it, as shown in Figure 9e [164].
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Figure 9. HR-TEM images of WS,—CdS hybridized nanomaterial from (a) perpendicular view
and (b) parallel side view; (c) Hy production of hybridized nanomaterials. (d) The simplified
schematic of the photocatalytic process for WS,-CdS hybridized nanomaterial in lactic acid solution.
Reproduced with permission from reference [163]. Copyright 2018, American Chemical Society. (e) TEM
image of a 1D CdS-Au/MoS; hierarchical core/shell heteronanostructure with enhanced hydrogen
evolution reaction (HER). Reproduced with permission from reference [164]. Copyright 2018, Elsevier.
(f) Comparison of the Hp-evolution rate under visible sunlight irritation. Reproduced with permission
from reference [163]. Copyright 2018, American Chemical Society.

In addition, the power conversion efficiency of phosphorene and TMD heterostructures
was predicted reaching up to 20% by strain engineering [165], in which the interfaces formed
in super-lattices and heterostructures play a key role in. Another example, MoS,/AIN(GaN)
heterostructure is not energetically costly, but its photocatalytic activity is significantly enhanced.
Figure 10 shows the bandgap and band edge levels of this heterostructure are very near to the
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standard necessity for overall water splitting. As a result, the light harvesting properties are largely
boosted in visible-light and ultraviolet-ray wavelengths. Moreover, the oxidation and reduction
mechanism are separately conducted at the opposite sides of the heterostructure, in which MoS,
monolayer is an electron acceptor, and AIN(GaN) is an electron donor respectively, as shown in
Figure 10b. Correspondingly, it will suppress the e~ — h* recombination rate and further increase
the efficiency of the overall mechanism of photocatalytic water splitting. At present, transition
metal dichalcogenides (TMDs) are the most popular cocatalysts to replace conventional noble-metal
cocatalysts, and modifying the corresponding properties to them are largely explored, including new
and effective synthetic methods, introducing intrinsic defects and impurity doping, hybridization
and so on. Accordingly, MoS,, WS; and other TMDs based photocatalysts have been vastly studied
to modify with different materials, including oxides, sulfides and salts. Since the active positions of
TMDs are mainly from their intrinsic defects and edges, thus synthesis of TMDs with some other
smaller structures in order to expose more active sites are still scarce.
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Figure 10. (a) Structure illustration of MoS,/AIN(GaN) heterostructure. (b) Band alignment of
MoS; hybrid hybridization materials. (c) Schematic drawing of photocatalytic water splitting for
MoS, /AIN(GaN) heterostructures, where VBM refers to valence band maximum and CBM refers
to conduction band minimum. Reproduced with permission from reference [166]. Copyright 2016,
American Institute of Physics

Very recently, a new class of layered materials synthesized called “Janus TMDs"” have been
reported by two independent groups [167,168]. MoSSe, one of Janus TMD monolayers, has been
synthesized through two different synthetic pathways. One method is using a modified CVD-grown
MoS; monolayer in which top-layer sulfur atoms are stripped off and replaced by H atoms, which is
shown by a thermal selenization to get a structurally stable Janus MoSSe monolayer, in which Mo
atoms are covalently bonded with both underlying S and top layer Se atoms [167]. Zhang et al.
proposed an approach that starts from the CVD as-grown MoSe; monolayers on the surface of
SiO, /Si. Then the top layer Se is sulfurized with a controlled substitutional reaction by vaporized
sulfur [168]. Dissimilar to the randomly alloyed MoS,Se;_,, both methods produce a result that
breaks the reflection symmetry along the out-of-plane direction in more asymmetric Janus MoSSe
monolayer, as shown in Figure 11a. Thus, Janus MoSSe structures could supply an intrinsic strain and
electric field within the monolayer, provide an alternative way to modulating the HER activity in TMD
catalysts [169]. The Janus MoSSe monolayer exhibits extraordinary visible-light absorption efficiency
(>1 x 10° em™!), suitable VBE and CBE positions for initializing the redox reactions of H,O and
high electron mobility of 0.53 x 10° cm? V-1 s71 and hole mobility of 0.58 x 102 cm? V-1 s~1 [170].
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Furthermore, the bandgap of the MoSSe monolayer is decreased, meanwhile, up tensile strain of
the direct to indirect band gap transition appears, which can not only extend the light absorption
range but also reduce the recombination for photogenerated electrons and holes, as displayed in
Figure 11b [170]. Surprisingly, it is found the introduced chalcogen vacancy in MSSe could provide
a better HER catalytic activity than that in pristine MSTe and MSeTe monolayers due to the more
optimal amount of intrinsic lattice strain [171]. For example, Dequan et al. found the order of HER
activities related to Janus WSSe monolayer is WSSe with Se-vacancy (AGy = —264 meV) > WSSe
with S-vacancy (AGy = —174 meV) > pristine WSSe (AGy = —158 meV) > pristine WS, or WSey,
as shown in Figure 11c [171]. Similar works were also investigated by Ji et al. for the 2D Janus
structure MoXY (X/Y =0, S, Se, and Te, X # Y), as shown in Figure 11f [172]. Until now, numerous
Janus TMDs monolayers were theoretically predicted for their structural stability and application
as photocatalysts. Taking the Janus PtSSe monolayer as an example, Dai et al. demonstrated that it
displayed high dynamic, thermal and mechanical stability, as shown in Figure 11d [155]. Remarkably,
an indirect bandgap of 2.19 eV with a high absorption coefficient in the visible light region, suitable
band edge positions and strong ability for electron-hole separation and transfer renders the 2D PtSSe
monolayer a superior candidate for photocatalytic water splitting, as depicted in Figure 8. Additionally,
band structural property together with band alignments and the versatile applications of Janus TM
oxides and chalcogenides MXY (M =Cr, Ti, Zr, or Hf; Y = O, S, Se or Te; X =0, S, Se or Te; X #Y)
were theoretically investigated, the relevant results are summarized in Figures 11e—f and 8 [173].
Among them, it is found that MXY (M = Mo, Cr; X, Y =S, Se or Te; X # Y), MSO (M = Ti, Zr, Hf)
monolayers are superior candidates for photocatalysis because of their appropriate bandgaps and
optimal redox potentials for overall water splitting, while the rest of the Janus monolayers can only
work in half-reaction, either in a hydrogen evolution reaction or in an oxygen evolution reaction.
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Figure 11. (a) Optimized crystal structures of Janus MoSSe monolayer from top and side views. (b) Band
structures of MoSSe monolayer based on PBE and HSE06 functionals, respectively. Reproduced with
permission from reference [174]. Copyright 2018, American Chemical Society. (¢) HER volcano curve
including Janus WSSe. Reproduced with permission from reference [171]. Copyright 2019, Royal Society
of Chemistry. (d) The energy variations of PtSSe monolayer at 1000 K by AIMD calculations. Inset in (d)
shows the snapshots of the equilibrium structure of SL PtSSe at 1000 K. Reproduced with permission
from reference [155]. Copyright 2018, American Chemical Society. (e) Band alignment of Janus MXY
monolayers (M = Ti, Zr, or Hf; X =S or Se; Y = O or S; X # Y) with potential positions of reduction
reaction (H'/Hj;) and oxidation reaction (O,/H,0), respectively. Reproduced with permission from
reference [173]. Copyright 2018, American Chemical Society. (f) Band edge positions of pristine MoX;
monolayers (X = O, S, Se, and Te) and Janus MoXY monolayers (X/Y = O, S, Se, and Te, with X # Y)
structures, reproduced with permission from reference [172]. Copyright 2017, Nature.
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3.3. MXenes

The exfoliated thick transition metal carbides, nitrides or carbonitrides (MXene) possess many
unique properties, such as excellent intrinsic electronic/ionic conductivity, high surface capacitive
activity, high hydrophilicity and special layered structure with a tunable surface state through
decorating terminal atoms [175-177]. Thus, MXene and MXENE-Polymer composite films are proposed
as attractive candidates as building blocks for the solar energy conversion. Two-dimensional MXenes
can be chemically extracted from the MAX phases with a general formula of M,, ;1 AX;;, where ;, could
be 1, 2, or 3, M can be Ti, V, Cr, Nb, W, etc., transition metal, A is group IIIA or IVA elements of
the periodic table (e.g., Al, Si, Sn, In, etc.), and X is carbon and/or nitrogen [178,179]. MXenes is
generally expressed as M,, 11X, Ty because during the etching process, the surface might be bounded
by some termination groups, such as -O, -OH or -F, x is the number of the corresponding terminating
groups. As shown in Figure 12, the parental MAX phases show a hexagonal layered structure with
the space groups of P63/mmc, in which M layers are hexagonal close-packed (hcp) structural and
the octahedral sites are occupied by X atoms [178,180,181]. If A layers are selectively etched using
strong etching solutions, one can obtain MXenes. Three different MXenes structures are collected
in Figure 12e, they are MpX, M3X; and MyX3 [178]. In addition, many ordered double-Metal 2D
MXenes (MX M"Xene) are proposed and investigated theoretically and experimentally. For example,
CrpTiC, Ty, Mo; TipC3Tx, and Mo, TiC, Tx in Figure 13 have been successfully synthesized [182].

