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Abstract

It is becoming increasingly important to consider physical dimensions in addition to chemical capabilities when designing
material for a specific feature. The physical dimensions, optical properties, surface area, and mechanical properties of
material all play a role in determining its photochemical capabilities. In the two-dimensional (2D) materials, the surface area
for the photoelectric effect and the long-range conductivity for homogeneous charge distribution in the photochemical
reactions are perfectly balanced. A wide range of 2D materials has been investigated to date: low-cost, stable, earth-abundant,
and hazard-free. However, photocatalyst efficiency must be improved to meet modern society's growing green energy
demand. Photocatalysts are particularly interested in storing solar energy in chemical bonds to provide long-term energy.
Researchers from various fields have recently contributed to properly arranging photocatalytic reaction centers in space,
tuning the bandgap by modifying physical structures and chemical functionalities, using machine learning protocol, and
calculating density functional theory (DFT) before preparing catalysts. This review will present the most recent contributions
to modifying 2D materials to link the collective effort in developing photocatalysts for water oxidation. Furthermore, in the

conclusion section, we will emphasize the ongoing work's perspective, challenges, and dimensions.
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1. Introduction

A continuous craziness for unconventional work by Andre
Geim awarded him Ig Nobel prize on "Of Flying Frogs and
Levitrons," for his 'silliest' experiment in 2000 but, 10 years
later, in 2010 he was awarded Nobel prize for their ground-
breaking discovery of graphene. Graphene is produced when
the six-membered aromatic carbon rings are fused in a two-
dimensional (2D) sheet to form an atom thin layer of 'zero-gap
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semiconductor material. The presence of excellent surface
area (2630 m’g"), high Young's modulus (~1 TPa),l? great
optical transparency,® high room temperature carrier mobility
(~10000 cm*V-'s!),4 exceptional thermal conductivity
(3000-5000 Wm 'K with a quantum hall effect*! withdraw
tremendous interests in many fields.[581 A craziness started a
journey to make the thin carbon field, ultimately ending up in
an emerging 2D material field in science. With such excellent
features, material scientists started to extend and tune the
properties further by exchanging some carbon atoms with
electron-rich (N) or electron-deficient (B) atoms for
generating graphitic carbon nitride (g-C3N4) or hexagonal
boron nitride (42-BN) respectively. Inorganic chemists further
accelerated this movement by preparing a series of 2D
materials like transition metal or post-transitional metal-
derived dichalcogenides (MoS;, MoSez, WS, WSe;), or black
monoatomic phosphorus layer (phosphorene).®% All these
2D layer materials are formed by strong intralayer covalent
bonds and poor interlayer interactions like van der Waals
interlayer or m-m staking. The advantage of the 2D
photocatalyst is that a photocatalytic material can absorb the
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maximum number of photons if it is spread as a thin layer in
forming a 2D catalyst to carry out the reaction.

Despite the similarity in layered arrangement, their
different atomic arrangements introduce unique chemical,
catalytic, electronic, thermal, optical, and magnetic properties,
offering a rich arsenal for a plethora of applications. Besides
the chemical arrangement, lowering the size, typically below
20 nm introduces new properties like quantum confinement
effects. When the particle size is further reduced and forms a
new class of 0D materials, it behaves as a quantum dot with
increased solubility and fluorescence properties and becomes
accessible for doping different atoms. For further modification,
researchers oxidize graphene by the hummers method and
utilize the newly generated carboxylate functionalities to
coordinate various reaction centers with further chemical
modifications,*! which could be implicated in multi-walled
carbon nanotube as well.'?%3 This interest in 2D materials
further spreads to the crystal engineeringl society and the last
decade witnessed the 2D metal-organic framework (2D MOF)
and 2D covalent organic framework (2D COF).'3 For their
intense knowledge of the structure designing principle for
creating reaction centers, tuning bandgap, generating
supramolecular voids, using light-harvesting groups, and post-
synthetic modifications, a MOF can be converted into an
excellent catalytic center or photocatalytic center.[®!

Inside a 2D lattice, a periodic movement of elastically
arranged collective atoms or molecules has been named a
phonon. It behaves like a quantized wave of sound. People
working on condensed matter systems explore phonon
systems in 2D materials to explain the thermal conductivity,
electrical conductivity, neutron scattering-related effects,
etc.'m These phonons interact with the electron or light and
came up with some unique features like tuning bandgap energy,
conductivity, etc.['®l

For making a 2D material photocatalyst, the material
should absorb the energy in the form of light and emits
electron at a particular center by creating a positively charged
hole under the local photoelectric effect. This electron travels
through conducting the band and reaches the reaction centers
for reducing a specific target. In the case of electronic devices,
the electron is used to run a device. A serge for heterogeneous
photocatalytic materials started with exploring varieties
bottlenecked to the 2D physical shape and is now advancing
the materials by further physical modifications and
algorithmic predictions.

When a photon falls over a semiconductor, the electron
from its valance band jumps over to the conduction band. The
bandgap for the water oxidation catalyst lies between 2.0 - 3.0
eV (Fig. 1). A photocatalyst can be built with suitable catalytic
reaction centers, an appropriate bandgap, and optimized
semiconductor size with a modified 2D shape. Besides
photons, thermal energy can also be harvested and used for
driving nanobots. And in the future, one can employ it for
water oxidation purposes.i¥
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Fig. 1 A schematic presentation of the photocatalyst. When a
photon falls over the valance band of the catalyst, the electron
jumps to the conduction band, leaving a positive hole there. The
positively charged valance band works as an anode, and water is
oxidised to oxygen. At the conduction band, the proton accepts
electrons and is reduced to hydrogen.

2. Physical modification in tuning chemical property
The last decade witnessed a strategic improvement in
designing 2D materials. The linear photochemical response
depends on the size of the optical band gap in determining the
onset of optical excitation and the absolute energetic band
edge positions in determining the reductive or oxidative
property of the light-driven electrons and holes. Tunning such
property can be possible by changing the material composition
and particle size, modifying the surface chemistry, or
exploiting electrostatic fields.”” Some highly active catalysts
are either confined in specific dimensions or designed
differently to be available to reactant molecules to increase
catalytic activity. Some physical parameters even can be
changed to alter the catalytic property.
2.1 Floating sheet: Introducing advantages of
homogeneous and heterogeneous catalysis
The floating strategies are developed to disperse the 2D
heterogeneous catalyst materials homogeneously in a reaction
medium. Because heterogeneous materials are insoluble in the
solvent, it remains fixed for the duration of the reaction, and
the reaction mixture must come into contact with it. However,
the advantage is that heterogeneous catalysts are easily
separable. On the contrary, homogeneous catalysts are
reachable to every part of the reaction solution and
simultaneously promote the entire solution to a product. At the
same time, if the product is also soluble in the reaction solvent,
it would not be easy to separate. To accumulate all the
advantages described here and disadvantages to discard, we
need to develop the floating catalyst, which can cover the
reaction media volume but can be separated easily like
heterogeneous catalysts (Fig. 2).

Urbonavicius et al. reported floating titanium dioxide

Eng. Sci., 2022, 20, 34-46 | 35



Review article

Engineered Science

(TiO;) as such photocatalyst for decomposition of methylene
blue or inactivating Salmonella typhimurium.?! They used
nanocrystalline anatase TiO, to deposit on high-density
Polystyrene by magnetron sputtering and the resultant 2D
flake can float in the solution. In a separate study, Wang et al.
loaded Polystyrene on the hollow glass microspheres surface
by silane coupler, and then they precipitated amorphous TiO-
through a hydrolysis reaction.?? This hybrid system acts as a
floating 2D catalyst and was used for degrading Rhodamine B
and phenol under ultraviolet (UV) radiation or sunlight. These
advantageous materials can also be used to generate hydrogen
from water using solar energy. Lin et al. developed 2D
amorphous nickel oxide (NiO) photocatalyst for H>
evolution.®! In addition to the advantages of the floating
condition, the amorphous condition increases the surface area
further. Such porous 2D floating catalytic systems are so
advantageous that sacrificial agents might not always be
needed. Liang et al. reported such floating 2D Mnln,Ses
nanosheets for water splitting purposes.?4

H'

Fig. 2 A schematic presentation of floating catalyst in water. The
porous or surface-modified 2D sheets can float all over in water.
In the presence of sunlight, it can split water throughout the whole
volume, similar to a homogeneous catalyst.

