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ABSTRACT
Two-dimensional materials are crystalline materials consist of a single layer of atoms and sometimes referred to
as single layer materials. Electrocatalytic energy conversion using renewable power sources is one of the most
promising ways for energy storage and energy utilization in the new century. Over the past years, a great
number of two-dimensional (2D) materials have been explored for various electrocatalytic reactions, such as
the hydrogen evolution reaction, Carbon (IV) oxide (CO2) reduction reaction and Oxygen (O:2) reduction
reaction. This research provides an overview on the synthesis techniques of materials including bottom up
approaches such as chemical vapor deposition (CVD) and physical vapor deposition (PVD) and top-down
approaches like mechanical exfoliation, chemical exfoliation. Then, the characterization techniques of the two-
dimensional (2D) materials such as Raman spectroscopy, X-ray diffraction, temperature-dependent resistivity
and magnetic susceptibility and scanning tunneling microscopy (STM) are reviewed. Finally, potential
applications of two-dimensional (2D) materials and conclusion, challenges and future work are discussed.
Keywords : Two-dimensional materials, Raman spectroscopy, Chemical Vapor Deposition (CVD), Mechanical
Exfoliation

I. INTRODUCTION of a single layer of atoms. These materials have found

applicable in many areas such as photovoltaic [3, 4],

Due to the rapid development of modern society, the
enormous demand for energy has become one of the
most important issues affecting human life since
twentieth century [1]. Since the discovery of
graphene in 2004 [2], there has been a quest for new
two-dimensional (2D) materials. This new area of
research with rapid growth from both theoretical and
fronts aimed at

experimental technological

advancements.

Two dimensional materials, sometimes referred to as

single layer materials, are crystalline materials consist
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semiconductors [5, 6], biomedical [7] and tissue

engineering [8]. Two-dimensional materials have
gained extensive attention since they exhibit novel
and unique physical, chemical, mechanical, and

electronic properties [9-14].

Two-dimensional materials are generally classified
into two namely; two-dimensional allotropes of
various elements (Graphene, Borophene and so on)
and two-dimensional allotropes of various compound
(Graphane, Molybdenite, Aerographite and many

more) (made up of two or more covalently bonding

T —




Jamilu Ya'u Muhammad et al. Int J Sci Res Chemi. July-August -2019; 4 (4) : 13-33

[15].

materials generally carry the (-ene) suffix in their

elements) The elemental two-dimensional
names while the compounds have (-ane or —ide)
suffixes. Layered combinations of different two-
dimensional materials are called Van der Waals

heterostructures.

Recently, two-dimensional (2D) materials have been
widely reported as promising non-noble material
electrocatalysts due to their abundance, low cost, and
highly [16]. An

electrocatalysis are catalysis that participates in

efficient catalytic activity
electrochemical reactions. Catalyst materials madify
and increase the rate of chemical reactions without
being consumed in the process. Electrocatalysts are a
specific form of catalysts that function at electrode
surfaces or may be the electrodes surface itself. This
can be heterogeneous (such as a platinum surface [17]
[18]

coordination complex and enzyme.

and nanoparticles or homogeneous like a

Electrocatalytic ~ energy  conversion  utilizing
renewable power sources (e.g. solar and wind energy)
is regarded as one of the most efficient and cleanest
energy conversion pathways [19-22]. Furthermore,
the converted energy is easy to store and use as clean
the

hydrogen

chemical stock.

the

evolution reaction (HER) in the cathode and the

energy or Specifically,

involvement of electrocatalytic
oxygen evolution reaction (OER) in the anode can
efficiently drive water splitting and finally convert
the electrical energy into chemical form, that is,

hydrogen energy [23-25].

Hopely this review will be useful in identifying the
best synthesis and characterization technique, factors
the the

applications of two-dimensional for the future.

affecting performance and potential

II. Synthesis of Two-dimensional Materials
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Two-dimensional materials can be syntheses using
two main approaches namely:

a) Top-Down Approach

b) Bottom-Up approach

A. Top-Down Approach
This approach consists of mechanical exfoliation and

chemical exfoliation.