0 X=C,N
O M =Sc, Ti, V, Cr, Mn, Zr, Nb, Mo, Hf, Ta
© A=Al Ga, In, TL, Si, Ge, Sn, Pb, P, As, S

Figure 12. (a) SEM image of Ti3AlC, particle before treatment. Reproduced with permission
from reference [183]. Copyright 2018, Elsevier. (b) SEM image of Ti3C, MXene. Reproduced with
permission from reference [184]. Copyright 2017, Wiley-VCH. (c) SEM image of MoS; / Ti3Cy-MXene@C
nanohybrids. Reproduced with permission from reference [185]. Copyright 2017, Royal Society
of Chemistry. (d) Ti3C,-TiOp nanoflowers synthesized at 300 °C temperature. Reproduced with
permission from reference [184]. Copyright 2017, Wiley-VCH.
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Figure 13. (a) Schematic of currently available single-transition-metal MXenes. (b) Schematic of double-
transition-metal MXenes. (c—f) HRSTEM images of (c¢) Mo, Tip AlC3, (d) Mo, TixCs, (e) Mo, TiAIC,,
and (f) Mo, TiC, Ty. Red, green, blue, and black circles represent Mo, Ti, Al, and C atoms, respectively.
Reproduced with permission from reference [186]. Copyright 2016, Wiley-VCH.

The previous investigations demonstrate the bare MXenes exhibits metallic properties [182],
which do not favor the photocatalytic performance. However, they can be used as an effective
hybridization support for photocatalyst materials, since the hybridization with MXenes could
accelerate the migration of charge carriers, increase charge separation and strong electronic coupling
as well as enhance the redox reactivity. For example, Wang et al. successfully synthesized TiO,
and MXene-based hybrid photocatalysts (TiO,/TizC,Ty), which shows high activity (Figure 14).
In detail, the hybridization between TizC; nanosheets and TiO, nanosheets with exposed (001)
and/or (111) facets were successfully synthesized via hydrothermal partial oxidation reaction [187].
The obtained TiO,/TizCoTy nanocomposite predicts a 400% enhancement in the photocatalytic
hydrogen revolution reaction (HER) compared with bare TiO,, where the uniformly grown TiO;
interact with Ti;C, Ty substrate, leading to a fast separation of photogenerated e~ — i pairs, resulting
in inhibiting the charge recombination. In addition, NbyCTy and TipCTy are also hybridized with TiO,
nanosheets as reduction cocatalysts to enhance the photoactivity in HER [187]. In particular, they show
better HER catalytic performances than bare Ti3C; Ty when hybridized with TiO; as co-catalysts,
as shown in Figure 14b. It is because of Nb,CTy has the highest work function of 4.1 eV. The intrinsic
reason is the dissimilar Fermi levels of MXene and TiO,, which facilitate the transfer of photogenerated
electrons from the bottom conduction band position of TiO, to MXene. Therefore, the conduction
band and valence band levels of TiO; are bent upward according to the mechanism in Section 2,
which drives the electrons accumulation in MXene and holes accumulation in TiO,, as shown in
Figure 14c, correspondingly, a Schottky barrier is formed at the heterointerfaces of TiO,/MXene
to restrain the electrons returning back to TiO; nanosheet sides. As a result, the reaction of the
accumulated electrons with HT ions occurs on the MXene side with the production of Hy. Additionally,
Nb,Os5/C/NbyC (MXene) ternary hybrid nanocomposites (NCN-x, x = 0.5, 1. and 1.5 h) are synthesized
by Su et al. via oxidizing the surface of Nb,CT to generate a NbyOs layer, in which CO; is used as
the mild oxidant [188]. The results demonstrated the photoactivity of NCN-1.0 is four times higher
toward HER than that of defect-free Nb,Os monolayer, as shown in Figure 14d. Recently, hybridizing
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between MXene and transition-metal chalcogenides has become a hot topic in the photocatalysis water
splitting field for sunlight harvesting and energy conversion. Some metal sulfides/Ti3C, (metal sulfides
include CdS, ZnS or Zn,Cd;_,S) have been synthesized, as shown in Figure 14e [175]. Among them,
CdS/Ti3C, exhibits excellent HER photoactivity with 14.342 umol hr~! g~!, with an astonishingly
large apparent quantum yield value of 40.1% at 420 nm, which is largely high than that of pristine CdS.
It reveals that synthesized noble-metal-free metal sulfide photocatalytic systems are feasible in the near
future. In addition, it has been supported by the relevant theoretical studies using DFT calculations.
In addition, the developed TiyC/g-C3Ny4 shows a higher hydrogen production rate of 950 umol hr~!
g~ with an apparent quantum yield value of 4.3% at 420 nm [189,190]. Pandey et al. reported the
functionalization with O termination is considered to be the most feasible method for HER, than that
with -OH or -F termination [176,191]. For example, it is found O;-terminated TizC, is a promising
hydrogen production cocatalyst [175]. Particular, Professor Zhou’s group investigated 48 MXenes
(MxCTy, M =Sc, Ti, Zr, Hf, V, Nb, Ta, Mo, T = O, OH, or F) in order to deeply understand their
photocatalytic performance by analyzing the electronic structures, charge carriers mobility, and optical
absorption property, as shown in Figure 15. Among which the bandgaps and band alignments of
2D Zr,COy and Hf,CO, meet the requirements as the promising photocatalysts for high efficiency
photocatalytic water splitting, as shown in Figure 15. While some other opinions also exist. For instance,
Li et al. claimed that the TiCF, monolayer has an excellent electrochemical property with highly
efficient HER activity, demonstrated experimentally and theoretically [192]. Specifically, it illustrates
that the novel surface state of the Ti,C monolayer bounded by strong electronegative F termination
groups could not only enhance the light absorption, promote the surface adsorption kinetics but also
facilitates the migration of charge carriers, and thus improves the photo catalytic efficiency. This study
claims that the Ti;CF, monolayer shows a similar electrocatalysis performance with that of TiCTF,
(O-terminated), but Ti,C(OH)F, nanosheets do not effectively generate either Hy nor O,. On the whole,
MXene with O termination shows enhanced photocatalytic performance compared with -OH and -H
terminations. In addition, raw MXene is widely used as a good photocatalytic substrate to support
various 0D, 1D and 2D photocatalytic materials due to its large surface area and electronic conductivity.
Thus, MXene-derived photocatalytic semiconductors should be abundantly investigated.
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Figure 14. (a) The rate of hydrogen revolution reaction for TiO,/TizC,Ty and the corresponding
control samples, (b) HER photocatalytic activity of TiO, loaded with different MXene as co-catalysts
(TizCy Ty, TipCTy, and NbyCTY), (c) the formation of a Schottky barrier at the MXene/TiO; heterointerface.
Reproduced with permission from reference [187]. Copyright 2018, Wiley-VCH. (d) Photocatalytic
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HER of Nb,O5/C/Nb,C samples. Reproduced with permission from reference [188]. Copyright
2018, Royal Society of Chemistry. (e) Synthesis procedure of CdS/Ti3C, cauliflower-structured
sub-microsphere, (f) charge carrier separation and transfer in the CdS/TizC; system under visible
light irradiation, (g) the obtained free energy for HER in TizC, monolayer at the equilibrium potential.
Reproduced with permission from reference [175]. Copyright 2016, Royal Society of Chemistry.
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Figure 15. Band alignments of some typical 2D MXenes with respect to the water reduction and
oxidation potential for photocatalytic water splitting. Reproduced with permission from reference [176].
Copyright 2016, Royal Society of Chemistry.