2.2 Coating a Homogeneous system over a heterogeneous
surface

Heterogeneous catalysts can be homogeneously dispersed in
the reaction medium by coating some soluble materials over
the heterogeneous catalyst surface to make the reaction rate
faster. Martinez-Prieto et al. ligated the platinum nanoparticle
by long-chain N-heterocyclic carbine for carrying out the
hydroboration reaction on phenylacetylene (Fig. 3).[%%

2.3. Confined catalyst under two-dimensional materials

Inorganic nanomaterials can be confined in low dimensional
(0D-2D) materials to enhance the catalytic property further.
This can be used both for electro and photocatalytic reaction
purposes. The carrier confinement effect can be used to tune
the bandgap and density of states while modifying the
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morphology of catalyst materials.?! 2D catalyst materials can
be confined basically by space-confined or surface-confined
methods.?" In the space confined method, the catalysts can be
synthesized inside the 2D layers like layered double
hydroxides (LDHs),?83 graphene, MXenes (2D material,
derived from transition metal carbides, carbonitrides and
nitrides), montmorillonite (MMT), and magadiite materials.
Under suitable chemical conditions, the guest molecules form
catalysts inside the 2D layers. In the case of surface-confined
synthesis, the catalyst can be grown over the surface by using
surface defects, functional groups, or surface atoms.

THF iltrati
1) LC-NHCHX + KO'BU —< —> LO-NHC + KX w— LC-NHC
'BuOH KX
LC-NHC = LC-IPr, LC-IMe
X =Br, |
2) Pt + LC-NHC
i (0.2 equiv.)

Fig. 3 Synthetic procedure of Pt@LC-IPr and Pt@LC-IMe.
Reproduced with permission form [25], Copyright, 2017 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.

The 2D special arrangement between the catalyst surface
and 2D material creates a perfect microenvironment for
confined catalysis experimentally and theoretically. Li ef al.,
by using density functional theory (DFT) calculations,
revealed that Pt (111) surface could be able to adsorb the atoms
and molecules for the geometrical constraint and confinement
field in the 2D space when the Pt (111) surface is confined in
graphene.l*U

The confined catalysts can be used for various catalytic
reactions. For example, growing defect-rich MoS; nanosheets
inside graphene can be employed for removing smoke
particles or other air-based toxic materials (Fig. 4).2 The
electron donor-acceptor inorganic/organic nanocomposites
can be intercalated inside 2D layers for photocatalytic dye
degradation.®®!  They  intercalated  anions, copper
phthalocyanine-3,4",4"",4"""-tetrasulfonate and  3,4,9,10-
perylene-tetra carboxylate co-intercalated inside the layered
double hydroxides (LDHs) and used for dye degradation.

Spinel materials*®l are a class of inorganic oxide materials
that can be exploited as suitable catalysts***? and can be doped
over oxidized graphene or carbon nanotube surfaces. When
using graphene oxide, the spinel can be spatially confined
inside the graphene layers. Yang et al. intercalated zinc ferrite
(ZnFe 04) inside graphene oxide flakes and exploited the
material as a photocatalyst for methylene blue degradation
under visible irradiation. Spinel-coated graphene has the
potential for electrochemical or light-driven water splitting.[%*l
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Fig. 4 Schematic presentation space-confined synthetic procedure of defect-rich MoS,/RGO hybrid. Reproduced with permission

from [32], Copyright 2016 American Chemical Society.

In their study, they used manganese ferrite. A cobalt ferrite-

titanium dioxide composite (CoFe,04—TiO») inside graphene
oxide could also work as an efficient photocatalyst for overall
water splitting purposes. !
Recently, single metal atoms are also used in confining them
inside the 2D layers.’¥! For example, Co atoms can be
intercalated inside N-graphene and can be used as co-
photocatalyst with CdS.1 This Co intercalated N-graphene
possesses an excellent ability for proton reduction and fast
charge carrier separation, which resulted in an excellent
amount of H production of 1382 mmol/h.

However, graphitic carbon nitrides (g-C3Ny4) are widely
used for single atom confined 2D catalyst preparation. These
g-C3Ny4 are composed of synthetic polymeric layers®! and
packed by van der Waals bonding. This is an important class
of semiconductor materials with the sp>-r conjugated system[®”
and can be employed as a photocatalyst,! electrocatalyst,*!
and organocatalyst.?

Li et al. showed confined Pt inside the g-CsNs and
exploited it for photocatalytic H, production.[ This catalyst
was synthesized in a liquid-phase reaction, using g-C3N4 and
a Pt precursor, followed by annealing at 125 °C for 1 h under
an Ar atmosphere. Cao and co-workers prepared atomic Pd
doped g-C3Nj4 catalyst for photocatalytic H, evolution.[* This
Pd/ g-C3N4is quite stable enough for the strong synergic bonds
between atomic Pd atoms and g-C3Ns.

These kinds of confined catalysts also show the efficiency
of hetero catalysts. Co(Il) inserted Graphene Oxide shows
efficiency as electrocatalysts at hydrogen evolution reaction
(HER) reaction. In addition, hydrogen storing efficiency
increases from 0.04wt% to 0.08wt% at 800 mmHg and
293K.[1

2.4 Porous 2D materials
Porosity on 2D catalyst surface introduces high surface area,
selective atomic deficiency, or interaction with reactant
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molecules driven photocatalytic and electrocatalytic
properties. Porosity can be introduced by removing certain
atoms from the lattice structure and can introduce N or P-type
nature in developing semiconductors and enhance the catalytic
property. Our recent study shows that oxygen atoms from
ferrite lattice can be removed by sodium borohydride (NaBH4)
in ice-cold conditions to increase spinel's N-type character and
catalytic activity.[*? In addition, the porous materials promote
transporting electrons/holes by creating the local charged
centres and also shorten the migration path distance of charge
carriers between the charge producing centers and reaction
centers in migration.[! The longer charge carrier lifetime in
the transient photoluminescence spectra confirms that porous
2D catalysts have higher charge carrier separation
effectiveness.*7481 Furthermore, the longer charge carrier
lifetime is demonstrated by semicircular Nyquist curves with
a smaller diameter in the electrochemical impedance
spectra.l*7*?1 Hou et al. reported a highly porous system for
photoelectrochemical water splitting (Fig. 5a)°% Fang et al.
also prepared the Ni-Co based porous nanosheet for efficient
HER reaction. (Figs. 5b and 5¢)B4

2.4.1 Electronic Structure

The conduction band (CB) and valence band (VB) energy
difference decides the required reaction energy for
photocatalytic reactions. A more negative conduction band
provides better reduction performance, while a higher positive
value conduction band provides better oxidation performance.
For instance, due to the hole's existence and quantum
confinement effect, the conduction and the valance bands of
single-layered porous g-C3N4 widened by 0.16 eV.I52] In
mesoporous g-C3Ny, the shifting of CB can promote a higher
thermodynamic unfavorable reaction to favorable to exhibit
photocatalytic hydrogen production. Liu et al. reported Co3zO4
has 2 bandgap energies, which can be assigned as O*/Co?" and
0%/Co*" charge transfer procedures, respectively.l5%] The
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Fig. 5 (a) Synthetic procedure of porous 2D ultrathin H-Coy.ssSe|P. Reproduced with the permission from [50], 2017 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim (b) Distribution of atoms in crystal structure of NCO (111), NCS (010), and NCP (001). (c)

DFT-calculated H» adsorption energy of NCO (111), NCS (010),
2018 American Chemical Society.

porosity in Co30Oy increases the bandgap from 1.15eV/2.14 eV
to 1.49 eV/2.76 eV, with the shift of VB edge to the lower
position, promoting the charge to a higher thermodynamic
driving force in dye degradation. Furthermore, the pores
promote the light scattering inside the hole and also enhance
the light-harvesting through the elongated porous pathways.
The UV-Vis reflectance spectra from the porous ZngsCdosS
shifted to a longer wavelength, depicting the enhanced light
absorbance.*®! Liu and colleagues demonstrated that pores on
WO3; ultrathin nanosheets have greater light scattering and
photon accumulation ability than nonporous nanosheets.?!

2.4.2 Hydrogen Evolution Reaction (HER)

The HER is an uphill reaction where Gibbs free energy change
is calculated as 237 kJ/mol or 1.23 eV.’! When carbon
deficient porous g-CsNs was subjected to photocatalytic
hydrogen production, it was seen that the porous counterpart
was 20 times more efficient than the corresponding nonporous
material.[*”l In addition to the increased surface area, as shown
earlier, the porosity absorbs light and improves photocatalytic
efficiency. The photoluminescence emission and time-
resolved photoluminescence spectra depict that the g-C3Na
had several emission centers. In addition, the quantum
confinement effect in the nanosheets stabilizes the charge
carriers. Most importantly, the 2D g-C3N4 exhibits a higher
hydrogen production capability than the 3D porous g-C3Na.
The protonated g-C3N4 nanosheets exhibit a higher quantum
yield of 6.1% at 420 nm in comparison to bulk g-CsN4 and
ultrasonically exfoliated g-C3N4.[¢1 Porous morphology in 2D
nanosheet for ZngsCdosS enhances the H evolution rate 2.5
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and NCP (001). Reproduced with permission from [51] Copyright

times faster even after 15 hours compared to the nanorods
morphology. 6!