Mechanical Exfoliation: Mechanical exfoliation is to
prepare monolayer or few-layer two-dimensional (2D)
materials by applying an adhesive tape to cleave bulk
crystals repeatedly as also known as ‘Scotch tape
method’ (figure 2.1). This simple mechanical cleavage
method has been used to successfully obtain a variety
of two-dimensional (2D) layered materials such as
graphene, boron nitride, dichalcogenides, and so on
[26]. The prepared layered materials exhibit high
crystallinity and clean surfaces, making them
attractive for fundamental research. However, the
obvious disadvantage of extremely low yield restricts
its large-scale production and applications. Most
layered materials have relatively weak bonds such as
van der Waals, or hydrogen holding the layers
together. It follows that two-dimensional (2D) layers
can be readily exfoliated from three-dimensional (3D)
crystals mechanically by cleaving the crystals against
another surface. Novoselov et. al. [27] were the first
to use this approach to separate single graphene layers
from highly oriented pyrolytic graphite (HOPG),
using Scotch tape to peel the graphene layers which
then were transferred to a Si wafer for extensive
investigation. This approach enabled Novoselov et. al.
[27] to investigate the electronic behavior of single
layers of graphene for the first time. Another
mechanical method entails rubbing the three-
dimensional (3D) materials against paper like writing
with chalk on a blackboard or writing with a graphite
pencil on paper [28]. Mechanical exfoliation was
extended to many layered materials other than
graphene including: h-BN, [28, 29] TMDs, [28, 30]

MoQ3, [31, 32] and hydrated WO3 [33].
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Figure 2.1: Scotch tape used for mechanical

exfoliation [27]

The general procedure of mechanical exfoliation
using Scotch tape is divided into two parts. The first
step is to thin down the bulk materials by putting
them onto the Scotch tape and peeling off repeatedly
until the thick bulk materials are thinned down to
some degree as shown in Figure 2.3. The second step
is to transfer the exfoliated flakes on the tape to the
surface of a substrate by sticking the tape on the
substrate. A few finished samples are shown in Figure
2.3 and 2.4. After the transferring of the flakes,
optical inspection is used to identify the suitable
flakes for the subsequent material characterization
and device fabrication [34].

As can be seen in Figure 2.3, there are built-in
alignment marks in the form of numbers and squares
on the substrate, circled in red together with the
material flakes. Since the flakes in various shapes are
transferred and then distributed on the surface of
substrates in a random order, the alignment marks are
needed to record the location of the desirable flakes
for the subsequent processing. The period of the
alignment mark arrays is 76um and they are repeated
over the entire surface of the substrates. The numbers
indicate the row and column of the alignment marks
respectively. For example, the numbers of 30 and 29
in Figure 2.3 surrounded by four square marks
indicate the column number is 30 and row number is
29 [34].
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Figure 2.2: Material flakes on scotch tape [34]

-

Figure 2.3: An optical image of a Si wafer with
alignment marks (circled in red) and randomly
distributed material flakes in top view [34].
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(b)
Figure 2.4 Optical images of (a) graphene sheet and (b)
thin GeSe sheet on SiO2/Si substrates obtained by the
improved mechanical exfoliation [34].

Chemical Exfoliation: The main idea behind chemical
exfoliation is to break the bonds between the layers
by chemical, chemical-thermal (thermal treatment
after chemical reaction), or chemical mechanical
(chemical reaction assisted by sonication) procedures.
Most of the chemical exfoliations processes are
carried out in liquids. A schematic for the different
liquid exfoliation mechanisms is shown in Figure 2.5
[35]. Chemical exfoliation is used for the production
of a wide range of two-dimensional (2D) materials
chemistries, as varied as graphene and its oxide [36-
39], metal oxides and hydroxides [40-44], h-BN [45-
46], TMDs [46-48] and clays [49-53].

In chemical exfoliation, solvent-assisted exfoliation
and ion intercalation assisted exfoliation are two
typical approaches. Solvent-assisted exfoliation was
proposed by Coleman et al. in 2011 [47]. Many two-
dimensional (2D) layered materials (such as MoS2,
WS2, MoSe2, MoTe2, BN, Bi2Te3, and so on) could
be exfoliated from the bulk crystal counterparts by
direct sonication in organic solvents like N-
methylpyrrolidone (NMP) and isopropanol (IPA) [53].
the

selecting an appropriate solvent with a specific

For solvent assistance exfoliation process,

surface tension is critical because the energy of

exfoliation could be minimized when the surface
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energies of flake and solvent match well; therefore, an
effective exfoliation could be successfully achieved
[47]. Generally, solvents with the specific surface
tension of "40 mJ/m2 are suitable for many materials
(such as BN, MoS2, and WS2). Chemical modification
of the interlayer composition is needed in some
conditions where the bonds between the layers are
too strong to be broken with the approaches
described above [54-56]. An example of this approach
is the modification of the perovskite structure
KCa2Nb30O10 by proton exchanging in 2M HNO3
and then reacting with tetra (n-butyl) ammonium
hydroxide  (TBA+OH-) to TBABH1-
BCa2Nb3010 which is then easily exfoliated [54].