3.4. Graphitic Carbon Nitride

Graphitic carbon nitride (g-C3Nj) possess an N substituted graphite structure, formed by sp?
hybridization of C and N atoms, which is one of the famous metal-free photocatalysts [193,194].
Two different configurations are found for g-C3Ny4. One type configuration is defined as s-triazine,
constructed by s-triazine units with a periodic array of single C vacancy, as shown in Figure 16d. Another
one is condensed tri-s-triazine subunits in Figure 16e [193,194], which is connected with larger
periodic vacancies in the lattice through the planar tertiary amino groups. The thermal oxidation
exfoliation method and ultrasonication-assisted liquid exfoliation method were reported experimentally
to obtain g-C3Nj ultrathin nanosheets [195-198]. Specifically, the thermal oxidation exfoliation route
is proposed by Liu et al., where the thickness of the g-C3Nj crystal is gradually decreased through
layer-by-layer etching with the extended times, as shown in Figure 16a [198]. Then a thickness of
~2 nm is prepared for the g-C3N4 nanosheet after the thermal oxidation for 120 min. While the
quantum size effects result in a contrastable blue-shift of g-C3N4 nanosheets with increasing the
temperature. In addition, due to the n — 7t* transitions, an additional sunlight absorption peak
appeared at ca. 500 nm at higher temperature >650 °C, giving rise to high visible light harvesting.
In addition, the ultrasonication-assisted liquid exfoliation method is proposed because of the intrinsical
layered structure of bulk C3N,. While the efficiency of this exfoliation method largely depends on
the surface energies of the solvent molecules, which is calculated to be 115 mJ] m~2. Distinctly, it is
consistent with the value of 102 mJ m~2 for the surface energy of water, a thickness of 2.5 nm is
successfully gained for g-C3Ny by water-liquid exfoliation [199]. In addition, isopropanol [200] and
other solvents [201,202] are also explored to further promote the exfoliation efficiency of bulk C3Ny
since the thickness is a key factor to affect the performance of photocatalytic water splitting. The g-C3Ny
monolayer possesses many extraordinary properties, such as wide surface area, good stability and an
appropriate bandgap of ~2.7 eV for visible light absorption, thus it is applied into different kinds of
photocatalytic applications, including hydrogen evolution, CO, reduction, pollutant gas molecules
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removal, and disinfection. Compared with bulk g-C3Ny, the electron migration rate is largely enhanced
along the in-plane direction in g-C3N4 monolayer, and the corresponding hydrogen evolution activity
is improved 5.4 times [203,204]. Meanwhile, several strategies, including morphology control [205-207],
crystallinity control [208,209], vacancy introduction [210,211], chemical substitution [212,213] and
surface activation [214,215] are performed in improving the photocatalytic performance of g-C3Njy.
For example, the synthesized holey g-C3Ny4, which possesses some carbon vacancies, shows promising
possibilities to harvest the widening of sunlight and decrease the recombination of charge carriers for
innovative photocatalytic systems [211]. On the other hand, the hybridization of g-C3N4 nanosheets with
other species is developed as photocatalysts to improve the photocatalyst functionality of the system in
whole water splitting, in that the self-aggregation from 7t — 7t interaction in g-C3Ny4 nanosheets would
severely hinder the transport of H,O, intermediate and recycling performance [216]. Taking carbon
nanosphere-incorporated g-C3Ny as an example, it shows 4.79 times higher photocatalytic activity than
that of unhybridized g-C3Ny, [217]. Moreover, not only the electron-hole recombination of hybridization
with g-C3Ny is depressed, but also the oxidative reaction kinetics is accelerated, which remarkably
enhances of photocatalytic activity for Hy generation [218]. In addition, the recent researchers found the
loading of 2D g-C3N4 on 1D AgVO3 nanowire shows improved photocatalytic activity due to the more
exposed photocatalytic sites, extended sunlight absorption region and promoted charge separation rate
at the heterojunction interfaces [219]. Up to now, lots of g-C3Ny-based hybrid photocatalysts with diverse
inorganic materials have been constructed to improve the photocatalytic performance and durability,
such as bismuth-based compounds [220,221], metal sulfides [222,223], metal oxides/hydroxide [224,225],
carbon materials [217,226], spinel compounds [218,227], metal nanoparticles [228,229]. On the other
hand, fabricating heterostructures of C;N/InTe [230] and g-CgNg/g-C3Ny [231] were explored to
improve the photocatalytic performances of C;N and g-C¢Ng by forming a built-in electric field across
the interface. The results showed that the interface was effective at improving the separation of the
electron-hole pair.
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Figure 16. (a) Diagrammatic drawing of g-C3N4 monolayer by a direct thermal oxidation etching

(c)
(e)

2() nm

process at 500 °C. (b) TEM image and (c¢) AFM image of the g-C3N4 monolayer, with the insert showing
the height profile along the P1-P4 line. Reproduced with permission from reference [198]. Copyright
2008, Royal Society of Chemistry. Schematic structural illustration of (d) s-Triazine and (e) tri-s-triazine
structures of g-C3N; monolayers, respectively. Reproduced with permission from reference [102].
Copyright 2015, Nature.
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3.5. Boron Nitride

It is known that the bulk /#-BN displayed a layered crystal structure analogous to that of graphite
structure, which contains equal numbers of B and N atomic arrangements in the form of hexagonal
structure with the space group of P63/mmc [232]. In each layer of B and N, atoms are covalently
bonded and these layers stack together by the vdW force to form the bulk crystalline structure
(Figure 17) [233]. The Hexagonal Boron Nitride (1-BN) monolayer is considered as a graphene analog,
which is generally known as the “white graphene” [232-234], as shown in Figure 17a. Usually, h-BN
shows an indirect bandgap of 4.56 eV, which is not suitable for photocatalyst, as shown in Figure 17b,c.
While intermediates of this layered material (named as ternary BCN compounds) could prepare the
desired medium-bandgap semiconductors in which the bandgap and appropriate energy levels can be
adjusted by chemical variations [235,236]. For instance, the bandgap of the “B13CgN1;” compound
remarkably changes from 4.56 to 2.90 eV [237], as shown in Figure 17d—f [237]. Another case is
“B11C12No” with a smaller bandgap of 2.00 eV, as displayed in Figure 17g—i. In the case of pure 1-BN
(Figure 17a), the partial DOS represents that the VBE and CBE of B11C1,Ng mainly originate from C
2p orbitals (Figure 17i) [237]. These BCN compounds are predicted as metal-free photocatalysts for
water splitting under visible light. Hence, this investigation proved the doping of aromatic carbon
into the h-BN lattice reduced its bandgap, constructing it as possible to induce visible light catalysis.
On the other hand, semihydrogenated graphitic BN (sh-BN) monolayer, a strip-like antiferromagnetic
semiconductor with a bandgap of 2.24 eV, is a potential metal-free visible-light driven photocatalyst for
water splitting, as demonstrated in Figure 17j-1[238-240]. In addition, the hybridization of h-BN and
CdS (h-BN/CdS) is a potential candidate for water splitting based on first principles calculations [234].
Through analyzing the Bader charge and charge density difference in the interfacial region of the
heterostructure of h-BN/CdS, it is demonstrated that the electrons tend to transfer from the CdS
side to the i-BN monolayer, which could efficiently separate the photogenerated electron-hole pairs.
In addition, the bandgaps under 0-6% strain-driven meet the requirement to utilize visible light.
Recently, the modified Pt electrode with h-BN nanosheets performed better hydrogen evolution
reaction activity than Pt electrodes with a lower overpotential at a 10 mA cm ™2 current density, a lower
Tafel slope (29 4 1 mV/decade) and high exchange current density (0.43 + 0.05) x 10~% A cm~2 [241].
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Figure 17. The optimized structures of #-BN and #-BCN with respect to (a) B1gN1g, (d) B13CsN1g
and (g) B11C12Ng with the corresponding VBM and CBM, calculated energy band (b,e,h) and the
corresponding total and projected electronic density of states (c,f,i). Reproduced with permission from
reference [237]. Copyright 2015, Springer Nature. (j) The optimized structure of sh-BN monolayer
and the free energy diagram of (j) the OER and (k) the HER for sh-BN monolayer. Reproduced with
permission from reference [238]. Copyright 2020, Wiley-VCH.
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3.6. Black Phosphorus (BP)

