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Two-Dimensional Molybdenum Trioxide and 
Dichalcogenides
 In the quest to discover the properties of planar semiconductors, two-dimen-
sional molybdenum trioxide and dichalcogenides have recently attracted a 
large amount of interest. This family, which includes molybdenum trioxide 
(MoO 3 ), disulphide (MoS 2 ), diselenide (MoSe 2 ) and ditelluride (MoTe 2 ), 
possesses many unique properties that make its compounds appealing for a 
wide range of applications. These properties can be thickness dependent and 
may be manipulated via a large number of physical and chemical processes. 
In this Feature Article, a comprehensive review is delivered of the funda-
mental properties, synthesis techniques and applications of layered and 
planar MoO 3 , MoS 2 , MoSe 2 , and MoTe 2  along with their future prospects. 
  1. Introduction 

 Very soon after the discovery of graphene, other two dimen-
sional (2D) materials, such as metal chalcogenides and transi-
tion metal oxides, regained research interest. [  1  ]  So far amongst 
2D materials, molybdenum compounds have played a signifi -
cant role. Molybdenum trioxide and dichalcogenides (MT&Ds) 
have shown intriguing physical and chemical properties as 
well as exciting prospects for a variety of applications. Similar 
to graphite, MT&Ds are found in layered forms that can be 
exfoliated into small thicknesses containing mono- or multiple- 
layers. [  2–5  ]  In the past decade, the interest in such materials, in 
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particular molybdenum disulfi de (MoS 2 ), 
has increased exponentially due to their 
potential uses as 2D semiconducting 
materials with remarkable electronic and 
optical properties, which can be thickness 
dependent and easily engineered. [  5–7  ]  

 Traditionally, MT&Ds have been largely 
used in lubrication and electrochemical 
products. However, the new discoveries 
regarding their low dimensional electronic 
structures have led to possibilities for their 
incorporation into many other exciting 
applications. Bandgap energy of mono- 
or multi-layered MT&Ds can be manipu-
lated using chemical processes such as 
ionic intercalation or physical processes such as applying stress 
or electric fi elds. [  8–10  ]  Remarkably, molybdenum dichalcoge-
nide's (MDs) electronic structure is layer dependent and shows 
a natural transition from indirect to direct bandgap, [  6  ,  7  ]  and 
molybdenum trioxide (MT) transform from semiconducting to 
metallic by careful intercalation of ionic components. [  11  ]  

 MT&Ds are relatively abundant in nature, their deposition 
is compatible with standard microfabrication techniques and 
layered MT&Ds are generally considered stable and non-haz-
ardous. There are a variety of techniques for the synthesis of 
2D MT&Ds, many of them have been adopted from their bulk 
counterparts and many other layer specifi c synthesis methods 
have been recently developed. 

 The layered MT&Ds have already shown signifi cant applica-
tions in various fi elds of optics, electrochemistry, electronics 
and sensors. There have been recent important advancements 
in the development of 2D fi eld effect transistors with relatively 
high electron mobilities based on both molybdenum trioxide 
(MoO 3 ) and MoS 2 . [  2  ,  5  ]  There have also been demonstrations 
of many applications based on direct bandgap mono-layered 
MoS 2  and its strong photoluminescence in optical and sensing 
systems. [  12–14  ]  

 The appearance of a large number of reports on one-dimen-
sional (1D) and 2D MDs has created a demand for their com-
prehensive review. Additionally, 1D and 2D MTs are also rapidly 
gaining scientifi c interest. Recent progress in 1D structures of 
MT&Ds, such as single- and multi-walled nanotubes have been 
reported elsewhere. [  15  ]  Considering that 2D MT and MDs have 
many common applications, owing to their similar layered 
nature, in this feature article we present and analyze the pro-
gress of research on layered and planar MT&Ds. This article 
describes the fundamental properties of mono- and multi-
layered MT&Ds investigated to date. It discusses different 
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techniques for the manipulation of such properties. This 
feature article provides a detailed outlook on the common syn-
thetic processes, how to identify both mono- and multi-layered 
MT&Ds and applications of layered MT&Ds reported thus far.   

 2. Properties of Mono- and Multi-Layered MoO 3,  
MoS 2 , MoSe 2 , and MoTe 2  

 In this section, the basic crystal structures of layered MT&Ds 
are described. The fundamental electronic, optical, and 
mechanical properties are discussed in detail.  

 2.1. Crystal Structure  

 2.1.1. MoO  3  

 MoO 3  is generally found in two major crystal phases: ther-
modynamically stable    α   -MoO 3  and metastable   β  -MoO 3 . [  3  ,  16–18  ]  
Orthorhombic    α   -MoO 3  possesses the much desired layered 
crystal phase of molybdenum trioxide. It consists of dual layer 
planar crystals of distorted MoO 6  octahedra, held together 
in the vertical [010] direction by weak van der Waals forces 
( Figure    1  a), while the internal bonds in the octahedra are domi-
nated by covalent and ionic bonds. [  3  ,  17  ]  Each of the double layers 
form edge sharing zig-zag rows along the [001] and corner 
sharing rows along the [100] directions, respectively. Lattice 
constants of    α   -MoO 3  (space group  Pbnm ) are  a   =  3.962 Å,  b   =  
13.855 Å, and  c   =  3.699 Å. [  3  ,  18  ] .   β  -MoO 3  adopts a monoclinic 3D 
structure. [  18  ,  19  ]  Unlike    α   -MoO 3 , the MoO 6  octahedra that forms 
  β  -MoO 3 , shares corners in all three dimensions, establishing a 
3D structure that is not desirable for forming planar crystals. 
The   β   phase is generally observed to be transformed into the 
more stable, layered    α   -MoO 3  phase above 350  ° C. [  16  ,  17  ]     