Sublimation of silicon from silicon carbide, SiC, single

form

crystals by heating it under high vacuum (™ 1.3 x10-4
Pa) [57] or under argon results in forming grapheme
[58]. It is worth noting that in parallel to Novoselov et
al. [27] early work (the work that got them Nobel
Prize in physics 2010) Berger et al.[59] used SiC to
produce few-layers graphene, and they explored their
electronic properties, but their paper got published

about 6 weeks after Novoselov’s.

The most widely used method entails, intercalating of
a material or compound between the layers that
ultimately results in their separation from each other.
An example for that approach is intercalating
potassium, K, between the graphene layers then
exposing the potassium intercalated graphite to water
or ethanol [60]. The vigorous reaction between the
intercalated K and water results in separating the
graphene layers from each other.

Another example is the reaction of graphite with a
mixture of acids (nitric acid, and sulfuric acid) with
potassium chlorate, which results in oxidizing the
graphite. Then by thermal shock (rapid heating to
1050 °C for 30 s) the intercalant decompose with a
large volume expansion those results in separating the
two-dimensional (2D) graphene oxide layers from
each other [61].

[ L
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Sonication assisted exfoliation can also be used instead

of thermal shock to exfoliate the intercalated
graphene oxide layers [62]. Exfoliation of TMDs can
be carried out by sonicating their powders in different
solvents such as N-methyl-pyrrolidone or isopropanol
[46]. Similarly, graphene sheets can be exfoliated by
sonication in water with additives of surfactants [63].

As shown in Figure 2.5c, using the right solvent is

very important to avoid restacking and re-
agglomeration [46].
(b)
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Figure 2.5: Schematic for the
exfoliation mechanisms (a) Intercalation followed by
agitation, (b) chemical modification by exchanging
the compound that is between the layers by other
intercalants followed by agitation, and, (c) sonication,
if carried out in the right solvent, the sonicated layers
will stay in suspension for a long time, if not the

layers will restack [35].

A. Bottom-up Approach

The main techniques that use a bottom-up
approach to synthesis 2D materials are chemical
vapor deposition, CVD and physical vapor
deposition, PVD.

Chemical Vapor Deposition (CVD): This involves
chemical reactions of gaseous reactants on a

heated substrate surface [64-65]. The CVD
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approach has been used successfully in
synthesizing 1T-VS: [66, 67], 1T-VSe: [68, 69],
2H-NbS: [70], 3R-NbS: [70], 2H-NbSe:2 [71], 1T-
TaS: [72, 73], 1T-TiSex2 [74],

Contamination-free and high crystalline quality

and so on.
samples with potential for scaling-up are the
great advantages of the CVD method [75]. W. Fu
et al reported the controlled synthesis of
atomically-thin 1T-TaS: [72] (Figure 2.6).

The tantalum pentachloride (TaCls) and sulfur (S)
powder were used as precursors. As the carrier
gas, a mixture of N2 with 10% of H2 was used.
The reaction was usually carried out at 820 °C. In
CVD synthesis, the system pressure, gas flow rate,
precursor concentration, vaporization
temperature of precursors, reaction temperature
and deposition time play the key roles in

controlling the quality of the crystals.

The main advantage of CVD 2D layers over
mechanical or chemical exfoliation is the larger
areas obtained by the former [76]. Bae et al. [75]
reported on roll-to-roll production of more than
76 cm (30 inch screen size) graphene films for use
as transparent electrodes. In principle, CVD also
allows for the fabrication of electronic devices

such as transistors [77].

1T TaS$; thin flakes

Figure 2.6: (A) Ilustration of CVD growth of 1T-TaS: crystals using TaCls
and S as precursors. (B-D) Optical images of the as-prepared 1T-TaS2
crystals of different thicknesses [72].
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Physical Vapor Deposition (PVD): Physical vapor
deposition approach is to obtain two-dimensional
(2D) materials by recrystallisation of materials
through a vapor-solid process. Various two-
dimensional (2D) materials can be prepared by
PVD process. Taking In:Ses as an example, Lin et
al. [78] first reported the synthesis of atomically
thin In:Ses flakes with this method. By using
In:Ses powders as the precursor and graphene as
the substrates, orientation-defined In:Ses flakes
with the thickness less than three layers could be
achieved under the negative pressure (50 Torr).
By controlling the cooling rate during the growth
process, the crystalline phases of as obtained
In2Ses could be adjusted. Zhou et al. [79] later
reported the preparation of the high-quality
monolayer o- In:Ses material by PVD method
under atmospheric pressure and observed the
Raman and PL signals in monolayer In:Ses for the
first time (Figure 2.7). However, the random
nucleation of the crystals in PVD can make the
layer thickness uneven, which requires more
research efforts to resolve the issue. Growing 2D
layers from solutions can be considered as
another bottom-up approach [83]. However, the
resulted 2D materials are more close to those