Another recently emerging 2D semiconductor-based photocatalyst for an alternative is
phosphorence, which is analogous to graphene with a single atomic layer with three configurations
of black phosphorus (BP), blue phosphorus (BP) and green phosphorus (GP) [242]. The well known
phosphorene is formed by stacking of monolayers, which is interacted via van der Waals force, as shown
in Figure 18a [243]. BP monolayer displays a puckered honeycomb structure, in which 3 P atoms are
located in the same plane and the fourth P atom is located at the parallel adjacent plane. Each of them is
connected with the three neighboring P atoms [243,244]. BP possesses many extraordinary physical and
chemical properties, such as high electronic mobility (10,000 cm? V~! S~1), good electrical conductivity,
tunable bandgap and anisotropic transport, thermodynamical stability and fast ion diffusivity [245,246].
More importantly, BP monolayer displays a p-type semiconductor. Thus, the constructed p-type BP
with n-type TMDs was demonstrated as having excellent 2D electronics [247]. For example, the first
BP transistor was obtained by micro-mechanical cleavage of the bulk material into a few nanosheet
layers [248]. The previous experiment demonstrated that the charge carrier mobility could reach up
to 1000 cm? V~! S~1 in BP nanosheets with the thickness of 10 nm. On the other hand, this high
charge carrier mobility along with the extraordinary optoelectronic property of BP monolayer has
attracted increasing interest to researches for overall water splitting. Moreover, the bandgap of the BP
monolayer increases to 2.1 from 0.3 eV in BP bulk [249]. Based on DFT calculations, it is found that the
bottom conduction level of the BP monolayer is more negative than the reduction potential of H" /Hp,
which demonstrates the BP monolayer can be used as a photocatalyst to generate Hy [250]. Whereas,
the top valence band level of the BP monolayer fails to meet the condition of the redox potential of
0, /H;0 [250]. Furthermore, Lee et al. found the hybridization of BP with TiO, nanosheets displayed
an improved photocatalytic performance in the visible light region [251]. In addition, the bandgap
and band edge positions of this 2D layered BP could be adjusted simply by tuning the number of the
atomic layers. Rudenko et al. demonstrated that the bandgap of BP was increasing with reducing the
number of BP layers from four to one layer by applied general gradient approximation (GGA) as well
as one-body-Green’s function (GF) approximation, as shown in Figure 18d—g [252]. Experimental data
for BP materials also confirmed that varying the number of BP layers allows bandgap tuning [252].
Inspired by this feature, the black phosphorus nanosheet is widely used as an efficient visible-light
photocatalyst to generate O, [253]. For example, photocatalytic measurements verified the excellent
visible-light-driven O, generation in few-layer black phosphorus, showing a quantum yield of ~0.91
at 530 nm excitation, as shown in Figure 18h [253]. Recently, a binary metal-free nanohybridization
(BP/CN) of BP monolayer and graphitic carbon nitride (CN) was firstly proposed as a metal-free
photocatalyst [254]. It is found the efficiency of H; evolution is largely higher than either the pristine
BP monolayer or the CN monolayer under the sunlight irradiation with the wavelength of >420 and
>780 nm, as shown in Figure 18c. It is found that the enhanced photocatalytic activity mainly originates
from the interaction of P and N atoms at the interfacial interface in BP/CN hybridization. Specifically,
the photogenerated electrons largely accumulate at the bottom of the conduction position of the BP
monolayer, which can be regarded as an electron acceptor under visible light irradiation. Similar to
the above mentioned Schottky barrier at the MXene/TiO; heterointerface, the trapped electrons at the
interface of BP/CN heterostructure significantly improve the Hy generation efficiency [254].
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Figure 18. (a) Schematic crystal structure of the AA bilayer black phosphorus (BP) and (b) the
corresponding band structure. Reproduced with permission from reference [255]. Copyright 2017,
American Chemical Society. (c) Cycle stability test of BP/CN photocatalyst for Hy evolution under
visible light irradiation. Reproduced with permission from reference [254]. Copyright 2014, American
Physical Society. (d—g) Band structures BP with different thicknesses calculated using the GF approach.
Reproduced with permission from reference [252]. Copyright 2015, American Chemical Society.
(h) Electron spin resonance (ESR)-trapping tests for detecting O, generation. Reproduced with
permission from reference [253]. Copyright 1965, Wiley-VCH.

3.7. Metal-Organic Frameworks (MOFs)

MOFs are an interesting class that is crystallized by metal ions or cluster with organic ligands
to form a porous crystal [256,257]. Thus numerous kinds of MOFs structures are formed with
different coordination modes of metal ions or clusters and organic ligands. Accordingly, the formula
of MOF crystals varies since they are crystallized into a layered configuration rather than a 3D
structure. Recently, MOFs have exhibited numerous applications related to energy harvesting,
energy conversion and energy storage. Especially the predominant photocatalytic performance of
MOFs materials have been widely reported due to the unique porous structure with high surface
area. In one instance, the photocatalytic behaviors of terephthalate (UiO-66) and 2-aminoterephthalate
ligands [UiO-66(INH;)] were first evaluated by Silva et al., as shown in Figure 19a [258]. It is found
that UiO-66(NH;) exhibited high photocatalytic activity for hydrogen production in methanol or
water/methanol solution under sunlight irradiation with the wavelength of >300 nm. Another case
to produce H; is an amino-functionalized titanium (IV) MOF, in which the organic linker was
2-amino-benzene dicarboxylic acid and Pt was photon-deposited [259]. Intriguingly;, it is found the
organic linker could motivate the sunlight harvesting capability, subsequently the adsorbed electrons
can migrate to the titanium-oxo clusters, as depicted in Figure 19b. Very recently, the influence of
CoxNiy_ 5S4 loading on the surface of MOF (MIL-101) composite and the corresponding efficiency
of Hj generation were studied by Gao et al. [260]. They found the surface atomic structure showed
an important role for fast electron transfer. It is well known that the process of hydrogen generation
includes H adsorption, H™ reduction and the H, formation, as shown in Figure 1. Thus, the HT
adsorption process is of great importance for the hydrogen evolution reaction, which can be evaluated
by the activation energy (AGyy). Gao et al. found the CoyNipS4@MIL-101 material displays the highest
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activity since the adsorption energy and overpotential energy are lower in the system, as shown in
Figure 19¢ [260].
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Figure 19. (a) Crystal structure of UiO-66. Reproduced with permission from reference [258,261].
Copyright 2018, American Chemical Society and 2010, Wiley-VCH, respectively. (b) Schematic
illustration of H, generation in amino-functionalized titanium (IV) MOE. Reproduced with permission
from reference [259]. Copyright 2017, Elsevier. (c) Hydrogen evolution reaction in NiS@MIL-101,
CoNi3S;@MIL-101, CoyNipS4@MIL-101, CozNiS;@MIL-101 and CoS@MIL-101 photocatalysts in
100 mL 10% (v/v) TEOA aqueous solution (pH 9) under sunlight irradiation. Reproduced with
permission from reference [260]. Copyright 2008, American Chemical Society.