 2.1.2.  MoX  2  - MoS  2  , MoSe  2   and MoTe  2  

 Monolayers of MoX 2  compounds (X  =  S, Se, and Te) are typi-
cally composed of Mo atoms sandwiched between X atoms, 
organized in a 2D hexagonal honeycomb structure. The bulk 
© 2013 WILEY-VCH Verlag G

     Figure  1 .     Crystal structure of a) layered    α   -MoO 3  and b)  2H -MoX 2  (blue, 
red and black spheres represent Mo, O, and chalcogen atoms, respec-
tively). a) Reproduced with permission. [  18  ]  Copyright 2010, American 
Chemical Society.  
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layered material is comprised of vertically stacked monolayers 
bound together by weak van der Waals forces (Figure  1 b). 
Common polymorphs of MoX 2  compounds are hexagonal 2 H -
MoX 2  and rhombohedral 3 R -MoX 2  that are different in vertical 
stacking alignment. [  20  ,  21  ]  2 H -MoX 2  is composed of monolayers 
that are vertically stacked in ABAB sequence, while 3 R -MoX 2  
is comprised of ABCABC sequence. [  21  ,  22  ]  However, 2 H -MoX 2  is 
the naturally occurring and relatively stable polytype observed 
for MoX 2  compounds, while 3 R -MoX 2  is generally transformed 
into the 2 H -MoX 2  upon heating. [  22  ]  Hence, we consider the 
dominant and stable 2 H -MoX 2  polytype in this review. The lat-
tice parameters of the layered 2 H -MoX 2  compounds are pre-
sented in  Table    1  .     

 2.2. Electronic Structure  

 2.2.1. Band Structure and Bandgap Tuning  

  MoO 3 :  Bulk    α   -MoO 3  is an indirect wide bandgap material 
( > 3 eV), but offers bandgap tunability via a range of appr
oaches. [  2  ,  11  ,  23  ,  24  ]  The most common procedure adopted is 
hydrogen intercalation into the crystal lattice. [  2  ,  23  ]  Other alkali 
metals such as Li, Na, K as well as organic compounds have 
3953wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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  MoS 2  MoSe 2  MoTe 2  

Lattice constants [Å] [  34  ]  a 3.160 3.288 3.517

 c 6.147 6.460 6.981

 c / a 1.945 1.962 1.984

Interlayer height [Å]  X–M 3.19 3.23 3.63

van der Waals gap [Å]  X–X 3.47 3.75 3.92

Bandgap energy [eV] [  6  ]  Bulk 1.29 1.1 1.0

 Monolayer 1.89 1.58 1.23

Born effective charge [  35  ]  e  ∗   T  1.1 e 2.1 e 3.4 e 

Raman active 

modes [cm  − 1 ] [  34  ,  35  ] 

 A 1g  409 243 171

 E 1  2g  383 283 232.4

 E 1g  287 168.8 116.8

Monolayer relaxed ion 

elastic coeffi cients [  43  ] 

 C  11 130 108 80

 C  12 32 25 21

Poisson ratio   ν    ∞  0.34 0.35 0.37

Monolayer relaxed ion 

piezoelectric coeffi cient 

[pmV  − 1 ]

 d  11 3.73 4.72 9.13

Thermal conductivity 

[Wm  − 1 K  − 1 ]

 k 18.06 2.3 2

Peak Seebeck coeffi cient 

[  μ  VK  − 1 ] [  151  ] 

 S –580 –900 –780
also been adopted as intercalants to manipulate the stoichiom-
etry and band structure. [  25  ]  

 Sha et al. have reported detailed studies of H atom adsorp-
tion into the    α   -MoO 3  crystal lattice using density functional 
theory (DFT). [  11  ]  They have demonstrated that the adsorbed 
H atoms forms hydrogen molybdenum bronzes (H  x   MoO 3 ) 
and the bandgap of such structures shift to metallic upon 
a hydrogen loading of  x   >  0.25 ( Figure    2  a,b). Practically, 
hydrogen adsorption can be induced by the breakdown of gas 
phase H 2  onto the MoO 3  surface, as well as electrochemical or 
chemical H  +   ions diffusion in liquid media into its lattice. [  2  ,  23  ]  
Figure  2 c illustrates the experimentally calculated bandgaps 
estimated from the transmission spectral measurements. The 
inset shows the reduction in the bandgap value with respect 
to H 2  exposure time. Through Raman spectral studies, it was 
observed that at saturated levels of H intercalation, the diffused 
H atoms bond with oxygen atoms to form water vapor that 
leaves oxygen vacancies behind. [  2  ,  23  ]  The formation of oxygen 
vacancies also reduces the bandgap of MoO 3 , and partially 
reduced Mo 5 +  , Mo 4 +   states in the sub-stoichimetric MoO (3- x )  lat-
tice are established. Electrons from such reduced Mo ions give 
rise to gap states in between the valence and conduction bands, 
hence narrowing the bandgap. [  2  ,  24  ]  A wide range of processes 
such as thermal treatment, UV irradiation and photochemical 
deposition followed by annealing can be adopted in achieving 
the aforementioned structural changes. [  24  ,  26  ]   