2.5. Interfacial interaction

For the charge carrier of nanocomposites, interfacial
interaction is crucial. The heterojunction between g-C3N4 and
porous hexagonal boron nitride nanosheets can competently
separate charge carriers and endorse electron transfer to the
reaction centers.’] In another study, 2D/2D heterojunctions
between TiO, and g-C3Ns were created by three different
methods (co-calcination of g-C3N4/TiO;-cal; hydrothermally
treated further to get O-g-C3N4/TiO», and by further acid,
treatment to get H-g-C3N4/H-TiO;) and exploited for H»
evolution under visible light. The evolution rate was enhanced
from 1.4- to 6.1-fold.®® The heterojunction chemical bond Ti—
O-N for g-C3N4/TiOs2-cal and O-g-C3N4/TiO2 or the
coulombic interaction in H-g-C3N4/H-TiO, quickens the
electron transfer from the conduction band of g-C3;Ny to the
conduction band of TiO; and increase the efficient separation
of e —h" pairs.

2.6 Bandgap tuning by solvent

Solvent plays a crucial in crystallization. The crystal structure
can be altered by changing the solvents or the solvent ratio,
which significantly impacts band energy.®®! The crystal
structures of Cd-furan dicarboxylic acid-based MOFs can be
modified by simply adjusting the solvent ratios in the
solvothermal technique. Two MOF  structures of
[Cd3(FDC)3(DMF)4(H20)], and [DMA]>[Cd3(FDC)4]-2H,0O
were prepared with a very small amount of water in DMF and
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25% H>O/DMF mixtures respectively. Both the structures
have the trimer clusters as building units, but the 1% one is the
furan dicarboxylate ligand to form a 2D structure, but for the
2" one, clusters were linked linearly to form a 1D chain. The

bandgap energy decreases from the first to the second structure.

The lower band gap value of the second can be attributed to
the infinite Cd-O-Cd arrangement, which splits the conduction
band level to reduce the bandgap.

However, after forming the crystals or materials, besides
electrons and holes, a solvent can still play a major role in
tuning the bandgap. Water or other solvent molecules with
arrangeable permanent dipoles can effectively screen electric
fields by increasing the number of ions between the composite
constituents. Voigt et al. demonstrated the solvent effect on
their composite system (ZnS quantum dots and functionalized
carbon nanotubes) in tunning the bandgap for the
photochemical reaction.l! These screening effects can be
attributed to Debye-Hiickel-approach.

2.7. Thickness of 2D materials

When 2D materials are formed by staking several layers by in-
plane covalent or coordination bond and inter-planner van-der
Walls' interaction and individual layers can be exfoliated by
several techniques.[%64 Both theoretically and experimentally,
it can be shown that the band structure of these 2D materials
clearly depends on the thickness (or the number of
monolayers). With decreasing number of monolayers, the
valence maximum point gets shifted in the Brillouin zone and
the bandgap increases.[®>%° Fig. 6a shows that the transition of
a bulk molybdenum sulfide (MoS,) with an indirect bandgap
of 1.20 eV to the direct bandgap of 1.90 eV appears when the
thickness of MoS; reduces to a monolayer as verified by
theoretical calculations and experimental optical absorption
spectra. At the Brillouin zone, the valence band maximum at
the I" point moves to the K point (Fig. 6b). This phenomenon
of bandgap crossover is a well-studied,®%2%] and
photoluminescence (PL) quantum yield got 10* -fold
enhancement in the case of monolayer MoS, (Fig. 6¢).1%% Such
bandgap crossovers were also reported in MoSe,, MoTe;

(molybdenum ditelluride), and WS, (Tungsten disulphide).[¢%
Basically, the semiconducting compounds of MoX» and WX,
classes are expected to show a similar transformation of
indirect to direct-bandgap, within range of 1.1-1.9 eV bandgap
energy with decreasing layer number.[® Studies showed that
bottom-up synthesis is a better way of controlling the number
of layers than exfoliation from parent bulk material. Chemical
vapor deposition (CVD) is a very efficient technique in
growing large monolayers of MoS,, WS;, MoSe;, and
WSe,.671 However, the molecular-beam epitaxy (MBE)
method is the most sophisticated way of controlling the layer
number of MoSe,, where a single film can be grown layer-by-
layer for 8 times.l" The bandgaps and their light absorption
properties as consequent can be tuned by adjusting the
thickness of the 2D sheets.[”>78] The ultrathin nature of sheets
reduces the recombination probability between electrons and
holes.[’”7® By reducing thickness, the formation of ultrathin
sheets increases the surface area and exposes the active sites
to promote photocatalytic reactions.[’™

2.8. Defects Engineering

Constructing surface defects over the 2D photocatalyst by
doping heteroatoms, creating hole by removing atoms or
introducing functional groups can be an efficient strategy for
improving photocatalytic activities.’%! The defects at the
surface make the 2D sheets more conducive to the use of holes
and photoelectrons in reducing and oxidizing the elements.
The electronic effects in defects reduce the HER and OER
overpotentials® by improving the number and conductivity of
photogenerated carriers. Defects create more catalytic centers
or active sites to accelerate the reaction rates.®! Defects also
help absorb photons to promote the reactions.

Zheng et al. generated the point defects by developing
selenium vacancy, diselenium vacancy, platinum vacancy, and
diplatinum vacancy, which enhance the photocatalytic water-
splitting efficacy of PtSe, monolayers.®¥ On the other hand,
by introducing hetero atom-like Pd into PtSe; layers, Ma et
al.M enhance the HER efficiencies.

(a) \M X 5 (b), MoS,, bulk MoS,, monolaysr ()
. 0.2F 4+ Ho2 1
— - - monolayer -
z]
\\‘eakﬁayer bonds covalent bond bilsyer k-;- 0 Zj m
e 9]
R Z.,
! \ AX }f\\y & monolayer -0.2 o :
r M K rr M K r 14 i 10 20 22

Photon Energy (eV)

Fig. 6 (a) The atomic structure of layered TMDs of TX2 type (where T is transition metal and X is chalcogenide). (b) Band structures
of MoS; in bulk (left) and monolayer (right) were calculated by the DFT method. Reproduced with permission from [64], Copyright
2011 American Physical Society (c) Photoluminescence spectra of MoS; (mono and bilayer). (Inset: With an increasing number of
layers of MoS; quantum yield decreases. Reproduced with permission from [62], Copyright 2010 The American Physical Society.
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2.9. Strain Engineering

The tensile or compressive strain can fine-tune the electronic
structure of the surfaces by changing the interatomic distances
at the 2D surface.?%1 The strain effect can not be formulated
by any equation as it varies with the local symmetry and the
specific bonding of certain ions. Simultaneously it affects the
electronic structure of the materials' surface. Single-layer
sheets give better flexibility and can withstand a higher
mechanical strain.®*%! This surface strain tuning approach is
another useful way to control the catalytic activities by varying
the orbital overlap in catalysts.[ In addition, the surface strain
does not alter the catalyst composition,®” which benefits in
calculating and forecasting the influence of lattice strain for
photocatalytic water splitting!®® through DFT calculation.
Lattice strain, for example, in 2D transition-metal complexes,
noble metals, perovskite oxides, and heterostructure, can
influence a lot of potentials that change photocatalytic
efficiency for water splitting!®*-107)

3. Machine Learning

Besides experimental trials and errors, computational
modeling like molecular dynamics (MD) or density functional
theory (DFT),*%l machine learning protocol comes to predict
material properties inexpensively through employing
algorithms. This model predicts electronic properties, bandgap
in developing heterojunction optical devices, solar cells, or
photocatalysts. We can apply machine learning to create
photocatalyst with specific precession since the bandgap in
such materials plays a significant role in predicting the field of
usagel'®l. Thus, the time behind developing a brand-new
useful catalyst can be minimized. Nowadays, various research
groups are using machine learning algorithms for different
areas of materials science. A self-adaptive differential
evolution algorithm is used by Wang et al. in optimizing a
reduced mechanism of 2-Butanone.'*?) Zhang et al. came up
with an overview of machine learning methods for predicting
the thermal conductivity of different alloys, compounds,
composites, and alloys.[''Y Pilania ef al. combined linear least
square regression with kernel ridge regression in the bandgap
prediction of double perovskites.''? Ward et al. created a
random forest technique for partitioning data into different
groups to improve predictive accuracy to develop machine-
learning-based models faster for applications.l'*®1 Their
method is useful in predicting diversified properties like glass-
forming ability or bandgap energy for different crystalline or
amorphous materials. A few ongoing methods employed in
this study are random forest, linear Lasso (Least Absolute
Shrinkage and Selection Operator) and Ridge regression,
Gaussian process regression (GPR), support vector regression
(SVR), and artificial neural network (ANN).['*l Recently,
Palkovits have been used as an artificial neural network,
reinforcing the vector regression and k-nearest neighbour
regression in developing the water oxidation catalysts.[%]
They showed by calculating metrics that support vector
regression is the best-performing algorithm. However, the
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choice of algorithm is ruled only by the data. Jiang et al
developed a new machine learning (ML) model to determine
the activities of different metal oxide-based photocatalysts on
a series of contaminants.