produced by top-down approaches [84].
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Synthesis of MoS2 by selenization of Mo thin film. (A) Schematic
illustration of meta-transformation for MoS: film preparation. (B) Optical
image of MoS2 on SiO2/Si substrate. (C) SiO2/Si substrate (left) and peeled
off few layer Mo (right) [80]. (D) Schematic illustration of the thermal
decomposition of (NH4)2MoSs for the synthesis of MoS2 thin layers on
insulating substrates [81]. (E-I) Synthesis of 2D In2Ses flakes by PVD
method. (E) Schematic illustration of PVD process for In2Ses layers with
In2Ses powders as precursors. (F) Crystal structure of In2Ses monolayer.
(G-I) Optical images of In2Ses with the growth time of 5, 10, and 15 min,
J-n)
Synthesis of 2D In:Ses flakes by CVD method. (J) Crystal structure of «-

respectively. The scale bar is 5, 10, and 10 um, respectively [79].

In2Ses. (K) Schematic illustration of the CVD growth process of 2D In2Ses
on mica substrates. (L) Optical microscope image of as-grown triangular

In2Ses nanosheets on mica substrate [82].

III. Characterization Techniques of Two-Dimensional
(2D) Materials

A. Raman Spectroscopic Technigque

Raman spectroscopy is a powerful tool to
understand the vibrational properties of two-
dimensional (2D) materials; it’s also based on
temperature-dependent. Recently, Raman spectra
(temperature-dependent) of 1T-VSe: [85], 1T-
TaS: [86], 1T-TaSe: [87], 2H-TaSe2 [88, 89], 1T-
TiSe2 [90] and 2H-NbSe2 [91] have been reported.

In addition, Raman spectroscopy has been used

g L
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vastly to investigate stacking order [92, 93],
number of layers [94], molecular doping [95],
edge orientations [96, 97], strain effects [98, 99]
and other properties of two-dimensional (2D)
materials. Raman spectroscopy provides a quick,
convenient, nondestructive and noninvasive
method for characterizing the 2D materials with
high selectively for the interior layers [100-102,
104]. Measurements can be made at room
temperature and at ambient pressure without
complicated sample preparation processes.
Raman scattering involves the inelastic scattering
of the incident light in a material, where the
energy of the scattered light either decreases by
exciting an elementary excitation of the solid
material (i.e. a phonon) or increases by absorbing
a phonon.

More accurately, Raman spectroscopy can also be
used to determine the number of layers of 2D
TMDs. Since the Raman spectrum provides
vibrational information of the phonon structure
specific to molecules which have unique Raman
peaks in Raman spectra, it is used as a fingerprint
to identify the molecule and an effective and
quick technique to differentiate one from others.
Two Raman peaks are observed in various
thicknesses of MoSz2. One corresponds to in-plane
E'2; mode, located at 384 cm™ and the other out-
plane Ai; mode, located at 408 cm. And the
exact positions of El2; mode and Ai; mode are
functions of MoS: film thickness. As the MoS:2
film thickness increases, El2; mode decreases but
A1z mode shifts in an opposite direction, which
originates from the effective restoring forces and
long-range Coulomb interactions [103]. The
noticeable shifts of El2s mode and Ai; mode make

the Raman spectra an excellent indicator of
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thickness in MoS: film, which also applies to
other 2D TMDs, such as WS2, MoSe», etc.

Raman spectra give the intensity of the scattered
light as a function of the energy shift from the
incident light (Raman shift). The typical accuracy
of measurements of Raman spectrais 1 cm™ (70.1
meV) which is sufficient for measuring the
interlayer interaction (several meV) of TMDs.
Raman spectroscopy has been widely used and
has

technique for TMDs, graphene and other atomic

become a standard characterization

layer materials [101].

There are several advantages of using Raman
spectroscopy for the characterization of low
dimensional materials, including 2D TMDs [104,
105]. One reason is that the electronic density of
states (DOS) has a so-called van Hove singularity
[107], which leads to a strong Raman feature
when the photon energy is matched to the van
Hove singularity of the DOS for each layer.