3.8. Covalent-Organic Frameworks (COFs) and Polymers

Similar to MOFs, COFs are also porous crystalline materials, in which each organic building
block units with light elements are covalently bonded, the light elements can be H, B, C, N,
and O [262,263]. Up to now, various COFs building units have been synthesized and investigated,
such as phenyl, biphenyl, naphthalene, anthracene, pyrene, triazine, have been explored [264,265].
Recently, Dichtel et al. found 2D COFs are commonly crystallized into a layered structure via
strong covalent bonds in the layer, while the growth rate of COFs is related to the van der Waals
surface and planarity of the linkers [266]. For instance, the 2D HHTP-DPB COF possesses a porous
structure with 4.7 nm wide hexagonal pores, the corresponding space group is P63/mmm, as shown
in Figure 20c [267]. The polymer stacking intermediate of larger aromatic cores could enhance the
2D COF formation due to the weak van der Waals interactions and appreciably lower activation
energy. Recently, lots of attention has been given to the synthesis of highly porous 2D COFs using
organic cores due to their conjugated structures and high mobility of charge carriers. Importantly, the
amount of photocatalytic active sites of COFs could promote the electrons mobility on the surface [268].
In addition, the application of COFs has received much attention in photocatalysis, optoelectronics
and photon/thermochromism. For example, Pradip et al. reported acetylene (—C—) and diacetylene
(—C — C—) functionalized B-ketoenamine COFs, which displayed an excellent photocatalytic efficiency
with the rate of 324 & 10 umol h~! g1, as shown in Figure 20a,b [269]. The integrated electron-deficient
3-ethylrhodanine unit by Jiang et al. is an end-capping group to the periphery of a 2D sp? conjugated
COF, sp?c-COFgrpN [270]. He reported the photocatalytic performance of hydrogen evolution reaction
improved nearly 60%, compared to the unmodified COF under identical conditions, as depicted in
Figure 20d. In addition, Pt dopped COF (Pt@COF) also exhibited an excellent photocatalytic property
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to produce H; in sulfide oxidation with a turnover number of 25,000 and in hydrodebromination with
a turnover number of 7313 reactions, as shown in Figure 20e [271].
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Figure 20. (a) Synthesis and characterization of TP-EDDA and TP-BDDA covalent organic frameworks
(COFs) and (b) the comparison of hydrogen evolution performance and rate of TP-BDDA, TP-EDDA
and TP-DTP catalysts under sunlight irradiation using TEOA as a sacrificial agent. Reproduced
with permission from reference [269]. Copyright 2018, American Chemical Society. (c) Synthesis
of HHTP-DPB COF in Model of the Idealized bnn Topology (right) and expansion of the region
(left). Reproduced with permission from reference [267]. Copyright 2019, Elsevier. Structures of (d)
spzc-COFERDN and (e) Pt@COF (truncated monomer and the corresponding multitopic monomer are
in red and blue, respectively. Reproduced with permission from reference [270,271]. Copyright 2020,
Elsevier and 2012, Royal Society of Chemistry.

3.9. Perovskite Nanosheets

In recent years, perovskite-based layered materials have been taken extraordinary attention as
photocatalysts to produce hydrogen, not only because the structures of layered perovskites are stable
and could promote charge separation, but also they are cost effective, optical stability, corrosion
resistance. In general, perovskite-based materials are derivatives of ABOs bulk perovskite oxides,
where the A site is occupied by a rare earth cation or an alkaline cation while the B site is occupied by a
transition metal cation [272,273]. These layered perovskite oxide materials possess a 3D configuration
in which corner atoms share BOg octahedra with 12 A cations. Particularly, these layered materials
are composed of 2D slabs of ABO3 by weak electrostatic force. In addition, the interlayer cations
are dispersed between the main 2D slabs in perovskites which are usually negatively charged, thus
the whole system is electrically neutral. Normally, the lattice of perovskite-based layered materials
display distortion since BOg octahedra tilts towards different directions, giving rise to different
super-lattice configurations. Importantly, these distorted lattice structures show positive effects on
excitation, transfer and separation of photogenerated e -h™. According to the slab layer stacking
direction corresponding to the axis of bulk framework, the perovskite-based layered materials can
be generally categorized into (100), (110) and (111) layered oxides [274]. Formulas of A, _1B;O3,41,
(BipO2)(A;,-1B1O3,11), A;An,anOgnH and A’ [A;,—1B;O3;41] belong to (100) type perovskite oxides,
(110) type pervskite structures can be described as A;,B,,03,,> and (111) type pervskites is described as
A, +1B; 03,43, in which 7 is the number of BOg octahedra, which is coordinated perpendicular to the
surface of layers. Gang Liu et al. have systematically studied and summarized the structural properties
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of perovskite-based layered materials [274]. Some types of perovskite-based layered materials are
collected in Figure 21 [275].
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Figure 21. (a) Crystal structure of BasNb;Oq5, reproduced with permission from reference [276].
Copyright 2015, American Chemical Society. (b) Layered perovskite structures of CsPbl3 in cubic and
(c) orthorhombic phases, respectively. Reproduced with permission from reference [277]. Copyright
2015, Royal Society of Chemistry. (d) Perovskite oxide structure of SrNbO3, reproduced with permission
from reference [278]. Copyright 2013, American Chemical Society. (e) Dion-Jacobson structure
of KCapNaNb4Oy3, reproduced with permission from reference [279]. Copyright 2020, Elsevier.
(f) Perovskite oxide structure of CaTiO3, reproduced with permission from reference [102]. Copyright
2017, American Chemical Society. (g) Layered perovskite structures of organic-inorganic materials,
reproduced with permission from reference [280]. Copyright 2010, Royal Society of Chemistry.

KyLa;TizOq9 with bandgap of 3.5 eV is one kind of A;An_anO3n+1 phase layered perovskites,
which shows excellent photocatalytic performance during loaded Pt atom with a Hy production
rate of 233.88 umol g_1 h~! [281]. In addition, Domen et al. found Rb,La,TizO;g is one of the
most active photocatalysts when loaded Ni with H, and O, generation rates of 869 umol g~ h~!
and 430 pmol g~ ! h™!, respectively [282]. Moreover, extensive layered perovskite oxides with
(BipO2)(A,-1B;O3,,11) phase, such as ABiyTayOg (A = Cr, Br, Sr) [282], ABizTa,O9 (A = Ca, Br, S,
KosLaps) [283] and ABioNb,Og (a = Ca, Ba, Sr, Pb) [284] have been also studied as photocatalysts for
water splitting under visible sunlight. In principle, perovskite-based layered materials can chemically
exfoliate into 2D nanosheets using tetrabuty-lammonium hydroxide [285]. Up to now, tremendous
Ta, Nb, Ti perovskite nanosheets, chemically exfoliated from their parental bulk materials, have been
found to be excellent photocatalysts for overall water splitting under UV sunlight. Beneficial for the
molecular thickness and lateral dimensions with 100 nm-10mm, 2D perovskite nanosheets display
great photocatalytic performance, including TiNbOj5', CapNb3O; ), Bi2Nb,Og and Nb,O;, [286,287].
Previously, some reviews focused on the applications of both photocatalytic water splitting and
CO; reduction, and challenges and prospects of nanoporous perovskite metal oxides have been
reported [288,289]. It is found bandgaps of a series of MTiO3 are larger than 3 eV, which will
limit them to absorb the visible sunlight and the corresponding charge separation efficiency but
only shows photocatalytic activity under ultraviolet light with approximately 5% of solar spectrum
resulting. Nevertheless, these issues can be resolved by modification the bandgaps to enhance
the charge separation and extend their spectral absorption to the region of visible light irradiation.
With regards to perovskite-based layered materials, chemical component adjustment by doping Ni?*,
Fe3t, Mo®+, Cr3*, Ti**t and WP is usually introduced to substitute the B atoms in BOg octahedra,
which can create an additional state in the bandgap to trap electrons or holes, leading to induced the
recombination of e~ — ht pairs. In addition, the N element is also commonly used to substitute the



Catalysts 2020, 10, 1111 26 of 50

O atom. Commonly, doping different ions will exhibit different results for the photocatalytic activity.
Previously, the effects of Zr substitution Ti atoms in A;An,anOg,nH phase layered perovskites is
investigated to photocatalytic split water under UV irradiation by Lee et al. [290]. Since the atomic
radius of Zr is larger than Ti, the crystallinity of KLaZr,Ti;_Oy is increased. While the highest
photocatalytic activity is found to be KLaZr(3Tig 704 [290]. In addition, the substitution of Cr for Ti
was successfully introduced into the layer structure of Sr,Ti,Cry_,O3, and SrpTig 95Cr0 0503 showed
excellent visible-light absorption with H, generation rate of 170 umol g~'h~!. Surprisingly, it was
977 umol g~'h~! under full arc irradiation [291]. In all, the wide bandgaps due to the quantum
confinement effect in these perovskite nanosheets can be solved by doping with proper atoms.