The encoded metal oxide structure through a crystal graph
convolution neural network (CGCNN).?® The organic
molecular structure is encoded through digital molecular
fingerprints (MF). Finally, the CGCNN, MF, and the light are
used as input at an artificial neural network (ANN) to build the
Convolutional Neural Network - Molecular Fingerprints-
Artificial Neural Network (CGCNN-MF-ANN) model (Fig.7).

Here the photocatalyst crystals are encoded through
Crystal Graphic Convolutional Neural Network (CGCNN).
Contaminants are represented through Molecular Fingerprint
(MF), where ANN stands for artificial neural network.

CGCNN
Crystal structure
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Fig. 7 Schematic presentation of CGCNN-MF-ANN model. Here
the photocatalyst crystals are encoded through Crystal Graphic
Convolutional Neural Network (CGCNN). Contaminants are
represented through Molecular Fingerprint (MF), where ANN
stands for artificial neural network. Reproduced with the

permission from [116]. Copyright 2021 @MDPI.

4. Conclusions, Perspectives and Challenges

This review offers a brief synopsis of the physical
functionalization and algorithmic prediction of different types
of 2D materials for photocatalytic water oxidation. A wide
range of materials like TMDs, MXenes, graphene, carbon
nitride, boron nitride, MOFs, COFs, perovskite nanosheets,
nanoheterostructure composites, etc. are discussed here with
their further physical modification on their 2D shape.
However dense surface defects are hard to avoid. Recently,
people are further modifying the 2D photocatalysts to increase
the photocatalytic efficiencies. Several protocols are used to
ensure the availability of the 2D heterogeneous catalysts in all
parts of the reaction solution. By coating the 2D materials on
floating materials or by introducing a long chain over the 2D
surface, a catalyst can float in the solution to enhance the
reaction rate. Recently, templates have been used to confine
the catalysts in 2D shape to improve the photocatalytic
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property. Sometimes, for enhancing the surface area, making
2D materials amorphous is very crucial and for such purpose,
by etching the surface, some atoms from the 2D lattice can be
removed to introduce the porosity. The photocatalytic property
can be adjusted by adding physical interfacial interactions in
altering the physical property. The heterojunction between two
materials in a 2D composite catalyst can separate the charge
carriers competently and endorse the transfer of an electron to
the reaction centers. The thickness of 2D materials also plays
a central role in accelerating the photocatalytic reaction rate.
Besides the physical modification over the 2D catalysts, by
selecting the appropriate solvent molecules, the bandgap of the
catalysts can be further tuned to enhance the catalytic property.
We also emphasize the crystal engineering approach in
designing the MOF-based photocatalysts, which could be very
useful for crystal engineers looking to employ their systems in
water oxidation. A variety of different 2D materials, material-
wise preparative protocols, reaction mechanisms are also
discussed briefly for the betterment of understanding the
complete process to the readers. A journey from finding the
chemical property in materials started generating the proper
shape and dimension in it and further presently modifying the
materials physically for employing them in heterogeneous
water oxidation. However, crystal engineering and machine
learning protocols are newly adapted to make the process
error-free in designing catalysts.

Designing multipurpose photocatalysts for synthesizing
different products from a certain chemical solution will be
expected for designing smart industrial or household devices.
By exploring crystal engineering and time crystal
engineering,''’1 a time-space arrangement in reaction—
catalysis can introduce fractal event organizing nested time
crystal branch in picking out a desired product from the
competitive synthesis mode according to our requirements. [l

Thus, this research is reached at such a level that
developing a catalyst by a single person becomes impossible.
A good team effort involving various experts such as catalysts,
crystal engineers, machine learning, and material science will
reduce the effort required to develop more efficient water
oxidation catalysts for the benefit of civilization.

Acknowledgement
PS acknowledge NIMS, Japan.

Conflict of Interest
The authors declare no conflict of interest.

Supporting information
Not applicable.

References

[1] M. D. Stoller, S. Park, Y. Zhu, J. An, R. S. Ruoff, Graphene-
based ultracapacitors, Nano Letters, 2008, 8, 3498-3502, doi:
10.1021/n1802558y.

[2] C. Lee, X. Wei, J. W. Kysar, J. Hone, Measurement of the

© Engineered Science Publisher LLC 2022

elastic properties and intrinsic strength of monolayer graphene,
Science, 2008, 321, 385-388, doi: 10.1126/science.1157996.

[3] R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J.
Booth, T. Stauber, N. M. R. Peres, A. K. Geim, Fine structure
constant defines visual transparency of graphene, Science, 2008,
320, 1308, doi: 10.1126/science.1156965.

[4] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y.
Zhang, S. V. Dubonos, . V. Grigorieva, A. A. Firsov, Electric field
effect in atomically thin carbon films, Science, 2004, 306, 666-
669, doi: 10.1126/science.1102896.

[5]A. A. Balandin, S. Ghosh, W. Bao, 1. Calizo, D. Teweldebrhan,
F. Miao, C. N. Lau, Superior thermal conductivity of single-layer
graphene, Nano  Letters, 2008, 8, 902-907, doi:
10.1021/n10731872.

[6] Y. Liu, X. Dong, P. Chen, Biological and chemical sensors
based on graphene materials, Chemical Society Reviews, 2012, 41,
2283-2307, doi: 10.1039/c1cs15270;j.

[7] X. Wang, G. Sun, P. Routh, D.-H. Kim, W. Huang, P. Chen,
Heteroatom-doped graphene materials: syntheses, properties and
applications, Chemical Society Reviews, 2014, 43, 7067-7098,
doi: 10.1039/c4cs00141a.

[8] F. Bonaccorso, L. Colombo, G. Yu, M. Stoller, V. Tozzini, A.
C. Ferrari, R. S. Ruoff, V. Pellegrini, Graphene, related two-
dimensional crystals, and hybrid systems for energy conversion
and storage, Science, 2015, 347, 1246501, doi:
10.1126/science.1246501.

[9] H. Zhang, Two-Dimensional Nanomaterials, ACS Nano, 2015,
9, 9451-9469, doi: 10.1021/acsnano.5b05040.

[10] M. Xu, T. Liang, M. Shi, H. Chen, Graphene-like two-
dimensional materials, Chemical Reviews, 2013, 113, 3766-3798,
doi: 10.1021/cr300263a.

[11] J.-B. Tan, P. Sahoo, J.-W. Wang, Y.-W. Hu, Z.-M. Zhang, T.-
B. Lu, Highly efficient oxygen evolution electrocatalysts
prepared by using reduction-engraved ferrites on graphene oxide,
Inorganic  Chemistry Frontiers, 2018, 5, 310-318, doi:
10.1039/¢7qi00681k.

[12] P. Sahoo, J.-B. Tan, Z.-M. Zhang, S. K. Singh, T.-B. Lu,
Engineering the Surface Structure of Binary/Ternary Ferrite
Nanoparticles as High-Performance Electrocatalysts for the
Oxygen Evolution Reaction, ChemCatChem, 2018, 10, 1075-
1083, doi: 10.1002/cctc.201701790.

[13] P. Sahoo, R.G. Shrestha, L.K. Shrestha, Surface oxidized
carbon nanotubes uniformly coated with nickel ferrite
nanoparticles, Journal of Inorganic and Organometallic
Polymers and Materials, 2016, 26, 1301-1308m, doi:
10.1007/s10904-016-0365-z.

[14] P. Sahoo, D. Krishna Kumar, D. R. Trivedi, P. Dastidar, An
easy access to an organometallic low molecular weight gelator: a
crystal engineering approach, Tetrahedron Letters, 2008, 49,
3052-3055, doi: 10.1016/j.tetlet.2008.03.060.

[15] G. Chakraborty, I.-H. Park, R. Medishetty, J. J. Vittal, Two-
dimensional metal-organic framework materials: Synthesis,
structures, properties and applications, Chemical Reviews, 2021,
121, 3751-3891, doi: 10.1021/acs.chemrev.0c01049.

[16] D. Pan, G. Yang, H. M. Abo-Dief, J. Dong, F. Su, C. Liu, Y.

Eng. Sci., 2022, 20, 34-46 | 41



Review article

Engineered Science

Li, B. Xu, V. Murugadoss, N. Naik, S. M. El-Bahy, Z. M. El-Bahy,
M. Huang, Z. Guo, Vertically aligned silicon carbide
nanowires/boron nitride cellulose aerogel networks enhanced
thermal conductivity and electromagnetic absorbing of epoxy
composites, Nano-Micro Letters, 2022, 14, 118, doi:
10.1007/s40820-022-00863-z.

[17] Z. Tu, Y. Yi, V. Coropceanu, J.-L. Brédas, Impact of phonon
dispersion on nonlocal electron—phonon couplings in organic
semiconductors: the naphthalene crystal as a case study, The
Journal of Physical Chemistry C, 2017, 122, 44-49, doi:
10.1021/acs.jpce.7b08554.

[18] G. X. Li, Z. W. Yan, Effect of electron—phonon interaction
on surface states in wurtzite nitride semiconductors under
pressure, Superlattices and Microstructures, 2012, 52, 514-522,
doi: 10.1016/j.spmi.2012.05.015.