The second advantage is that more specific
selection rules predicted from the group theory
applicable to the particular optical transition can
be applied to many TMD layered materials with
lower symmetry compared to graphene. In this
way, differences in symmetry distinguish the
spectral features of a particular TMD layer from

another.

In addition, in the optical transitions involved in
the Raman process, the optical dipole selection
rule restricts the possible electronic transitions
and the possible Raman-active phonon modes,

which could be sensitive to the number of atomic
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layers and to the laser polarization direction [106,
107].

B. Temperature-Dependent Resistivity and Magnetic
Susceptibility
As the temperature changes, an unusual response
in resistivity and magnetic susceptibility has been
observed in two-dimensional (2D) material such
as 1T-VS:2 [116], 1T-VSe: [73, 109, 110], 1T-TaS2
[107, 112, 113] and 1T-TaSe2 [114] which is also
CDW
transition. The thickness plays an important role
in the CDW phase transition of 2D CDW

materials.

an indication of two-dimensional

The thickness dependence of the NC-CDW to C-
CDW phase transition temperature in 1T-TaS:

thin flakes had been reported by M. Yoshida et al.

for the first time [115]. The dimensionality effect
on CDW states in 1T-TaS: was analyzed by
investigating pristine thin flakes by changing the
thicknesses up to 2 nm approximately [116, 117].
It was demonstrated that both C-CDW/NC-CDW
and NC-CDW/IC-CDW phase transitions are
dynamically regulated for varying the sample
thickness.

In contrast to 1T-TaS: and 1T-VSe, it is also
that the CDW phase

reported transition

temperature can increase in the thinner materials.

For instance, the liquid-exfoliated 4-8 layer-
thick 1T-VSe: sample shows the CDW phase
transition temperature at 135 K, whereas the
bulk sample shows it at 107 K [117]. A similar
has

mechanically-exfoliated TiSe2 samples, where the

phenomenon been observed from
transition temperature increases from 200-240 K,
while thinning the thickness from the bulk to a

few nanometers [96]. Moreover, X. Xi et al
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reported the strongly enhanced CDW order in
atomically-thin NbSe: TCDW > 100 K for the
exfoliated monolayer sample [118], while M.
Ugeda et al. observed slightly weakened CDW
order (TCDW approximately 25 K) in the single
layer NbSe: grown on graphene by the MBE
[119]. of the

temperature not

method These dissimilarities

transition still  are well
understood. The sample quality, substrates and
the fabricated device status could play crucial
roles in CDW phase transitions.

C. X-Ray Diffraction Technique

X-ray Diffraction (XRD) both small-angle X-ray
scattering (SAXS) and wide-angle XRD can
supply information about the unit cell structure
and constituents, the sheet thickness and lateral
dimensions, and the arrangement of restacked
nanosheets. SAXS provides information about
inter-nanosheet stacking since these peaks occur
at lower angles [120]. By simulating the SAXS
pattern, the stacking direction, sheet thickness,
and distance between the sheets (from ligands or
absorbed molecules) can be determined. For
instance, patterns of wet colloidal aggregates of
nanosheets and dried aggregates of nanosheets
will display different XRD patterns: layer-to-
layer registry can be disturbed for wet colloidal
aggregates, while in-plane lattice planes are
maintained, suggesting isolated nanosheets [121,
122]. For dried nanosheets, the presence of low-
angle basal reflections in the pattern indicates an
ordered arrangement of restacked nanosheets
along the stacking axis, and likewise, the absence
of intense basal reflections indicates random
orientations for aggregated nanosheets [121]. The
orientation of films on substrates favors the
alignment of the thin axis. Broadening signatures

of specific peaks under this orientation can

[ L




Jamilu Ya'u Muhammad et al. Int J Sci Res Chemi. July-August -2019; 4 (4) : 13-33

indicate the thin axis [122]. To gain more insight,
the nanosheet XRD pattern can be modeled by
the structure factor, the Lorentz polarization
factor, the Laue interference function, and the
temperature factor [123]. Structure factors for
single and multiple layers can be calculated
assuming atomic positions, unit cell structure,
and orientation to a substrate [124]. Results of
the

fundamental units of the nanosheets (e.g., atomic

this modeling can help determine
make up of termination layers), the spacing

between sheets, and if the nanosheets are
restacked. In plane XRD can be used successfully
to observe Ak’ reflections (if 1 is the thickness
axis) of the nanosheets' 2D unit cell [125]. This is
a useful method to observe missing peaks from
the naturally textured orientation of nanosheets
on a substrate. Unit cell parameters can be
extracted from refinements of these data and
compared to bulk values.