3.10. Nanoheterostructure Composites

In recent years, extensive efforts have been applied on the design and fabrication of novel
nanoheterostructure composite photocatalysts, which can be capable of harvesting visible light.
In the view of the physical and chemical property of composite materials, 2D based composites
components can be categorized into four typical types: (1) the semiconductor/semiconductor (named as
S-S); (2) semiconductor/metal (named as S-M) heterojunction; (3) the semiconductor/molecule
heterojunction carbon group (named as S-Molecule); (4) the multicomponent heterojunction.
S-S heterostructure is a very effective method to enhance the photocatalytic activity since the built-in
potential at the interfacial contact can improve the electron-hole pairs to separate and directly migrate
on the surface of the semiconductors. A representative example to study the charge separation is
CdS/TiO; [292]. In addition, semiconductors with larger bandgaps could be sensitized to visible light
conjunction with the semiconductor, which have smaller bandgaps. Furthermore, some semiconductors
are cocatalysts that can promote the electrochemical reaction on the surface, including Nio, RuO,,
IrO, and so on [7,293]. Additionally, the semiconductors that possess good photochemical stability
and electrochemical stability can act as an outside layer to enhance the structure stability of the
photocatalysts. Many metal nanoclusters, such as Ag, Au, Pt and Pd play a critical role in enhancing
the photoactivity of various semiconductor photocatalysts. First, the Schottky junction could be formed
in M-S systems in which the band alignment of the Fermi level could generate a built-in electric
field near the interfacial contacts of the metal and semiconductor. Second, the overpotential could be
reduced by metal nanoclusters to make the surface electrochemical processes easier. The previous study
demonstrated both Pt and Au nanoclusters can largely enhance the hydrogen evolution performance of
TiO; [294]. Third, via a plasmonic enhancement effect, the metallic composite in M-S systems could
improve the sunlight adsorption of semiconductors [76]. With regards to S-Molecule heterostructure
composites, different kinds of molecules are widely used to modify the surface electronic states of
the semiconductors. For example, many organic molecules, such as hydroxyl, silanyl, amino and
carboxyl can act as a passivation layer to hinder electron-hole pair recombination and prevent the
oxidation degradation of semiconductors [295]. In addition, the sensitization of transition metal
complex dyes and inexpensive non-metal complex dyes could enhance the visible light harvest for
the semiconductors with large bandgaps [293,295]. Particularly, multiple functional heterostructure
composites, such as CdS/Au/TiO; [296] and CdS/Pt/TiO; [297] could be able to guide electrons and
holes to occur the desired reaction, giving rise to decreased piling-up on the surface. Hence, it could
enhance the photocatalytic activity and stability of multiple semiconductor composites.

On the other hand, the dimensionalities of different composites might be different.
Thus, the dimensionality of individual components and the interfacial area in heterostructure composites
display a large influence on the photocatalytic performance of the composite systems since the diffusion
efficiency of a photogenerated electron is very sensitive to the structure character of the systems.
Via manipulating the dimensionality and the size of individual components, four different types of
interfacial contacts can be obtained, i.e., 0D/2D, 1D/2D and 2D/2D heterostructures. Generally, the small
molecules, i.e., 0D materials, could adhere to the surface of 2D materials, whereas small size 2D nanosheets
could grow or wrap on the surface of large size molecules. Pt, Au, Pd, Ru and RuO; are the typical
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0D metal nanoclusters, which are usually introduced to various 2D nanosheets via in situ approaches
and ex situ assembly methods to design high performance photocatalysts. For instance, averagely
dispersed Pt nanoparticles on the surface of KCayNb3Opg with size smaller than 1 nm displayed the
highest photocatalytic performance for water splitting reactions [298]. Additionally, some 2D based
photocatalysts have been investigated by introducing the 1D materials, including nanowires, nanorods,
and nanotubes. However, the 2D /2D heterostructures shows better photocatalytic performance than
0D/2D and 1D/2D heterostructures since the better 2D/2D coupling hetero-interfaces promote the
transfer of e~ — i pairs and their separations. For instance, the interfacial contact in 2D graphene-TiO,
is more intimate and adheres more sulfficiently than that in 1D CNT-TiO,, leading to higher photocurrent
transient response of 2D graphene-TiO, under visible light irradiation [299]. Similar results are also
found in graphene (nanoparticle, nanotube, nanosheet)-CdS composites [300]. It is found that 2D /2D
heterostructure composites have stronger electronic coupling effects after analyzing the interfacial charge
transfer kinetics, which could effectively promote the separation of e~ — h' pairs and their transfer across
the heterojunction interface, leading to higher photocatalytic performance.

4. Synthesis Methods for 2D Materials

Various approaches have been explored to synthesize 2D monolayers or few-layer nanosheets
and tailor the structure with corresponding physical and chemical properties in order to suit different
kinds of applications. Generally the synthesis methods can be classified into two types based on the
composition, crystal phase and surface property of materials: (1) the top-down method, which mainly
depends on the exfoliation of 2D monolayers from their parental layered bulk material by overcoming
the weak interlayer binding force; (2) the bottom-up method, which is more versatile in principle than
most 2D nanosheets, might be gained by this method. In this section, some representative methods to
prepare 2D materials are discussed and summarized.

4.1. Micromechanical Cleavage Using Scotch Tape

Micromechanical cleavage using scotch tape is a simple and conventional method to fabricate thin
flakes by peeling and rubbing the surface of inorganic layered bulk materials. The weak van der Waals
interaction between the layers of the materials is the key factor so that the applied mechanical force can
peel of single or few layers of 2D materials without breaking the chemical bonding of the in-plane layer.
The micromechanical cleavage technique is first used by Grim et al. to obtain a graphene monolayer
from highly oriented graphite [301]. In addition, a more thin flake can be obtained by repeating this
process several times. Then these thin flakes are washed with acetone and transferred on a clean, flat
target surface of SiO, /Si or quartz to further cleave it using plastic tweezers. The extension of this
method has been widely employed to obtain various kinds of ultrathin 2D nanosheets from the bulk
materials, such as #1-BN [302], various TMD monolayers (TiSy, TaSy, MoS,, WS;, ReS,, TaSey, NbSe,,
WTey, Mo W1_,S,, ReSzXSez(l,x), etc.) [303-311], topological insulators of BiyTes, BiySe3 [312,313],
metal phosphorus trichalcogenides of MPS; (M = Fe, Ni, Zn, Mn and Cd) [314], BP [245,315] and
CuInPZS6 [316].

This micromechanical cleavage technique is simple, fast and low cost and the size of exfoliated
2D materials can be up to tens of micrometers. In addition, no chemicals are utilized but shear force is
applied during the fabrication process. Thus, the fabricated nanosheets keep the pristine structural
integrity with minimum defects from the parental bulk materials, giving rise to many advantages.
As a whole, the large lateral size, clean surface, “perfect” crystal quality, high crystallinity make
mechanically cleaved 2D materials remarkable candidates to investigate the corresponding mechanical,
electronic and optical properties and application in electronic and optoelectronic devices. However,
there are some certain disadvantages that hinder their realistic applications. First, the production yield
of this process is extremely low and the nanosheets always coexist with thick flakes on the substrate.
Thus, it is suitable for laboratory scale studies but difficult to utilize in various high end technological
applications, high yield and large-scale production. Second, the fundamental/intrinsic properties,
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such as size, thickness, and the shape of the ultrathin 2D nanosheets are unstable and uncontrollable
since the mechanical exfoliation technique by hand is shortage of precision and repeatability.
Third, the utilized substrate is significantly important in the fabrication process. Recently, one advanced
micromechanial cleavage method was reported by Sutter et al. to improve the production yield and
increase the surface area of graphene and Bi;Sr,CaCuyOy nanosheets [317]. The first significant key
is using oxygen plasma to remove the ambient adsorbates on the substrate. Then a heat treatment
is introduced during the fabrication process, which leads to a homogeneous interaction between the
substrate and the crystal material [317]. Theoretically speaking, this advanced method can be further
used to produce all kinds of ultrathin 2D nanosheets with larger area and enhanced production yield.
Additionally, the evaporation of Au films onto SiO, /Si before exfoliation is reported previously to
enhance the surface area of TMD monolayers sine the interaction between Au and chalcogen layer is
stronger, giving rise to a stronger contact between the substrate and TMD matrix process, which leads
to a homogeneous interaction between the substrate and the crystal material [318].

4.2. Liquid Exfoliation

Liquid exfoliation actually also relies on the mechanical forces since the original idea of this
technique is to apply the proper mechanical force on layered bulk crystals dispersed in liquid
to exfoliate them into single- or few-layer 2D nanosheets. Thus, this technique is mechanical
force-assisted liquid exfoliation, which can categorize into sonication-assisted liquid exfoliation and
shear force-assisted liquid exfoliation. Compared to mechanical exfoliation of 2D nanosheets, liquid
exfoliation is a reliable method with high quality and large quantity to produce mono and few-layer
2D sheets at bulk scale. Up to now, the exfoliation method in liquid media has been largely reported to
gain ultrathin 2D materials from for their parental layered bulk crystals, such as MoS;, WS,, BisTes,
MoSe,, NbSe,, TeSe;, h-BN, NiTe,, MoTe, and so on [319-321].