[19] S. Ghosh, S. Chatterjee, A. Roy, K. Ray, S. Swarnakar, D.
Fujita, A. Bandyopadhyay, Resonant oscillation language of a
futuristic nano-machine-module: eliminating cancer cells &
Alzheimer AP plaques, Current Topics in Medicinal Chemistry,
2015, 15, 534-541, doi: 10.2174/1568026615666150225101155.
[20] D. Voigt, L. Sarpong, M. Bredol, Tuning the Optical Band
Gap of Semiconductor Nanocomposites—A Case Study with
ZnS/Carbon, Materials, 2020, 13, 4162, doi:
10.3390/mal13184162.

[21] M. Urbonavicius, S. Varnagiris, S. Sakalauskaite, E.
Demikyte, S. Tuckute, M. Lelis, Application of Floating TiO2
Photocatalyst for Methylene Blue Decomposition and Salmonella
typhimurium Inactivation, Catalysts, 2021, 11, 794, doi:
10.3390/catal11070794.

[22] J. Wang, B. He, X. Z. Kong, Visible-light photocatalytic
activity of Ag)O coated Bi;WOs hierarchical microspheres
assembled by nanosheets, Applied Surface Science, 2015, 327,
406-412, doi: 10.1016/j.apsusc.2014.11.112.

[23] Z. Lin, C. Du, B. Yan, C. Wang, G. Yang, Two-dimensional
amorphous NiO as a plasmonic photocatalyst for solar H2
evolution, Nature Communications, 2018, 9, 4036, doi:
10.1038/s41467-018-06456-y.

[24] H. Liang, T. Feng, S. Tan, K. Zhao, W. Wang, B. Dong, L.
Cao, Two-dimensional (2D) Mnln 2 Se 4 nanosheets with porous
structure: a novel photocatalyst for water splitting without
sacrificial agents, Chemical Communications, 2019, 55, 15061-
15064, doi: 10.1039/c9¢cc08145c.

[25] L. M. Martinez-Prieto, L. Rakers, A. M. Lopez-Vinasco, 1.
Cano, Y. Coppel, K. Philippot, F. Glorius, B. Chaudret, P. W. N.
M. Van Leeuwen, Soluble Platinum Nanoparticles Ligated by
Long-Chain N-Heterocyclic Carbenes as Catalysts, Chemistry -

A European  Journal, 2017, 23, 12779-12786, doi:
10.1002/chem.201702288.
[26] T. Edvinsson, Optical quantum confinement and

photocatalytic properties in two-, one-and zero-dimensional
nanostructures, Royal Society Open Science, 2018, 5, 180387, doi:
10.1098/r50s.180387.

[27] Z. Li, X. Zhang, H. Cheng, J. Liu, M. Shao, M. Wei, D. G.
Evans, H. Zhang, X. Duan, Confined synthesis of 2D
nanostructured materials toward electrocatalysis, Advanced

42| Eng. Sci., 2022, 20, 34-46

Energy Materials, 2020, 10, 1900486, doi:
10.1002/2enm.201900486.

[28] P. Sahoo, S. Ishihara, K. Yamada, K. Deguchi, S. Ohki, M.
Tansho, T. Shimizu, N. Eisaku, R. Sasai, J. Labuta, D. Ishikawa,
J. P. Hill, K. Ariga, B. P. Bastakoti, Y. Yamauchi, N. Iyi,
Dimensionally integrated nanoarchitectonics for a novel
composite from 0D, 1D, and 2D nanomaterials: RGO/CNT/CeQO,
ternary nanocomposites with electrochemical performance, 4ACS
Applied Materials & Interfaces, 2014, 6, 18352-18359, doi:
10.1021/am5060405.

[29] S. Ishihara, P. Sahoo, K. Deguchi, S. Ohki, M. Tansho, T.
Shimizu, J. Labuta, J. P. Hill, K. Ariga, K. Watanabe, Y. Yamauchi,
S. Suehara, N. Iyi, Dynamic Breathing of CO, by Hydrotalcite,
Journal of the American Chemical Society, 2013, 135, 18040-
18043, doi: 10.1021/ja4099752.

[30] S. Ishihara, K. Deguchi, H. Sato, M. Takegawa, E. Nii, S.
Ohki, K. Hashi, M. Tansho, T. Shimizu, K. Ariga, J. Labuta, P.
Sahoo, Y. Yamauchi, J. P. Hill, N. Iyi, R. Sasai, Multinuclear
solid-state NMR spectroscopy of a paramagnetic layered double
hydroxide, RSC  Advances, 2013, 3, 19857, doi:
10.1039/c3ra44231d.

[31] H. Li, J. Xiao, Q. Fu, X. Bao, Confined catalysis under two-
dimensional materials, Proceedings of the National Academy of
Sciences, 2017, 114, 5930-5934, doi: 10.1073/pnas.1701280114.
[32] D. Wang, W. Xing, L. Song, Y. Hu, Space-confined growth
of defect-rich molybdenum disulfide nanosheets within graphene:
application in the removal of smoke particles and toxic volatiles,
ACS Applied Materials & Interfaces, 2016, 8, 34735-34743, doi:
10.1021/acsami.6b09548.

[33] S. Zheng, J. Lu, J. Shi, X. Duan, Two-dimensional confined
electron donor—acceptor co-intercalated inorganic/organic
nanocomposites: an effective photocatalyst for dye degradation,
RSC Advances, 2017, 7, 2789-2795, doi: 10.1039/c6ra25534e.
[34] M. M. Mohamed, I. Ibrahim, T. M. Salama, Rational design
of manganese ferrite-graphene hybrid photocatalysts: Efficient
water splitting and effective elimination of organic pollutants,
Applied Catalysis A: General, 2016, 524, 182-191, doi:
10.1016/j.apcata.2016.06.031.

[35] H. Y. Hafeez, S. K. Lakhera, N. Narayanan, S. Harish, Y.
Hayakawa, B.-K. Lee, B. Neppolian, Environmentally
sustainable synthesis of a CoFe;O4TiO»rGO ternary
photocatalyst: a highly efficient and stable photocatalyst for high
production of hydrogen (solar fuel), ACS Omega, 2019, 4, 880-
891, doi: 10.1021/acsomega.8b03221.

[36] A. Alarawi, V. Ramalingam, J.-H. He, Recent advances in
emerging single atom confined two-dimensional materials for
water splitting applications, Materials Today Energy, 2019, 11, 1-
23, doi: 10.1016/j.mtener.2018.10.014.

[37] Q. Zhao, W. Yao, C. Huang, Q. Wu, Q. Xu, Effective and
durable Co single atomic cocatalysts for photocatalytic hydrogen
production, ACS Applied Materials & Interfaces,2017,9,42734-
42741, doi: 10.1021/acsami.7b13566.

[38] A. Thomas, A. Fischer, F. Goettmann, M. Antonietti, J.-O.
Miiller, R. Schlogl, J. M. Carlsson, Graphitic carbon nitride
materials: variation of structure and morphology and their use as

© Engineered Science Publisher LLC 2022



Engineered Science

Review article

metal-free catalysts, Journal of Materials Chemistry, 2008, 18,
4893, doi: 10.1039/b800274f.

[39] J. Zhang, Y. Chen, X. Wang, Two-dimensional covalent
carbon nitride nanosheets: synthesis, functionalization, and
applications, Energy & Environmental Science, 2015, 8, 3092-
3108, doi: 10.1039/c5ee01895a.

[40] J. Liu, Y. Zhang, L. Lu, G. Wu, W. Chen, Self-regenerated
solar-driven photocatalytic water-splitting by urea derived
graphitic carbon nitride with platinum nanoparticles, Chemical
Communications, 2012, 48, 8826, doi: 10.1039/c2cc33644h.

[41] Z. Pei, J. Zhao, Y. Huang, Y. Huang, M. Zhu, Z. Wang, Z.
Chen, C. Zhi, Toward enhanced activity of a graphitic carbon
nitride-based electrocatalyst in oxygen reduction and hydrogen
evolution reactions via atomic sulfur doping, Journal of
Materials  Chemistry A, 2016, 4, 12205-12211, doi:
10.1039/c6ta03588d.

[42] X. Wang, S. Blechert, M. Antonietti, Prognostic utility of
novel biomarkers of cardiovascular stress: the Framingham Heart
Study, ACS Catalysis, 2012, 2, 1596-1606, doi:
10.1021/cs300240x.

[43] X. Li, W. Bi, L. Zhang, S. Tao, W. Chu, Q. Zhang, Y. Luo, C.
Wu, Y. Xie, A high-energy room-temperature sodium-sulfur
battery, Advanced Materials, 2016, 28, 2427-2431, doi:
10.1002/adma.201505281.