D. Scanning Tunneling Microscopic Technique
Scanning Tunneling Microscopy (STM) is a
probe-based technique that can measure the
electronic and topographic structure of single-
atom-thick materials and can manipulate single
atoms at specific points in order to build and
characterize nanostructures that are well isolated

from the substrate [126].

Atomic arrangement in 2D materials regulates
the electronic structures. Scanning Tunneling
(STM)

tunneling spectroscopy (STS) measurement are

Microscopy imaging and scanning
direct ways to reveal the atomic structure and the
energy gap of 2D materials. M. M. Ugeda et al.
[119] reported Scanning Tunneling Microscopy
(STM) measurements on ultrathin film of 2H-

NbSe:. A three by three CDW structure in NbSe2

International Journal of Scientific Research in Chemistry (www.ijsrch.com) | Volume 4 | Issue 3

has

remains in the 2D limit, but the transition

been observed. Superconductivity also

temperature is lowered to 1.9 K (7.2 K for the
bulk material).

Another examples include Scanning Tunneling
(STM)

cyclotron quantization in graphene [127, 128] as

Microscopy studies of the unusual
well as characterization of MoS: nanoislands [129]
and BN [130] Recent focus has shifted toward
studies of adsorbates and defects, including metal
adatoms on graphene [131, 132] and h-BN [133,
134] and molecules on MoS: [135].

Other characterization techniques are Scanning
Transmission Electron Microscopy (STEM) [136],
Transmission Electron Microscopy (TEM) [137],
Fluorescence Quenching Microscopy (FQM)
[126], Scanning Electron Microscopy (SEM) [84],

and so on.

1. Potential Applications of Two-Dimension (2D)

Materials

Two-dimensional materials are newly developed
materials with better performance evaluations
and widely applications. This section will gives
some two-

of potential applications of

dimensional materials.

E. Catalytic Activity

Ma et al. [138] found that Al-doped graphene-
like Zinc Oxide (g-ZnO) mono-layers in which
Al atoms substitute host Zn atoms show good
catalytic activity for CO oxidation via the Eley—
Rideal mechanism with a two-step route. In this
mechanism, the first CO molecule directly
interacts with the pre-adsorbed O: molecule,

forming a carbonate-like COs complex as an

[ L
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intermediate state. This process is exothermic by
3.93 eV and the reaction requires only a small
barrier of 0.006 eV to be overcome. The second
CO molecule initially adsorbed on top of one Zn
atom near the doped Al atom then approaches
the COs complex to form two CO: molecules
with an energy barrier of 0.79 eV. Two CO:
molecules are produced with adsorption energy
of 0.46 eV with respect to two free CO:
molecules in the gas phase. Since the energy
released in this step (0.79 eV) can easily
surmount the adsorption energy, these two CO:
molecules can be released rather easily from the
g-Zn0O sheet. The reaction proceeds rapidly at
low temperature, suggesting that Al-doped g-
ZnO mono-layers could be an efficient catalyst
for CO oxidation at low temperature.

A. Absorption of Oxide of Carbon

Rao et al. [139] investigated the interaction of
CO: with pristine, defective and non-metal-
doped graphene-like Zinc Oxide (g-ZnO) mono-
layers in terms of their efficiency to capture CO2
and hence their potential for cleaning our
atmosphere and purifying fuel engine emissions.
The calculated results show that a CO2 molecule
favors adsorption on the top of an O location and
favors a horizontal alignment with respect to the
pristine g-ZnO mono-layer (ML). The adsorption
energy of the CO2 molecule on a g-ZnO mono-
layer is found to be -0.20 eV, indicating
physisorption with a CO2-gZnO distance of 2.92
A. The CO: adsorption on defective as well as
non-metal (B, C, N), substitutionally doped g-
ZnO mono-layers was also investigated. The
adsorption of CO: at oxygen and zinc vacancies
was explored in the study on defective g-ZnO.
The adsorption energy of CO:2 increases to -1.77
eV, -1.33 eV and -0.80 eV with adsorption
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distances of 1.53 A, 1.44 A and 1.41 A for B, C
and N atoms, respectively. This indicates a
chemisorption mechanism with a large binding
energy and a short adsorption distance and stands

in contrast with physisorption on pristine g-ZnO.