  MoX  2 : In bulk form 2 H -MoX 2  compounds are indirect 
bandgap materials with bandgap values of  < 1.3 eV as presented 
54 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
in Table  1 . A general trend in the magnitude of the bandgap 
energies is observed as a decrease on going from sulphide to 
telluride. However, when the crystal thicknesses are reduced 
down to one layer, the bandgaps widen. Interestingly, they 
transform from indirect to direct bandgaps in this transition. 

 Kumar et al. have conducted fi rst principles calculations of 
the electronic structure of both bulk and monolayers of MoX 2  
compounds, which are presented in Figure  2 d. [  6  ]  Such calcula-
tions generally show that the density states around the Fermi 
level are mainly due to the molybdenum  d  states. [  6  ]  The calcula-
tions also show a strong hybridization between molybdenum 
 d  states and chalcogen  p  states below the Femi level. The cal-
culations also show that the transition of the band structure 
from indirect to direct bandgap, when reducing the slab thick-
ness from bulk to monolayer, is due to changes in hybridiza-
tion. [  7  ]  The energy bandgap of the monolayers was observed 
to increase in comparison to those of their bulk counterparts. 
The transition from indirect to direct bandgap has also been 
experimentally demonstrated via photoluminescence studies 
of mono- and multi-layered MoS 2 , which will be discussed 
later. [  7  ,  12  ,  14  ]  

 Similar to graphene and MoO 3 , band structures of multilay-
ered MoX 2  can be manipulated via various physical and chem-
ical methods. Ramasubramaniam et al. have demonstrated 
through DFT calculations, the tunability of the bandgap in bi-
layered 2 H -MoX 2  using external perpendicular electric fi elds 
(bandgap values decrease with increasing electric fi eld). [  10  ]  At 
electric fi elds above 3  V nm  − 1 , the structure shifts to become 
metallic in all MoX 2  compounds. The tunability of the bandgap 
by reducing the number of layers, or alternatively the appli-
cation of external electric fi elds, presents the possibility for a 
wide range of applications for layered MoX 2  compounds in the 
fi eld of optoelectronics. Similar to MoO 3 , there are also recent 
reports on the chemical intercalation of MoS 2  using ions such 
as Li  +   to reduce the bandgap. [  8  ]    

 2.2.2. Electronic Properties  

 In developing a fi eld effect transistor (FET), several properties 
of the incorporated semiconducting materials are of utmost 
importance: (a) the bandgap value that governs transistor 
switching, (b) charge density that describes the number of avail-
able free charges for transconductance, and (c) carrier mobility 
from which the transconduction gain can be obtained. 

 The main advantage of 2D MT&Ds over graphene is the pres-
ence of natural bandgaps, which allow the fabrication of FETs 
with very low OFF currents. Bandgaps in the range of those 
comparable with silicon (1.1 eV) or slightly less are the most 
desired. As discussed in Section 2.2.1, the bulk layered MoX 2  
structure provides such bandgaps. In monolayers of MoX 2 , even 
though the bandgap increases, it is still within the viable range. 
However for MoO 3 , the bandgap is around 3 eV; this could be 
reduced using methods that were described in Section 2.2.1. 

 The magnitude of charge density is also a vital factor for 
developing FETs. At room temperature, many intrinsic semi-
conductors have relatively low charge densities that are not suf-
fi cient for generating enough output current in FETs. Doping 
and intercalation procedures are routinely implemented to 
increase the desired charge density. 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3952–3970
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     Figure  2 .     Band structure of a)    α   -MoO 3  and b) H   x   MoO 3  ( x   =  0.25 and 0.5) obtained using DFT calculations. c) Photon energy vs (  α   hv ) 2  curves derived 
from the absorbance spectrum of a MoO 3  fl ake with progression of catalyzed H  +   intercalation. Intersection of the linear fi t with the  x –axis indicates 
the bandgap energy (inset: The change in estimated bandgap with progression of the intercalation process). d) Band structures of bulk and monolayer 
MoX 2  compounds. e) Illustration of a possible mean-free path for mobile carriers, affected by charge impurities in a low and high dielectric 2D medium. 
f) Theoretical calculations of charge carrier mobility affected by various scattering mechanisms as a function of temperature. The total mobility in a 
high-  κ -  and a low-  κ   2D media comparable to the dielectric values of MoO 3  and MoS 2  are presented. Highest observed experimental carrier mobility 
values for MoO 3  and MoS 2  which closely match the theoretical predictions are also shown for comparison. a,b) Reproduced with permission. [  11  ]  Copy-
right 2009, American Chemical Society. c) Reproduced with permission. [  2  ]  d) Reproduced with permission. [  6  ]  Copyright 2012, Springer.  