[44] S. Cao, H. Li, T. Tong, H.-C. Chen, A. Yu, J. Yu, H. M. Chen,
Single-Atom Engineering of Directional Charge Transfer
Channels and Active Sites for Photocatalytic Hydrogen Evolution,
Advanced Functional Materials, 2018, 28, 1870224, doi:
10.1002/adfm.201870224.

[45] L. Wei, K. Lozano, Y. Mao, Microwave popped Co (II)-
graphene oxide hybrid: bifunctional catalyst for hydrogen
evolution reaction and hydrogen storage, Engineered Science,
2018, 3, 62-66, doi: 10.30919/es8d723.

[46] Y. Yu, J. Zhang, X. Wu, W. Zhao, B. Zhang, Nanoporous
single-crystal-Like CdxZnl— xS nanosheets fabricated by the
cation-exchange reaction of inorganic—Organic hybrid ZnS-—
Amine with cadmium ions, Angewandte Chemie International
Edition, 2012, 51, 897-900, doi: 10.1002/anie.201105786.

[47] Q. Liang, Z. Li, Z.-H. Huang, F. Kang, Q.-H. Yang, Holey
graphitic carbon nitride nanosheets with carbon vacancies for
highly improved photocatalytic hydrogen production, Advanced
Functional — Materials, 2015, 25, 6885-6892, doi:
10.1002/adfm.201503221.

[48] J. Xu, Z. Wang, Y. Zhu, Enhanced Visible-Light-Driven
Photocatalytic Disinfection Performance and Organic Pollutant
Degradation Activity of Porous gCsN4 Nanosheets, ACS Applied
Materials & Interfaces, 2017, 9, 27727-27735, doi:
10.1021/acsami.7b07657.

[49] Y. Liu, L. Liang, C. Xiao, X. Hua, Z. Li, B. Pan, Y. Xie,
Promoting Photogenerated Holes Utilization in Pore-Rich WO3
Ultrathin Nanosheets for Efficient Oxygen-Evolving Photoanode,
Advanced Energy Materials, 2016, 6, 1600437, doi:
10.1002/aenm.201600437.

[50] Y. Hou, M. Qiu, T. Zhang, X. Zhuang, C.-S. Kim, C. Yuan,
X. Feng, Ternary porous cobalt phosphoselenide nanosheets: an

© Engineered Science Publisher LLC 2022

efficient electrocatalyst for electrocatalytic and
photoelectrochemical water splitting, Advanced Materials, 2017,
29, 1701589, doi: 10.1002/adma.201701589.

[51]Z. Fang, L. Peng, Y. Qian, X. Zhang, Y. Xie, J. J. Cha, G. Yu,
Dual tuning of Ni-Co—A (A= P, Se, O) nanosheets by anion
substitution and holey engineering for efficient hydrogen
evolution, Journal of the American Chemical Society, 2018, 140,
5241-5247, doi: 10.1021/jacs.8b01548.

[52] Q. Han, B. Wang, J. Gao, Z. Cheng, Y. Zhao, Z. Zhang, L.
Qu, Atomically Thin Mesoporous Nanomesh of Graphitic C3N4
for High-Efficiency Photocatalytic Hydrogen Evolution, ACS
Nano, 2016, 10, 2745-2751, doi: 10.1021/acsnano.5b07831.
[53]J. Liu, D. Wang, M. Wang, D. Kong, Y. Zhang, J.-F. Chen, L.
Dai, Uniform Two-Dimensional Co3;O4 Porous Sheets: Facile
Synthesis and Enhanced Photocatalytic Performance, Chemical
Engineering & Technology, 2016, 39, 891-898, doi:
10.1002/ceat.201500542.

[54] X.-Y. Yang, L.-H. Chen, Y. Li, J. C. Rooke, C. Sanchez, B.-
L. Su, Hierarchically porous materials: synthesis strategies and
structure design, Chemical Society Reviews, 2017, 46, 481-558,
doi: 10.1039/c6¢s00829a.

[55] X. Chen, S. Shen, L. Guo, S. S. Mao, Semiconductor-based
photocatalytic hydrogen generation, Chemical Reviews, 2010,
110, 6503-6570, doi: 10.1021/cr1001645.

[56] L. Shi, K. Chang, H. Zhang, X. Hai, L. Yang, T. Wang, J. Ye,
Drastic Enhancement of Photocatalytic Activities over
Phosphoric Acid Protonated Porous g-C3;N4 Nanosheets under
Visible  Light, Small, 2016, 12, 4431-4439, doi:
10.1002/smll.201601668.

[57]1Z. He, C. Kim, L. Lin, T. H. Jeon, S. Lin, X. Wang, W. Choi,
Formation of heterostructures via direct growth CN on h-BN
porous nanosheets for metal-free photocatalysis, Nano Energy,
2017, 42, 58-68, doi: 10.1016/j.nanoen.2017.10.043.

[58] R. Zhong, Z. Zhang, S. Luo, Z. C. Zhang, L. Huang, M. Gu,
Comparison of TiO 2 and gC3;N4 2D/2D nanocomposites from
three synthesis protocols for visible-light induced hydrogen
evolution, Catalysis Science & Technology, 2019, 9, 75-85, doi:
10.1039/c8cy00965a.

[59] K. S. Asha, P. R. Kavyasree, A. George, S. Mandal, The role
of solvents in framework dimensionality and their effect on band
gap energy, Dalton Transactions, 2015, 44, 1009-1016, doi:
10.1039/c4dt01678e.

[60] Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman, M.
S. Strano, Electronics and optoelectronics of two-dimensional
transition metal dichalcogenides, Nature Nanotechnology, 2012,
7, 699-712, doi: 10.1038/nnano0.2012.193.

[61] K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth, V. V.
Khotkevich, S. V. Morozov, A. K. Geim, Two-dimensional
atomic crystals, Proceedings of the National Academy of Sciences
of the United States of America, 2005, 102, 10451-10453, doi:
10.1073/pnas.0502848102.

[62] K. F. Mak, C. Lee, J. Hone, J. Shan, T. F. Heinz, Atomically
Thin MoS»: A New Direct-Gap Semiconducto, Physical Review
Letters, 2010, 105, 136805, doi: 10.1103/physrevlett.105.136805.
[63] S. W. Han, H. Kwon, S. K. Kim, S. Ryu, W. S. Yun, D. H.

Eng. Sci., 2022, 20, 34-46 | 43



Review article

Engineered Science

Kim, J. H. Hwang, J.-S. Kang, J. Baik, H. J. Shin, S. C. Hong,
Band-gap transition induced by interlayer van der Waals
interaction in MoS, Physical Review B, 2011, 84, 045409, doi:
10.1103/physrevb.84.045409.

[64] A. Kuc, N. Zibouche, T. Heine, Influence of quantum
confinement on the electronic structure of the transition metal
sulfide T S,, Physical Review B, 2011, 83, 245213, doi:
10.1103/physrevb.83.245213.

[65]J. K. Ellis, M. J. Lucero, G. E. Scuseria, Optical-absorption
spectra of inorganic fullerenelike M S, (M = Mo, W), Applied
Physics Letters, 2011, 99, 261908, doi: 10.1063/1.3672219.

[66] A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C.-Y. Chim,
G. Galli, F. Wang, Emerging Photoluminescence in Monolayer
MoS,, Nano  Letters, 2010, 10, 1271-1275, doi:
10.1021/n1903868w.

[67]Y. Shi, W. Zhou, A.-Y. Lu, W. Fang, Y.-H. Lee, A. L. Hsu, S.
M. Kim, K. K. Kim, H. Y. Yang, L.-J. Li, J.-C. Idrobo, J. Kong,
van der Waals epitaxy of MoS2 layers using graphene as growth
templates, Nano Letters, 2012, 12, 2784-2791, doi:
10.1021/n1204562;.

[68] S. Najmaei, Z. Liu, W. Zhou, X. Zou, G. Shi, S. Lei, B. L.
Yakobson, J.-C. Idrobo, P. M. Ajayan, J. Lou, Vapour phase
growth and grain boundary structure of molybdenum disulphide
atomic layers, Nature Materials, 2013, 12, 754-759, doi:
10.1038/nmat3673.

[69] Y.-H. Lee, X.-Q. Zhang, W. Zhang, M.-T. Chang, C.-T. Lin,
K.-D. Chang, Y.-C. Yu, J. T.-W. Wang, C.-S. Chang, L.-J. Li, T.-
W. Lin, Synthesis of Large-Area MoS, Atomic Layers with
Chemical Vapor Deposition, Advanced Materials, 2012, 24,
2320-2325, doi: 10.1002/adma.201104798.

[701 Y. Zhang, Y. Zhang, Q. Ji, J. Ju, H. Yuan, J. Shi, T. Gao, D.
Ma, M. Liu, Y. Chen, X. Song, H. Y. Hwang, Y. Cui, Z. Liu,
Controlled Growth of High-Quality Monolayer WS, Layers on
Sapphire and Imaging Its Grain Boundary, ACS Nano, 2013, 7,
8963-8971, doi: 10.1021/nn403454e.