Sonication-assisted liquid exfoliation is an established technique using the simple and common
mechanical force to peel the layered bulk materials into 2D sheets in liquid media, in which the bulk
crystals are dispersed into polar solvent and washed using bubbles induced by sonication in the
solution. The cavitation bubbles generated by high energy ultrasonic waves could create high energy
during the sudden burst with the release of pressure, hence the resultant dispersion is centrifuged to
exfoliate layers in the solution. It is to be noted that the key parameter is the surface energies between
the layered bulk materials and the liquid system should be matched. It is because the solvents have the
surface tension, using the surface tension of solvent similar to the surface energy of layer bulk crystals
could reduce the energetic cost of exfoliation and prohibit the restacking and aggregating between the
2D layers [82,319,322]. For example, it is reported that pure water or pure ethanol is not an efficient way
to synthesize TMDs nanosheets due to the large surface energy of the solvent, but the mixing water
with ethanol could effectively exfoliate and disperse TMDs. Thus, choosing the optimum solvent could
largely utilize the potential of this technique. In addition, the sonication time and centrifugation rate
are also significant factors, which are related to the quality and quantity of 2D materials. This method
is first used to exfoliate graphite into graphene in 2008 [323]. They reported no that complicated
equipment or expensive chemicals were used during their experiment. Subsequently, more than
25 solvents were studied to naturally exfoliate 2D nanosheets based on crystallinity, thickness, size and
yield of the resultant layers [319]. It is summarized that dimethylformamide, cyclohexyl-pyrrolidinone,
N-methyl-pyrrolidone, Ndodecyl-pyrrolidone, MDSO, NVP, ortho-dichlorobenzene and IPA are the
most used solvents for ultrasonic exfoliation of MoS,, WS,, VS,, h-BN and MoTe, [319,324-326].
The sonication-assisted liquid exfoliation as a simple method with high effectivity without complex
equipment has paved a new way for large scale and high-yielding exfoliation of layered materials into
ultrathin 2D monolayers.

Although the production of 2D nanosheets is increased with concentrations of ~1 mg mL ™!
by using the sonication-assisted liquid exfoliation method compared to the mechanical cleavage
method, the production rate does not reach the industrial application’s requirement. Hence, the shear
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force-assisted liquid exfoliation method is proposed to further enhance the production rate of 2D
nanosheets. Coleman et al. found that a high-shear rotor-stator mixer could create high shear rates
in solvent containing bulk layered materials [327,328]. Similarly, the suitable solvent and polymer
could minimize the exfoliation energy and stabilize the synthesized 2D nanosheets, leading to a
more efficient exfoliation process. The shear-force device is set using a rotor and a stator to form
a mixing head, which could exfoliate graphite into graphene with a lateral size of 300-800 nm in
N-methyl-pyrrolidone [328]. Particularly, the volume of graphene production can be adjusted by
tuning the size of the rotor. Therefore, the effects of rotor size and property of mixer-induced shear
force were comprehensively studied previously [329]. It is demonstrated that the exfoliation of the bulk
layered crystals is highly controlled by shear rate and that if it is lower than 10* S~1, the production
efficiency would be lower. However, when the shear rate is large than 10* S~1, the exfoliation efficiency
of graphene will be largely improved [329]. Broadly speaking, the production rate of graphene
nanosheets is not only related to the rotor speed, but also with the nanomaterial concentration,
volume of solution and mixing time. Currently, the production rate of graphene could reach up to
1.44 g h~! with a thickness of 2-12 layers and length of 40-200 nm. These results demonstrate the
commercial potential application of the shear force-assisted liquid exfoliation method for the high-yield
and large-scale production of graphene.

4.3. Chemical Vapor Deposition

The chemical vapor deposition (CVD) technique is a common and traditional method to synthesize
high-purity 2D layers of metal with large area and uniform thickness, such as Ti, W, Zr and Si on
substrates, for large-scale electronic and flexible optoelectronic devices [330]. The CVD technique was
first commercially applied in 1897 to reduce WQg in order to coat pure W on carbon filament [331].
Over the past decade, the highly purified polycrystalline Si has been largely produced using the
CVD method in industry. In addition, the CVD method is already a reliable and developed
technique for massive production of a mount of ultrathin nanosheets [330]. The growth of few-layer
graphene on the polycrystalline Ni film by CVD method was first reported by Somani et al. in
2006 [332]. Subsequently, the graphene monolayer is obtained by the CVD technique on a Ni film
deposited on SiO,/Si substrate [333]. Here, not only did the Ni file played a role of substrate
to support the growth of graphene, but it also acted as a catalyst to promote the formation of
precursors to nuclear graphene sheets. Notably, the precursors, Ni film deposited on SiO, /Si substrate,
temperature, catalysts and atmospheres are the critical parameters to determine the structure property
of graphene in CVD growth [334]. Thus, the production of graphene with controlled layer number,
size and crystallinity can be obtained by optimizing those experimental parameters by the CVD
method [333,334]. Similarly, the growth of a large number of 2D nanosheets is achieved on different
substrates with different precursors in the CVD growth, including h-BN [335,335], BixSes [336],
In;Se; [337], borophenes [338], metal carbides [339,340] and silicene [341]. Taking MoS, nanosheets
as an example, first the Mo metal film was deposited on SiO, substrate by an e-beam evaporator.
Then S atoms were heated to 750 °C to generate vapor to react with Mo metal film to form large-area
few-layer MoS; nanosheets [342]. In addition, controlling the thickness of the Mo thin layer as
well as the size of the substrate could roughly adjust the size and thickness of MoS,. Until now,
MoS,, WS,, ZrS;, ReS;, MoSe;, WSe; and so on have been successfully synthesized using the CVD
technique on different substrates under different temperatures and atmosphere [342-347]. In addition,
the CVD method exhibits the highest control ability than other synthetic methods to obtain 2D
nanosheets with high crystal quality, high purity. Thus 2D nanomaterials synthesized by the CVD
method are ideal candidates for fabrication of high performance electronic devices. More importantly,
the CVD technique shows promising potential to produce ultrathin 2D sheets at an industrial scale
with high yield and high production rate. However, the growth of 2D sheets by the CVD method
should be deposited on substrates under high temperature and inert atmosphere, giving rise up to an
expensive cost.
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4.4. Van der Waal Epitaxial Growth on Substrate

There is one important synthesized form for the CVD method, and that is the van der Waal
epitaxial growth on substrate in which the substrate surface usually plays as a seed crystal. However,
it is known that the substrate often acts as a catalyst. The most predominant of van der Waal epitaxial
growth on substrate is to grow large aspect ratio 2D nanosheets. The epitaxial growth of atom
thick, in-plane heterostructure of graphene and #-BN was reported previously by Liu et al. [348].
Surprisingly, the orientation of 1-BN material was dominated by graphene. In addition, this method
was employed under UHV conditions with a pressure of 4x10~!! to fabricate periodically rippled
graphene and islands on Ru(0001) by Vazquez de Parga et al. [349]. In this experiment, the CoHy
molecules were used as a precursor, while Ru as substrates. In detail, graphene monolayers are
prepared by thermal decomposition of C;Hy at 1000 K, which is pre-adsorbed on Ru substrate [349].
In addition, it is demonstrated that single crystalline Ir can also be used as substrates for synthesis of
the high quality atom thick, large area graphene monolayer [349]. Recent studies have proven that
some 2D heteronanostructures can be obtained by van der Waal epitaxial growth of other TMDs on
existing TMD nanosheets, such as WSe; /WS;, MoSe; /MoS, and MoSe, /WSe, [350-353]. Importantly,
it is demonstrated that van der Waal epitaxial modes of lateral and vertical growth can be finely
controlled to grow TMD heteronanostructures by adjusting the experimental conditions in the CVD
technique [353]. The obtained lateral and vertical specifications are considered as a kind of p-n junction
due to the different band gaps of different ultrathin 2D TMDs, which are promising candidates for
utilizing in high-performance electronic devices as electronics or optoelectronics [354].