Adv. Funct. Mater. 2013, 23, 3952–3970
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  For the fabrication of FETs, enhanced charge carrier mobility 

in the semiconducting material is vital. In 2D MT&Ds, the 
charge carriers are confi ned within the layer that can potentially 
offer increased mobility. However, this carrier mobility in the 
2D materials is also infl uenced and reduced by various charge 
scattering effects such as: (a) Coulombic, (b) optical phonon, (c) 
acoustic and (d) surface roughness. [  27  ]  

  Coulomb Scattering : Coulombic scattering is caused by 
random charge impurities located within or on the surface 
of the 2D layer. The scattering from these charged centers in 
the electric quantum limit was fi rst formulated by Stern and 
Howard in late 1960s. [  28  ]  As discussed in Section 2.2.1 in 
MD&Ts, Coulombic charges, such as the ionic intercalants, can 
be used in order control the size of the energy bandgap. This 
increases the charge densities, which is also desirable. How-
ever, the process also leads to increased Columbic scattering 
effects, potentially reducing the carrier mobility. 

  Polar Optical Phonon Scattering : In compound semiconduc-
tors, where the bonding is partially ionic, a polarization fi eld 
arises. [  27  ]  The polarization fi eld, forced into effect by the lon-
gitudinal-optical mode, causes a polar-optical interaction with 
the electrons, which scatters them and subsequently decreases 
their mobility. 

  Acoustic Phonon Scattering : Acoustic phonons operate via 
the generation of deformation potentials, which interact with 
charge carriers. These phonons produce crystal lattice defor-
mations, which in turn produce localized electric potential 
affecting such carriers. 

  Surface Roughness Scattering : The infl uence of the surface or 
interface roughness on the mobility of 2D electrons has never 
been precisely assessed since the roughness behavior is never 
quite clear. For calculations, generally the surface fl uctuations 
are assumed to be randomly correlated spatially, with a correla-
tion that follows a Gaussian distribution. [  29  ]  In this case, two 
perturbation parameters infl uence the scattering mechanism: 
the random fl uctuations in thickness and the correlation length 
(or average distance) between two roughness centers. Mini-
mizing these parameters with perfect lattice matching between 
the 2D MT&Ds and their substrates have been suggested as 
possible methods to reduce the roughness scattering effect. 

 The carrier mobility in a thin layer is calculated using 
 μ = e

m∗ 〈τ 〉    in which  e  is the point charge and   τ   is the trans-
port relaxation rate of momentum in the ( x, y ) plane and  m   ∗   is 
the effective electron mass. Using the Born approximation, the 
transport relaxation time is calculated as: [  27  ] 

 

1

τ (Ek) =

2π

–h
kz μ

+∞

−∞

N(μ)
i (Z)|V (μ)

k− kz
(Z)|2 × (1 − cos θkkz) × δ(E (k) − E (kz))

  
(1)   

in which  N  (  μ  )   i   ( Z ) is the concentration of the    μ  - th kind of 
charge center within the volume of  dxdydz  and  θkkz   is the angle 
between  k  and  k z   vectors. In addition,  V (μ)

kkz
(Z)   is an impor-

tant parameter that shows the intensity of scattering and is 
described as the matrix element of the scattering potential. It 
is a potential function that describes the intensity of the scat-
tering effect on free carriers. By correctly estimating the scat-
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
www.MaterialsViews.com

tering potential, the transport relaxation rate and the associated 
mobility can be calculated. The overall carrier mobility can then 
be obtained using Mattheissen’s Rule: [  27  ] 

 

1

μTOTAL
= 1

μC
+ 1

μPO
+ 1

μA
+ 1

μSR  
 (2)

   

where    μ    TOTOAL  is the overall mobility and  μC   ,   μ   PO ,  μA   ,   μ   SR  
are the effective carrier mobilities limited by Coulombic, 
polar optical phonon, acoustic phonon and surface roughness 
scattering mechanisms, respectively. 

 Generally, Coulombic scattering is the dominant effect in 
reducing the overall charge carrier mobility at room tempera-
ture or below, for 2D materials such as graphene or MoS 2 . [  2  ,  5  ]  
According to  Equation (1) , to tackle this, an increase in the 
dielectric constant is needed. The increase in the dielectric 
constant (electrical permittivity) of either the surrounding 
environment or the 2D material reduces the Coulombic effect 
as it confi nes the electric fi eld generated by the Coulombic 
charges within smaller regions; hence, there is less of an effect 
on mobile charge carriers (Figure  2 e). Dielectric constant (  κ  ) 
engineering has proven to be effective in enhancing the charge 
carrier mobility. [  2  ,  5  ,  30  ]  The change in free carrier mobilities as 
a function of temperature and scattering parameters in a high 
dielectric 2D MoO (3- x )  layer (  κ    >  200) are calculated using the 
Born approximation equation and presented in Figure  2 f. As 
can be seen, due to the effect of a high dielectric constant, Cou-
lombic scattering dominates at temperatures below 100 K, and 
above these temperatures, acoustic scattering effects is the lim-
iting factor for the overall mobility. In the case of MoS 2  (  κ    ≈  5), 
the theoretical carrier mobility is still dominated by Coulombic 
scattering at room temperature, and the mobilities agree with 
the commonly observed experimental values. [  5  ,  31  ]     

 2.3. Optical Properties 

 Many 2D materials offer extraordinary optical properties that 
may be layer dependent. As mentioned previously, for MoX 2  
the bandgap changes from indirect to direct, when the thick-
ness is reduced to only one layer. As such, monolayer MoX 2  
exhibits strong fl uorescence. We have already discussed in 
Section 2.2.1, that bandgaps are intercalation dependent for 
both MoO 3  and MoX 2 , as well as layer thickness dependent for 
MoX 2 , which allows for the development of optical devices at 
various wavelengths. Similar to graphene, the Raman spectra 
of MT&Ds are also layer dependent, which also show strong 
changes of vibrational photospectroscopy upon intercalation 
and doping. 