[71] X. Wang, Y. Gong, G. Shi, W. L. Chow, K. Keyshar, G. Ye,
R. Vajtai, J. Lou, Z. Liu, E. Ringe, B. K. Tay, P. M. Ajayan,
Chemical Vapor Deposition Growth of Crystalline Monolayer
MoSe,, ACS Nano, 2014, 8, 5125-5131, doi: 10.1021/nn501175k.
[72] B. Zhu, X. Chen, X. Cui, Exciton binding energy of
monolayer WS,, Scientific Reports, 2015, 5, 9218, doi:
10.1038/srep09218.

[73] A. Chernikov, T. C. Berkelbach, H. M. Hill, A. Rigosi, Y. Li,
O. B. Aslan, D. R. Reichman, M. S. Hybertsen, T. F. Heinz,
Exciton binding energy and nonhydrogenic Rydberg series in
monolayer WS,, Physical review letters, 2014, 113, 76802, doi:
10.1103/PhysRevLett.113.076802

[74]1Y. Zhang, T.-R. Chang, B. Zhou, Y.-T. Cui, H. Yan, Z. Liu, F.
Schmitt, J. Lee, R. Moore, Y. Chen, H. Lin, H.-T. Jeng, S.-K. Mo,
Z. Hussain, A. Bansil, Z.-X. Shen, Direct observation of the
transition from indirect to direct bandgap in atomically thin
epitaxial MoSe,, Nature Nanotechnology, 2014, 9, 111-115, doi:
10.1038/nnano.2013.277.

[75] S. Kouser, A. Thannikoth, U. Gupta, U. V. Waghmare, C. N.
R. Rao, 2D-GaS as a Photocatalyst for Water Splitting to Produce

44| Eng. Sci., 2022, 20, 34-46

H», Small, 2015, 11, 4723-4730, doi: 10.1002/smll.201501077.
[76] F. Dong, Y. Li, Z. Wang, W.-K. Ho, Enhanced visible light
photocatalytic activity and oxidation ability of porous graphene-
like g-C3N4 nanosheets via thermal exfoliation, Applied Surface
Science, 2015, 358, 393-403, doi: 10.1016/j.apsusc.2015.04.034.
[77] P. Niu, L. Zhang, G. Liu, H.-M. Cheng, Graphene-like
carbon nitride nanosheets for improved photocatalytic activities,
Advanced Functional Materials, 2012, 22, 4763-4770, doi:
10.1002/adfm.201200922.

[78] X. She, L. Liu, H. Ji, Z. Mo, Y. Li, L. Huang, D. Du, H. Xu,
H. Li, Template-free synthesis of 2D porous ultrathin nonmetal-
doped g-C;N4 nanosheets with highly efficient photocatalytic H»
evolution from water under visible light, Applied Catalysis B:
Environmental, 2016, 187, 144-153, doi:
10.1016/j.apcatb.2015.12.046.

[79]1 Y. Sun, S. Gao, F. Lei, Y. Xie, Atomically-thin two-
dimensional sheets for understanding active sites in catalysis,
Chemical Society Reviews, 2015, 44, 623-636, doi:
10.1039/c4cs00236a.

[80] Z. Zafar, S.Yi, J. Li, C. Li, Y. Zhu, A. Zada, W. Yao, Z. Liu,
X. Yue, Recent development in defects engineered photocatalysts:
an overview of the experimental and theoretical strategies,
Energy & Environmental Materials, 2022, 5, 68-114, doi:
10.1002/eem?2.12171.

[81] S. Bai, N. Zhang, C. Gao, Y. Xiong, Defect engineering in
photocatalytic materials, Nano Energy, 2018, 53, 296-336, doi:
10.1016/j.nanoen.2018.08.058.

[82] J. Liu, Z. Wei, W. Shangguan, Defects engineering in
photocatalytic water splitting materials, ChemCatChem, 2019, 11,
6177-6189, doi: 10.1002/cctc.201901579.

[83] D. Strmenik, P. P. Lopes, B. Genorio, V. R. Stamenkovic, N.
M. Markovic, Design principles for hydrogen evolution reaction
catalyst materials, Nano Energy, 2016, 29, 29-36, doi:
10.1016/j.nanoen.2016.04.017.

[84] L. Xu, J. Zeng, Q. Li, L. Xia, X. Luo, Z. Ma, B. Peng, S. X.
Xiong, Z. Li, L.-L. Wang, Y. Lei, Defect-engineered 2D/2D
hBN/g-C3N4 Z-scheme heterojunctions with full visible-light
absorption: Efficient metal-free photocatalysts for hydrogen
evolution, Applied Surface Science, 2021, 547, 149207, doi:
10.1016/j.apsusc.2021.149207.

[85] A. Kumar, V. Krishnan, Vacancy engineering
semiconductor photocatalysts: Implications in hydrogen
and nitrogen fixation applications, Advanced
2021, 31, 2009807, doi:

in

evolution
Functional — Materials,
10.1002/adfm.202009807.
[86] D. Er, H. Ye, N. C. Frey, H. Kumar, J. Lou, V. B. Shenoy,
Prediction of enhanced catalytic activity for hydrogen evolution
reaction in Janus transition metal dichalcogenides, Nano Letters,
2018, 18, 3943-3949, doi: 10.1021/acs.nanolett.8b01335.

[87] H. Li, C. Tsai, A. L. Koh, L. Cai, A. W. Contryman, A. H.
Fragapane, J. Zhao, H. S. Han, H. C. Manoharan, F. Abild-
Pedersen, J. K. Noarskov, X. Zheng, Activating and optimizing
MoS; basal planes for hydrogen evolution through the formation
of strained sulphur vacancies, Nature Materials, 2016, 15, 48-53,
doi: 10.1038/nmat4465.

© Engineered Science Publisher LLC 2022



Engineered Science

Review article

[88] D. Pan, S. Ge, J. Zhao, J. Tian, Q. Shao, L. Guo, X. Mai, T.
Wu, V. Murugadoss, H. Liu, T. Ding, S. Angaiah, Z. Guo,
Synthesis and characterization of ZnNiln layered double
hydroxides derived mixed metal oxides with highly efficient
photoelectrocatalytic activities,
Chemistry Research, 2019,
10.1021/acs.iecr.8b04829.

[89] H. Shu, D. Zhou, F. Li, D. Cao, X. Chen, Defect Engineering
in MoSe, for the Hydrogen Evolution Reaction: From Point
Defects to Edges, ACS Applied Materials & Interfaces, 2017, 9,
42688-42698, doi: 10.1021/acsami.7b12478.

[90] X. Yong, J. Zhang, X. Ma, Effects of intrinsic defects on the
photocatalytic water-splitting activities of PtSe,, International
Journal of Hydrogen Energy, 2020, 45, 8549-8557, doi:
10.1016/j.ijhydene.2020.01.066.

[91] L.-J. Ma, H. Shen, Activating PtSe, monolayer for hydrogen
evolution reaction by defect engineering and Pd doping, Applied
Surface Science, 2021, 545, 149013, doi:
10.1016/j.apsusc.2021.149013.

[92] G. Wang, M. Si, A. Kumar, R. Pandey, Strain engineering of
Dirac cones in graphyne, Applied Physics Letters, 2014, 104,
213107, doi: 10.1063/1.4880635.

[93] X. Zhong, Y. K. Yap, R. Pandey, S. P. Karna, First-principles
study of strain-induced modulation of energy gaps of
graphene/BN and BN bilayers, Physical Review B, 2011, 83,
193403, doi: 10.1103/physrevb.83.193403.

[94] B. Mohan, A. Kumar, P. K. Ahluwalia, Electronic and optical
properties of silicene under uni-axial and bi-axial mechanical
strains: a first principle study, Physica E: Low-Dimensional
Systems and  Nanostructures, 2014, 61, 40-47, doi:
10.1016/j.physe.2014.03.013.

[95] A. Kumar, P. K. Ahluwalia, Mechanical strain dependent
electronic and dielectric properties of two-dimensional
honeycomb structures of MoX, (X= S, Se, Te), Physica B:
Condensed Matter, 2013, 419, 66-75, doi:
10.1016/j.physb.2013.03.029.

[96] M. Sharma, A. Kumar, P. Ahluwalia, R. Pandey, Strain and
electric field induced electronic properties of two-dimensional
hybrid bilayers of transition-metal dichalcogenides, Journal of
Applied Physics, 2014, 116, 63711. doi: 10.1063/1.4892798.

[97] H. Wang, S. Xu, C. Tsai, Y. Li, C. Liu, J. Zhao, Y. Liu, H.
Yuan, F. Abild-Pedersen, F. B. Prinz, J. K. Narskov, Y. Cui, Direct
and continuous strain control of catalysts with tunable battery
electrode materials, Science, 2016, 354, 1031-1036, doi:
10.1126/science.aaf7680.

[98] S. Qi, Y. Fan, J. Wang, X. Song, W. Li, M. Zhao, Metal-free
highly efficient photocatalysts for overall water splitting: C3Ns
multilayers,  Nanoscale, 2020, 12, 306-315, doi:
10.1039/c9nr08416a.