4.5. Hydrothermal Synthesis

Hydrothermal synthesis is another popular bottom-up method to crystallize substance at high
pressure and high temperature. Particularly, it is suitable to synthesize the materials that possess high
vapor pressure at the melting point. In addition, layered 2D nanosheets could be synthesized using the
hydrothermal method. Taking MoS, as an example, MoO3 or ammonium molybdate as the precursor
of Mo and sulfur powder or potassium thiocyanate (KSCN) as the precursor of S are dissolved in
hydrazine monohydrate solvent at 150-180 °C for 48 h for a full chemical reaction, then the Mo, and
MoSe; monolayers can be initially synthesized and aggregated to form nanoflowers or nanotubes. [355].
It is worth to mention there is no tendency to restack in Mo, and MoSe, monolayers if not using
surfactant. In addition, there are more intrinsic defects on TMDs by employing excess thiourea as a
precursor to form the 2D nanosheets, which could provide more active sites of TMDs for catalytic
applications [141]. Furthermore, Xie et al. applied a hydrothermal method to obtain O incorporated
MoS, monolayer in water at 200 °C with the interlayer spacing of 9.5 A, which is larger than 6.15 A
of pristine MoS; [356]. On the other hand, hydrothermal synthesis could generate a hybrid 1T/2H
phase in the existing MoS, monolayers by a second solvothermal treatment [357]. The mixed 2H and
1T phase of MoS; nanosheets shows a robust ferromagnetism feature at room temperature due to the
metallic property of the 1T MoS; monolayer. Subsequently, the hydrothermal-solvothermal approach
is widely used to fabricate hybridization MoS;-based adsorbents with other functional nanosheets,
such as nano-Fe3Oy [358]. Groups IV and V transition metal chalcogenides from metal chloride can
also be obtained hydrothermally/solvothermally in oleylamine [359]. CS; is used as the source of
S atoms since it could produce H;S, which could further react with the precursor of groups IV or V
transition metal to form metal disulfides nanomaterials. Moreover, CSey, the precursor of Se gives a
better layered crystalline structure than CS, due to the high structure stability of CSe; [359,360].

The hydrothermal method has recently been widely used in industrial incubation to large-scale
synthesize nanosheets. For example, 1-BN can be largely produced at 500 °C using boric anhydride,
Zn powder and NpHy -2HCl or boric acid and urea at 900 °C [361]. In addition, TMDs, transition metal
oxides and hydroxides have been extensively prepared on the gram scale via the hydrothermal method.
Eu doped yttrium hydroxide nanomaterials can also be obtained hydrothermally/solvothermally
using triethylamine as an alkaline and complexing source [362]. The VO, nanoribbons were prepared
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under the hydrothermal reduction of V,O5 and graphene oxide. The thickness, width and length of
VO; nanosheets could reach up to ~10 nm, 50-500 nm and ~10 pm, respectively, which could be used
as a cathode in lithium ion batteries [363]. The more complex composites of FeNiyS;—graphene-MoS;
and FeNi,S;—graphene-MoSe; can also be synthesized by using the hydrothermal method [364,365].
The hydrothermal synthesis method has a lot of advantages to synthesize ultrathin 2D nanosheets
due to the fact that the process is simple, stable and scalable. Whereas, the micro growth mechanism
of the hydrothermal method is hard to figure out in that the whole reaction happens in a sealed
autoclave. More important, the hydrothermal synthesis method is very sensitive to the concentration
of precursors, the solvent system, temperature, as well as whether surfactants or polymers are used,
so it is difficult to design an experiment to produce other 2D nanosheets.

5. Conclusions, Perspectives and Challenges

In summary, we have attempted to provide a panorama of basic principles and mechanisms
with regard to improving the structure stability, physical and chemical properties of low dimensional
semiconductor-based photocatalysts. After reporting on a large amount of literature, various 2D
semiconductor-based photocatalysts show a high electrochemical property and photocatalytic
performance due to their ultrathin character, high specific surface area with more activity sites,
tunable bandgap to absorb sunlight and versatile options in structural assembly with other
nanosheets. Particularly, special focus has been placed on various strategies implemented to
tackle problems associated with synthetic methods, structural stability and property, durability
and photodecomposition of 2D semiconductors. From above, one can know extensive efforts
have been devoted in the last few decades to construct various photocatalytic 2D semiconductors.
Yet, co-photocatalysts made up of earth-abundant elements with low-cost are still required to further
investigate and develop a mechanistic understanding and controllable synthetic strategy in order to
achieve high-efficiency, stable and less costly 2D semiconductor-based photocatalysts. Many challenges,
such as the low yield efficiency, stability, durability against etchant solution, kinetics of charge carriers
absorption and migration, charge trap and recycling demand, need to be settled urgently in the near future.

Concurrently, advanced methods for tailoring the electronic and chemical structures of these
2D semiconductor materials have been developed, pushing its rapid development in various
photocatalytic applications. For example, homogeneous doping has become a reality [66,366], but how
to identify the dopand-induced electronic structures and what is the effect of doping elements
on the stability of the system under reaction conditions are rarely being investigated. Until now,
only a few examples of improved photocatalyst stability of photocatalysts have been reported in
order to deal with the complicated synthetic processes during splitting water. Thus, the present
studies on 2D semiconductor photocatalysts are still in the initial stage and further systematic
investigations are required. On the other hand, in order to precisely control the dopant distribution,
uniformity, composition and the surface states property of photocatalysts, seeking new doping
approaches should be addressed for efficient photocatalyst design. In addition, the influence of intrinsic
defects, structural shape, the quantity of layers and lateral interface size is barely evaluated on the
photocatalytic performance, especially in composite photocatalysts. Importantly, an overall apparent
efficiency of the entire photocatalytic system is the main topic in the current studies. While the charge
transfer process, such as transfer minimum energy pathways, migration diffusivity, charge carrier
lifetime recombination reason, etc., in photocatalysts should be addressed and detailedly investigated
to further advance the field. With regard to the recycling problem, designing suitable devices or tuning
the magnetic properties might be a good choice.

In the theoretical aspect, first-principles calculations based on density functional theory (DFT) are
an efficient way to screen the photocatalytic potential spaces, however, a number of key bottlenecks are
required to breakthrough. Firstly, the solvation effects are not considered in most of the present
theoretical studies. Whereas it is well known that most photocatalytic reactions are related to
solid-liquid reaction systems. Hence, it is significantly important and necessary to develop an
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accurate solvation model as realistically as possible. For example, how the various molecules adsorb
on the photocatalyst and influence the calculation of reaction energy and energy barrier heights
should be considered in the photocatalyst system in order to realistically simulate the experimental
testing conditions. Secondly, various previous theoretical data use the traditional DFT method,
whereas the enlightenment of photocatalytic kinetic studies is still rarely studied due to the fact that it
is technically challenging. The photoexcitation of a semiconductor photocatalyst, including 1D, 2D
and 3D materials, produces photogenerated electrons and holes, leading to an excited state of the
photocatalyst. However, the feature of the excited state and the corresponding reason for the energy
barrier reduction under light irradiation are still secrets. Therefore, understanding the dynamics of
excited electrons plays a significant role in understanding the whole photocatalytic processes [367,368].
Thirdly, the thermodynamic photocatalytic processess, such as energetic requirement, band edge
alignment relative to the hydrogen revolution potential of H,/H™ and oxygen revolution potential of
H>0O/0O; needs to be deeply understood. For example, the migration behaviors of electrons and holes
from substrates are not given much attention, which exhibits significant impacts on photocatalytic
efficiency since 2D atomic thin photocatalysts are usually stabilized on various substrates. Last but
not least, novel simulation methods or performing dynamic simulation algorithms rather than static
crystal models are strongly required since the surfaces of photocatalysts are dynamically and frequently
undergoing changes during the reaction proceeds. With rapid advances and rich knowledge about
2D materials in the many joint efforts of research and development sectors in the last few decades,
it is the best time for us to do research on photocatalysis. At the same time, one can envision that
utilization of the absorbed sunlight energy could largely reduce the fossil energy demand for human
development, and further decrease the environmental pollution. Thus one can see photocatalysts play
an increasingly important role in that we not only need to improve the performance of the existing
photocatalysts but also invent new engineering approaches to better exploit new novel photocatalysts.
Thus, joint efforts from various disciplines are needed. We wish that the present mini review serves
as a catalyst to facilitate the discussions by various specialists from physics, chemistry, materials
engineering, computer science, and so on.
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