  MoO  3 : Raman vibration modes and chromism of    α   -MoO 3  
are affected by intercalating ions.  Figure    3  a,b illustrate a 
mechanically exfoliated MoO 3  fl ake being intercalated with 
H  +   and its corresponding Raman spectra. For non-intercalated 
   α   -MoO 3 , the chain of octahedral MoO 6  adjoined at the cor-
ners by a double-coordinated oxygen (Mo–O–Mo) stretching 
mode is assigned to the dominant 821 cm  − 1  peak. The edge-
sharing triple-coordinated oxygen (Mo (3) –O) stretching mode 
is refl ected at 666 cm  − 1 , while the terminal oxygen (Mo–O) 
stretching mode is assigned to the peak at 996 cm  − 1 . [  32  ,  33  ]  Peaks 
in the range of 100 to 500 cm  − 1 , resulting from various other 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3952–3970
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     Figure  3 .     a) Optical microscope images and b) the corresponding Raman spectral evolution of an    α   -MoO 3  fl ake with the progression of H  +   ion inter-
calation. c) Raman active modes of  2H -MoX 2  compounds. Dark shaded circles represent Mo atoms and the light circles represent chalcogen atoms. 
d) Raman spectra of MoS 2 : from bulk to mono layers. e) PL spectra of a mono and bilayer MoS 2  fl ake with inset showing the variance of quantum yield 
with increasing number of layers. f) Optical image of a mono and multilayer MoS 2  fl ake in a silicon substrate with etched holes of 1 and 1.5   μ  m in 
diameter and its corresponding PL image. a,b) Reproduced with permission. [  2  ]  c) Reproduced with permission. [  34  ]  Copyright 1982, American Physical 
Society. d) Reproduced with permission. [  38  ]  e,f) Reproduced with permission. [  7  ]  Copyright 2010, American Physical Society.  
vibrational modes such as scissoring, twisting and bending, 
can also be observed. [  23  ]  The strong coloration that originates 
from the edges and rapidly progresses towards the middle, 
caused by the intercalation, can be observed in Figure  3 a. The 
Raman spectra also show that the peaks have broadened and 
intensities have greatly reduced along with the intercalation 
process. It has been suggested that this is due to the large lat-
tice expansion and structural distortion related to interlayer H  +   
intercalation. [  32  ]  Raman peaks corresponding to H  x   MoO 3  and 
MoO (3- x )  were identifi ed similar to observations made by Ou 
et al. [  23  ]  Peaks shifts observed at 1010, 990, 810, 316, 140, and 
112 cm  − 1  are due to the change in the force constants of the 
bonds related to the presence of H  x   MoO 3 . [  23  ,  32  ]  Other peaks 
seen at 718, 436, 407, and 246 cm  − 1  can be assigned to various 
deformation modes of Mo and O bonds. [  23  ]   

 Chromism in MoO 3  is achieved upon intercalation of ions 
that change the bandgap value. By reducing the bandgap, the 
appearance of MoO 3  changes from transparent to Prussian 
blue. This aspect can be utilized in optical applications, which 
will be described in Section 5.2. 

  MoX 2  : Figure  3 c illustrates the Raman active modes and 
Raman peak values for all the MoX 2  compounds (details 
presented in Table  1 ). The  A  1 g  , E  1 g   and  E  2 g   correspond to the 
Raman active modes. [  34  ,  35  ]  Out of those,  E  2 g   is a low frequency 
rigid layer mode, which refl ects the van der Waals binding 
forces between planes. By reducing the thickness of MoS 2  to 
a monolayer, Raman peak shifts appear in comparison to its 
bulk counterpart (Figure  3 d). The shifts are observed in the 
two major modes of MoS 2 ,  E  1  2 g   and  A  1 g  . For the  E  1  2 g   mode, 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 3952–3970
the vibrations of both Mo and S atoms are limited to the hori-
zontal plane, whereas for the  A  1 g   mode, the displacements 
of S atoms are along the vertical plane. [  36  ]  For monolayers 
of MoS 2 , the Raman peak shifts associated with  E  1  2 g   and  A  1 g   
modes are observed at 387 and 403 cm  − 1 , respectively. [  37  ,  38  ]  
Along with an increase in the number of layers, the frequency 
of the  A  1 g   mode is observed to increase, whereas the  E  1  2 g   mode 
is observed to decrease in frequency. [  37–39  ]  This indicates stiff-
ening of the  A  1 g   mode, which is expected with an increase in 
the number of layers, causing increased van der Waals forces, 
which in turn suppresses the atomic vibrations along the 
vertical plane. [  37  ,  38  ]  Above fi ve layers, both vibrational modes 
seem to converge to their bulk values. [  37–39  ]  Such thickness 
dependent Raman peak shifts offer an effective method for 
identifying the number of layers (which will be further dis-
cussed in Section 4.2.). 