[99]1Y. Xu, K. Xu, C. Ma, Y. Chen, H. Zhang, Y. Liu, Y. Ji, Novel
two-dimensional B-GeSe and f-SnSe semiconductors:
anisotropic high carrier mobility and excellent photocatalytic
water splitting, Journal of Materials Chemistry A, 2020, 8,
19612-19622, doi: 10.1039/d0ta06299e.

[100] D. Pan, S. Ge, J. Tian, Q. Shao, L. Guo, H. Liu, S. Wu, T.

Industrial & Engineering
58, 836-848, doi:

© Engineered Science Publisher LLC 2022

Ding, Z. Guo, Research progress in the field of adsorption and
catalytic degradation of sewage by hydrotalcite-derived
materials, The Chemical Record, 2020, 20, 355-369, doi:
10.1002/tcr.201900046.

[101] B. You, M. T. Tang, C. Tsai, F. Abild-Pedersen, X. Zheng,
H. Li, Enhancing electrocatalytic water splitting by strain
engineering, Advanced Materials, 2019, 31, 1807001, doi:
10.1002/adma.201807001.

[102] C. Ling, L. Shi, Y. Ouyang, J. Wang, Searching for highly
active catalysts for hydrogen evolution reaction based on O-
terminated MXenes through a simple descriptor, Chemistry of
Materials, 2016, 28, 9026-9032, doi:
10.1021/acs.chemmater.6b03972.

[103] T. Bo, Y. Liu, J. Yuan, P. Wu, W. Zhou, Improved
photocatalytic HER activity of a-Sb monolayer with doping and
strain engineering, Applied Surface Science, 2020, 507, 145194,
doi: 10.1016/j.apsusc.2019.145194.

[104] J. Wang, Y. Huang, F. Ma, J. Zhang, X. Wei, J. Liu, Strain
engineering the electronic and photocatalytic properties of WS
2/blue phosphene van der Waals heterostructures, Catalysis
Science &  Technology, 2021, 11, 179-190, doi:
10.1039/d0cy01656.

[105] Z. Wang, G. Zhou, Lattice-strain control of flexible janus
indium chalcogenide monolayers for photocatalytic water
splitting, The Journal of Physical Chemistry C, 2019, 124, 167—
174, doi: 10.1021/acs.jpcc.9b09914.

[106] G. Wang, Z. Li, W. Wu, H. Guo, C. Chen, H. Yuan, S. A.
Yang, A two-dimensional h-BN/C,N heterostructure as a
promising metal-free photocatalyst for overall water-splitting,
Physical Chemistry Chemical Physics, 2020, 22, 24446-24454,
doi: 10.1039/d0cp03925j.

[107] P. Li, W. Zhang, C. Liang, X. C. Zeng, Two-dimensional
MgX,Ses (X= Al, Ga) monolayers with tunable electronic
properties for optoelectronic and photocatalytic applications,
Nanoscale, 2019, 11, 19806-19813, doi: 10.1039/c9nr07529a.
[108]J. Ma and L.-W. Wang, Using Wannier functions to improve
solid band gap predictions in density functional theory, Scientific
Reports, 2016, 6, 24924, doi: 10.1038/srep24924.

[109] P. Dey, J. Bible, S. Datta, S. Broderick, J. Jasinski, M.
Sunkara, M. Menon, K. Rajan, Informatics-aided bandgap
engineering for solar materials, Computational Materials Science,
2014, 83, 185-195, doi: 10.1016/j.commatsci.2013.10.016.

[110] Y. Wang, S. Liu, J. Cheng, X. Wan, W. Feng, N. Yang, C.
Zou, A new machine learning algorithm to optimize a reduced
mechanism of 2-butanone and the comparison with other
algorithms, ES Materials & Manufacturing, 2019, 6, 28-37, doi:
10.30919/esmm5£615.

[111] H. Zhang, K. Hippalgaonkar, T. Buonassisi, O. M. Levvik,
E. Sagvolden, D. Ding, Machine learning for novel thermal-
materials discovery: early successes, opportunities, and
challenges, ES Energy & Environment, 2018, 2, 1-8, doi:
10.30919/esee8c209.

[112] G. Pilania, A. Mannodi-Kanakkithodi, B. P. Uberuaga, R.
Ramprasad, J. E. Gubernatis, T. Lookman, Machine learning
bandgaps of double perovskites, Scientific Reports, 2016, 6,

Eng. Sci., 2022, 20, 34-46 | 45



Review article

Engineered Science

19375, doi: 10.1038/srep19375.

[113] L. Ward, A. Agrawal, A. Choudhary, C. Wolverton, A
general-purpose machine learning framework for predicting
properties of inorganic materials, Npj Computational Materials,
2016, 2, 16028, doi: 10.1038/npjcompumats.2016.28.

[114] L. Wu, Y. Xiao, M. Ghosh, Q. Zhou, Q. Hao, Machine
learning prediction for bandgaps of inorganic materials, ES
Materials & Manufacturing, 2020, 9 , 34-39, doi:
10.30919/esmm5£756.

[115] R. Palkovits, S. Palkovits, Using artificial intelligence to
forecast water oxidation catalysts, ACS Catalysis, 2019, 9, 8383-
8387, doi: 10.1021/acscatal.9b01985.

[116] Z. Jiang, J. Hu, M. Tong, A. C. Samia, H. J. Zhang, X. B.
Yu, A Novel Machine Learning Model to Predict the Photo-
Degradation Performance of Different Photocatalysts on a
Variety of Water Contaminants, Catalysts, 2021, 11, 1107, doi:
10.3390/catal11091107.

[117] P. Sahoo, S Ghosh, Time Crystal Engineering in Catalytic
Reaction cycles, Rhythmic Oscillations in Proteins to Human
Cognition, Springer, Singapore, 2021, 4, 103-134, doi:
10.1007/978-981-15-7253-1 4.

[118] P. Sahoo, S. Ghosh, Space and Time Crystal Engineering in
Developing Futuristic Chemical Technology, ChemEngineering,
2021, 5, 67, doi: 10.3390/chemengineering5040067.

Author information

Indrajit Chakraborty received his
PhD in Organic Photochemistry from
the Indian Association for the
Cultivation of Science, India in 2009.
He then became an Assistant
Professor at Surendra Institute of
Engineering and Management in
. Siliguri, India. One year later, he
e became an assistant professor at
Kalinga Institute of Technology in India (2010 to 2015). He is
currently employed as an Assistant Professor at Malda
College in West Bengal, India. His main areas of interest in
research are organic synthesis, material science, and
photochemistry.

Zhanhu Guo an Associate Professor
in the Department of Chemical and
Biomolecular Engineering,
University of Tennessee, Knoxville,
USA. He obtained a Ph.D. degree in
Chemical Engineering  from
Louisiana State University (2005),
and then received three-year (2005—
2008) postdoctoral training from the Mechanical and
Aerospace Engineering Department at the University of
California Los Angeles. Dr Guo chaired the Composite
Division of the American Institute of Chemical Engineers
(AIChE, 2010-2011). Dr. Guo is the Lifetime Fellow of Indian

46 | Eng. Sci., 2022, 20, 34-46

Chemical Society (ICS, 2020) and Fellow of the Institute of
Materials, Minerals and Mining (FIMMM, 2021). Dr. Guo is
the director of the Integrated Composites Laboratory. His
current research focuses on multifunctional nanocomposites
for energy, electronic and environmental applications.

Anirban  Bandyopadhyay is a
Principal Research Scientist at the
National Institute for Materials
Science (NIMS), Tsukuba, Japan.
Ph.D. in IACS, Kolkata, 2005. 2005-
2008 ICYS research fellow at ICYS,
NIMS, Japan. In 2008, joined as a
4 scientist at NIMS, working on
deszgn synthesis of brain-like organic jelly, written a book
"Nanobrain: The making of an artificial brain from a time
crystal”,  2020. 2013-2014 visiting scientist at the
Massachusetts Institute of Technology (MIT), USA. Hitachi
Science and Technology award 2010, Inamori Foundation
award 2011-2012, Kurata Foundation Award, and Sewa
Society international member, Japan.

Pathik Sahoo did his PhD from the
Indian  Association  for  the
Cultivation of Science, India on
'Designing Low Molecular Weight
Gelator: A crystal Engineering
Approach’ in 2012. He works at
NIMS, Japan on Gel Computation,
3D holographic lens, developing
supramolecular gel-based artificial
brain, and time-crystal engineering in chemical reactions, etc.
He is the visiting Professor at the Foundation of Physics
Research Center (FoPRC), Italy. Besides pursuing research,
he also plays roles as editor, and guest editor in some journals
and delivers invited talks at several renowned research
Institutes on the supramolecular artificial brain and
supramolecular gel-based invariant computation, etc.

Publisher’s Note: Engineered Science Publisher remains
neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

© Engineered Science Publisher LLC 2022