In another research, Zhang et al. [140] have
reported that doped g-ZnO exhibits strong
chemisorption of the CO molecule by forming A-
CO (where A=B, N or C dopants) in contrast to
weak physisorption on pristine g-ZnO. The
adsorbed CO slightly pulls the A atom out of the
sheet plane, viz. the A site is transformed from
sp* hybridization to a more sp3-like hybridization.
Total charge density calculations show that large
charge transfer occurs between the doped g-ZnO
and a CO molecule, while little charge is
transferred between pristine g-ZnO and a CO
molecule. Moreover, the shorter bond lengths of
A-CO (1.43 A, 1.24 A, 1.32 A for B, N and C,
respectively, as compared to pristine g-Zn0O, 2.32
A) and a higher binding energy (-4.05, -2.77, -
5.65 eV for B, N and C, respectively, as compared
to pristine g-ZnO -0.35 eV) clearly indicate that a
chemical bond can form during the adsorption

process.

B, Energy Storage and Harvesting

The energy harvesting cells based on 2D
piezoelectric materials are crucial for future
wireless nanosystems without power supply,
such as environmental monitors, implantable
medical sensors, and personal electronics [141].
In 2014, Wu et al. [142] pioneered a monolayer
MoS: as prototype nanogenerator for scavenging
the mechanical energy. As for this nanogenerator,
it will generate a peak voltage or current signal

only during the moment of stretching and

[ L




Jamilu Ya'u Muhammad et al. Int J Sci Res Chemi. July-August -2019; 4 (4) : 13-33

releasing. With the increasing tensile strain, both
the

Furthermore, this type of device can still

peak voltage and current increase.
maintain a stable output even after three hours of

fatigue test, demonstrating its excellent

performance for harvesting various tiny
mechanical vibration energies. Enlightened by
this work, Lee et al. [143] developed a monolayer
WSe: piezoelectric nanogenerator, which gives a
peak voltage of 45 mV under a strain of 0.39 %.
In their work, to enhance the piezoelectric
outputs, CVD synthesized monolayer WSe:
samples have been successfully transferred to the
top of another one to form a special-orientated
artificial bilayer (AA stacking), which could
retain the piezoelectric effect, unlike its natural
or pristine form. The piezoelectric coefficient for
artificial bilayer can be about two times larger
than that of the monolayer flakes.

Phosphorene has been considered for other
electrochemical energy storage applications, such
as all solid- state supercapacitors [144] and
Sodium ion batteries (NalBs), [145] which are
safer than LIBs

abundant Sodium ions. The promise of using

considered and use more
phosphorene for NalB anode materials comes
from the fact that, unlike the traditional, carbon-
based LIBs, it
accommodate Na ions, which are significantly
larger than Li ions (2.04 vs. 1.52 A). Because of
this, BP with its larger interlayer channel size
(3.08 vs. 1.86 A for graphite) is a highly

promising NalB anode material with a theoretical

anode materials for can

specific capacity of “2600 mAh g-!, which dwarfs
that of any other present materials.

C. Electronics and Sensing Devices
Generally, two-dimensional (2D) materials could

be an ideal choice for future flexible electronics.
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They have excellent mechanical properties [146,
147], can be compatible with flexible device
fabrication, and unlike CNTs [148, 149] do not
require any sorting process [150]. At the same
time, the mobility of 2DMs, when grown over
large areas by CVD, can be larger than some of
the organic semiconductors [151], thus enabling
higher frequency at low power. For transparent
conductors, graphene high conductivity and low
broadband absorption makes it a promising
flexible replacement for the current leading
material, indium tin oxide, which is inflexible
and increasingly expensive. The large variety of
two-dimensional (2D) materials provides a wide
selection to choose for device optimization.

Optoelectronic devices (photodetectors, solar
cells and LEDs etc.) are electric devices that can
generate, detect, and interact with light. Due to a
large area/volume ratio, strong light-matter
interaction and novel electrical properties,
optoelectronic devices based on two-dimensional
(2D) materials have attracted much interest since

the beginning.

The direct band gaps of monolayer TMDs make
them attractive as light-absorbing materials in
alternative thin-film solar cells, including flexible
photovoltaics that could coat buildings and
curved structures. The first trial was on MoS:
[152]. This was inspired by the finding that MoS:
has a direct band gap of about 1.8 eV when its
thickness is reduced to a single layer. In 2013,
Lopez-Sanchez et al. conducted a landmark
research [153]. They reduced charged impurities
scattering and contact resistance by the careful
treatment on a dielectric layer and an annealing

process. After these processes, an impressive high
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of 880 AW-!