 Monolayers of MoS 2  exhibit a signifi cant increase in pho-
toluminescence (PL) in comparison to their bulk structure, 
owing to the change in band structure from indirect to direct 
bandgap. [  7  ,  12  ,  14  ]  Figure  3 e illustrates the PL spectra of mono- 
and bi-layer fl akes with the inset showing the apparent reduc-
tion in quantum yield with an increasing number of layers. 
Figure  3 f shows the optical images of mono- and multi-layer 
fl akes on a silicon substrate and its corresponding PL images. 
It should be noted that the enhanced PL emission from the 
monolayer is visible and the emission from the multilayer is 
too weak to be observable in the PL image. [  14  ]  The PL effect can 
be potentially used in many optical devices and sensing applica-
tions as will be presented in Section 5.7.   
3957wileyonlinelibrary.combH & Co. KGaA, Weinheim



3958

www.afm-journal.de
www.MaterialsViews.com

FE
A
TU

R
E 

A
R
TI

C
LE

     Figure  4 .     a) Thermal conductivities of MoS 2  and MoSe 2 , b) Seebeck coef-
fi cient of MoSe 2  as a function of temperature. MoS 2  (circle), and MoSe 2  
(rectangle) - Solid symbols indicate exfoliated and restacked compounds 
while open symbols indicate the pristine. Reproduced with permission. [  45  ]  
Copyright 2010, Korea Chemical Society.  
 2.4. Mechanical Properties 

 In addition to all the exciting electronic and optical properties that 
2D MT&Ds possess, understanding their mechanical properties 
is also of signifi cant importance in the development of fl exible 
mechanical devices and actuators. Bertolazzi et al .  have dem-
onstrated the strength and elasticity of suspended monolayers 
of MoS 2  to be comparable to that of stainless steel. [  40  ]  Gomez 
et al. have shown their ability to withstand elastic deformations 
up to tens of nanometers without breaking. [  41  ]  The average 
Young’s modulus of suspended MoS 2  nanosheets are observed 
to be 270–330 GPa (in comparison to 180 and 1000 GPa for 
stainless steel and graphene, respectively). [  40  ,  41  ]  These favorable 
mechanical properties also allow composite materials with MoS 2  
nanosheets acting as reinforcing elements. Additionally, the 
elasticity of MoS 2  nanosheets readily exceeds those of fl exible 
polymer thin fi lms such as polyimide and polydimethylsiloxane 
(PDMS), which are commonly used in fl exible electronics and 
microfl uidics. [  40  ]  Interestingly, MoS 2  monolayers show a transi-
tion in electronic properties from semiconducting to metal in the 
presence of mechanical strain. [  9  ,  42  ]  They change from direct to 
indirect bandgaps at small tensile strain ( < 2%) and shift into the 
metallic regime, before reaching the set tensile strength. [  42  ]  

 MT&Ds can also show modest piezoelectricity in 2D form. 
From fi rst principles studies, Duerloo et al. have reported on 
the intrinsic piezoelectric nature of monolayer MoX 2  com-
pounds in contrast to their bulk counterparts. [  43  ]  Monolayer 
MoX 2  crystals are found to be non-centrosymmetric, whereas 
the multilayers possess a centrosymmetry with an inversion 
center. [  43  ]  The general trend is an increase in piezoelectric 
strength going from sulfi de to telluride. 

 The elastic stiffness coeffi cients and the piezoelectric coef-
fi cients of MoX 2  compounds are summarized in Table  1 . Such 
properties of 2D semiconducting materials can be potentially 
utilized in pressure and acceleration sensing applications as 
well as nanoelectromechanical systems.   

 2.5. Thermal Properties 

 Thermal conductivity of layered materials is directionally ori-
ented. It has been shown that for MoS 2 , the thermal conduc-
tivity along the plane is 18.06 W m  − 1  K  − 1 . Interestingly, this 
thermal conductivity drops to only 4.17  W m  − 1  K  − 1  for the out 
of plane direction. [  44  ]  Obviously, exfoliation and restacking of 
the layers reduce this thermal conductivity as they cause lattice 
mismatch, which promotes phonon scattering. [  45  ]  The relatively 
low thermal conductivity of the exfoliated MoX 2  group (Table  1 ), 
make them excellent candidates for thermally insulating solid 
lubricants. The changes in the thermal conductivity of MoS 2  
and MoSe 2  with temperature are shown in  Figure    4  a. As can be 
seen, they all decrease with increasing temperature, which can 
be associated with the lattice vibrations at higher temperatures.  