Stimulated by the pioneering works on MoS,

responsivity was achieved.
photo-detectors based on other TMDs, like
MoSe2, WS2 and WSe2, have attracted growing
attention in recent years [154-156]. In addition,
combining different 2-D materials together to
form heterostructures may be a possible solution
[157, 158].

D. CO: reduction

Li et al. [159] reported amorphous MoS: on a
polyethylenimine-modified reduced graphene
oxide substrate as an effective catalyst for
electrocatalytic CO: reduction. The catalyst is
capable of producing CO at an over potential as
low as 140 mV and reaches a maximum Faradaic
efficiency (FE) of 85.1% at an over potential of
540 mV. Another interesting point is that at an
over potential of 290 mV with respect to the
formation of CO, it catalyses the formation of
syngas with high stability, which could be readily
utilized in the current Fischer-Tropsch process
and produce liquid fuels, such as ethanol and
Their detailed

investigation indicated that the efficiency and

methanol. mechanism
selectivity towards CO: reduction rather than
hydrogen evolution at the optimal applied
potential were attributed to the synergetic effect
of MoS: and PEI:
a) The intrinsic properties of MoS: that it can
selectively bind the intermediate during the
CO2 reduction reaction path is the principal
factor contributing the CO: reduction and
b) PEI, an amine containing polymer with
outstanding CO: adsorption capacity, can
stabilize the intermediate and thus lower
the energy barrier by hydrogen bond

interaction.
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Recently, Norskov et al. demonstrated
theoretically that MoS2 or MoSe: could possibly
be electrocatalysts for CO: reduction by DFT
calculation [160, 161]. Their results indicate the
edge site of MoS: or MoSe: is active for
electrochemical CO: reduction due to the
different scaling relationships of adsorption
energies between key reaction intermediates
(*CO and *COOH) on the edges of MoS:2 or MoSe:
compared to transition metals. Experimental
results of MoS: as electrocatalyst for CO:2
reduction were firstly reported by Asadi et al.
[162].

superior CO2 reduction performance compared

They wuncovered that MoS: showed
with the noble metals with a high current
density and low over potential (54 mV) in an
ionic liquid. They also utilized DFT calculations
to reveal the catalytic activity mainly arises from
the molybdenum-terminated edges of MoS: due
to their metallic character and a high d-electron
density. The experimental result that vertically
aligned MoS: showed an enhanced performance
compared to bulk MoS: crystal supported their

calculations.

IV. Conclusion and Future Works

the

techniques

In conclusion, synthesis  processes,

characterization and potential
applications of two-dimensional materials with
been

consideration of elecrocatalysis have

discussed extensively.

Though great progress has been made, it is still
the of 2D

electrocatalysis. There are still many challenges

far from wide application

like the low yield/cost efficiency, degradation,
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kinetics of charge transfer and trap, and recycling.

The recycling problem may be resolved by
designing suitable devices or tuning the magnetic
properties, but the efficiency and robustness can
only count on the development of more

advanced materials.

The 2D material family offers a new class of
materials characterized by strong covalent bonds
in-plane but only very weak Van der Waal’s
coupling between the layers, leading to a material
system with almost

ideally self-passivated

structures.

The most promising applications of 2D materials
must be developed based on the unique
properties of this material system that are not
often found in other materials. 2D materials offer
three key properties that are particularly
attractive for future applications: the flexibility
and transparency, the ease for heterogeneous
integration without lattice mismatch problem,
and extraordinary sensing capability due to high

surface-to-volume ratio and high mobility.

The first area is to develop 2D materials for GHz

frequency ubiquitous electronics applications.

A second promising application of 2D materials
lies in their outstanding optical properties.
Optoelectronics devices, such as photodetectors,
LEDs and even lasers, based on 2D materials can
be envisioned to emerge where they can be
placed on to arbitrary surfaces including flexible
and transparent ones. New opportunities can
arise in developing THz and infrared sensors
based on graphene either based on conventional

device structure or novel plasmonic devices. Low
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cost solar cells to be placed on any type of
substrates can also be developed where many
potential applications exist, for example as the
energy harvesting units in self-powered sensors

or sensor networks.

2D materials like graphene are very attractive
flexible

semitransparent electrodes for interfacing with

bio-compatible  options  of and

the brain neurons. 2D materials can also be used
to build low-cost biosensors with many potential
applications, such as glucose detection, moisture

sensing, and body temperature monitoring.
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