 The variations in the Seebeck coeffi cients of pristine and 
exfoliated MoSe 2  as a function of temperature are shown in 
Figure  4 b, for which both show increasing trends. [  45  ]  Such an 
increasing trend is commonly seen in all chalcogenide com-
pounds. Seebeck values for the MoX 2  compounds are summa-
rized in Table  1 .   
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 2.6. Magnetic Properties 

 The magnetic behaviors of MoX 2  and MoO 3  monolayers have 
not been experimentally studied. However, recent theoretical 
work by Ma et al. estimated the magnetic properties of 2D 
MDs with and without defects using density functional calcu-
lations. [  46  ]  They looked at cation and anion vacancies, as well 
as the related properties of 2D MDs with adsorbed atoms such 
as H and F. They demonstrated that only the cation vacancies 
can induce spin-polarization in MoSe 2  monolayers. They also 
suggested that the monolayers could potentially show long-
range antiferromagnetic ordering after H atom adsorption into 
MoSe 2 , and MoTe 2  and F atom adsorption into MoSe 2 . This 
area will certainly require future investigations.    

 3. Synthesis of Layered Crystals 

 Out of a wide range of approaches available to synthesize lay-
ered MT&Ds, we have chosen some of the key methods to 
present here. We have classifi ed them into three major catego-
ries, vapor, liquid and solid phase deposition techniques. The 
main foci of such synthetic processes include: increasing the 
planar area of the preferred growth of the layered material, con-
trol over the thickness, obtaining perfect crystallinity along the 
planes and possibly high yield.  

 3.1. Vapor phase Deposition 

 Vapor phase synthesis methods can be divided into two different 
categories: (i) physical vapor deposition (PVD) and (ii) chemical 
vapor deposition (CVD). Many PVD synthesis techniques such 
as thermal evaporation, molecular beam epitaxy (MBE), van der 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3952–3970
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     Figure  5 .     Magnifi ed scanning electron microscope (SEM) images of    α   -
MoO 3  a) nanobelts and b) large area layers acquired via thermal evap-
oration technique. c) HRTEM image of the crystals seen in (b). Inset: 
selective area electron diffraction (SAED) pattern and magnifi ed HRTEM 
indicating the lattice spacings of atomically thin    α   -MoO 3 . d) HRTEM 
image of MoS 2  monolayer. e) Enlarged HRTEM image of the marked 
area in (d), with an inset showing the SAED pattern. a) Reproduced with 
permission. [  33  ]  Copyright 2009, Elsevier. b) Reproduced with permis-
sion. [  3  ]  Copyright 2009, Royal Society of Chemistry. d,e) Reproduced with 
permission. [  57  ]   
Waal epitaxy (VDWE), pulsed laser deposition (PLD), electron 
beam evaporation (EBE), radio frequency sputtering (RFS) and 
direct current sputtering (DCS) have been used for the deposi-
tion of MT&Ds. However, most of these techniques (PLD, EBE, 
RFS) have been reported to produce MT&Ds in morphologies 
other than layered (e.g., nanoparticles, nanorods and nano-
tubes). [  47  ]  This is mainly due the fact that such approaches 
produce many nucleation sites and the resultant fi lm growth is 
initiated from these sites. MBE and VDWE, at very low vacuum 
and controlled deposition rates, produce ordered layered struc-
tures. [  48  ]  However, MBE and VDWE have low deposition rates 
and are generally very expensive. 

 Amongst the PVD methods, thermal evaporation has so far 
been the most common and desired technique in synthesizing 
MoO 3 , due to the ease of control over the deposition param-
eters by regulating the temperature and the carrier gas fl ow. 
Generally the process of Mo or MoO 3  powder sublimation 
occurs at  > 750  ° C and the re-deposition takes place at locations 
with the base temperatures of  < 600  ° C in the presence of car-
rier gases such as argon or oxygen. [  2  ,  3  ,  33  ,  49  ]  Various morpholo-
gies and crystal phases are observed in the base temperature 
range of 400–600  ° C, and the much desired large area layered 
crystals are obtained at around 550  ° C ( Figure    5  a,b). [  2  ]  Due to 
the relatively higher sublimation (1100  ° C) and lower oxidizing 
temperatures, synthesis of MoX 2  compounds via thermal evap-
oration has been generally disregarded. [  50  ]  There are reports 
on forming layered MoX 2  compounds under temperature con-
trolled evaporation using stoichiometric amounts of the ele-
ments in powder form. [  51  ,  52  ]  However, such approaches could 
be considered ineffi cient, since the reactions typically occur at 
very high temperatures in evacuated tubes, over several days. [  52  ]   

 Carbonyl precursor assisted low temperature CVD has been 
demonstrated in the synthesis of    α   -MoO 3 . [  53  ]  Additionally, chem-
ical transport reactions followed by post annealing have been 
reported to produce    α   -MoO 3  thin fi lms. [  54  ]  These techniques 
have been mainly adopted in the production of large area MoO 3  
thin fi lms for chromogenic applications such as smart win-
dows. [  54  ]  CVD methods also offer excellent alternatives to thermal 
evaporation in synthesizing layered MoX 2  compounds. Evapo-
ration of Mo and annealing under hydrogen disulfi de (H 2 S) 
has been reported to produce atomically thin MoS 2 . [  55  ]  How-
ever, the resultant growth has been observed to produce nano-
clusters. Direct sulphurization of evaporated Mo, [  56  ]  or    α   -MoO 3  
powder, [  50  ,  57  ]  could be considered as the simplest CVD approach 
for synthesizing layered MoS 2 , as it also assists in forming the 
preferred layered structure. The experimental setup depicting 
the simultaneous evaporation techniques for MoO 3  nanopowder, 
along with pure sulphur powder is illustrated in  Figure    6  a. The 
resultant thin fi lm growth has been observed to form layered 
crystalline  2H -MoS 2  platelets. [  50  ]  The challenge here is to synthe-
size these layered crystals into large areas for electronic appli-
cations. In another approach, the initial MoO 3  precursor was 
fi rst evaporated onto wafers in nano-meter thicknesses, reduced 
using H 2  gas and then sulphurized. [  58  ]  Figure  5 d,e present high 
resolution transmission electron microscopy (HRTEM) images 
of a monolayer MoS 2  sheet obtained from the aforementioned 
methods, indicating the horizontal lattice spacing. [  57  ]   

 Diskus et al .  have demonstrated the synthesis of layered   α  -
MoO 3  thin fi lms using commercial molybdenum hexacarbonoyl 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 3952–3970
(Mo(CO) 6 ) as a precursor, via an ALD technique. [  59  ]  The thick-
ness of the deposition on the substrates has been controlled 
through the number of deposition cycles at a particular temper-
ature. The as-deposited samples were then annealed at 600  ° C 
to obtain highly crystalline   α  -MoO 3 . The synthesis of layered 
MoX 2  compounds through ALD has yet to be explored.   

 3.2. Liquid Phase Deposition 

 Liquid phase techniques include various methods such as elec-
trodeposition, hydrothermal, and sol gel. In such methods, the 
ionic precursors containing Mo and oxygen or chalcogens are 
used. Upon applying suitable energy (electrical, heat or chem-
ical), the target interactions occur and the layered MT&Ds form. 

 Synthesis of layered crystalline    α   -MoO 3  through electrodepo-
sition of a sodium molybdate (Na 2 MoO 4 ) solution followed by 
annealing has been reported (Figure  6 b). [  17  ]  Deposition has 
3959wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  6 .     Illustration of the most simple and commonly adopted techniques, in producing 2D materials. a) Experimental setup illustrating the VPD 
technique: thermal evaporation of MoO 3  powder to produce layered    α   -MoO 3  and co-evaporation of MoO 3  and elemental chalcogen to produce lay-
ered  2H -MoX 2 . b) Liquid phase approaches in producing layered MT&Ds (electro-deposition, dip-coating and hydrothermal). c) Various liquid phase 
exfoliation routes adopted in producing 2D materials. Illustration of d) mechanical exfoliation and e) laser assisted sublimation approaches utilized in 
producing 2D systems. c) Reproduced with permission. [  71  ]   
been carried out under set pH (acidic) conditions at room 
temperature. The as-deposited samples were then annealed at 
300  ° C in ambient air to attain layered form crystalline    α   -MoO 3 . 
Other reports include synthesis via alternate electrolytes and 
voltammetry conditions. [  60  ]  

 Synthesis of    α   -MoO 3  has been hydrothermally conducted 
using various solutions containing chemical such as H 2 O 2 , 
polyethylene glycol and ammonium heptamolybdate. [  61  ]  Among 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
the MDs, layered MoS 2  has been reported to be synthesized 
via hydrazine-assisted low temperature hydrothermal reactions 
between Na 2 MoO 4  and Na 2 S 2 O 3 . [  62  ]  Similarly, layered MoSe 2  
has been produced by using Na 2 SeSO 3  as the Se source. Later 
Peng et al. demonstrated the relatively large area synthesis of 
MoS 2  and MoSe 2  by adopting hydrothermal reactions between 
ammonium molybdate and elemental S and Se, respectively. [  63  ]  
Other reports by Matte et al. have also included hydrothermal 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3952–3970
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synthesis of MoS 2  (MoO 3 , KSCN as precursors) and MoSe 2  
(MoO 3 , Se as precursors). [  64  ]  

 Sol–gel processing is a versatile technique for synthesizing 
MT&Ds. Prasad et al. have reported obtaining    α   -MoO 3  thin 
fi lms via sol–gel processing, using 0.1 M molybdenum isopro-
poxide in n-butanol as the precursors in a nitrogen atmosphere 
(to avoid reaction with oxygen). [  65  ]  The thin fi lms were prepared 
via ultrasonic agitation, and spin-coating followed by low tem-
perature annealing. 

 Wet chemical approaches in producing monolayers of MoS 2  
via low temperature thermal decomposition of a single source 
precursor containing both Mo metal and S have also been dem-
onstrated. [  66  ,  67  ]  In a wet chemical approach, ammonium tetra-
molybdate ((NH 4 ) 2 MoS 4 ) has been stirred in oleylamine and 
allowed to decompose at elevated temperatures. [  66  ]  After cooling 
down, 2D MoS 2  nanosheets were obtained in suspension.   

 3.3. Solid-State Reactions 

 There are also alternative methods that have the potential to 
be further studied. Bonneau et al. reported on the production 
of layered MoS 2  and MoSe 2  through rapid solid-state reactions 
between molybdenum chlorides and alkali metal chalcoge-
nides. [  52  ]  These vigorous reactions were observed to generate 
crystals instantaneously and the layered materials were simply 
separated by washing the end product. Such a process has not 
been used for directly forming exfoliated layers as of yet.   

  4. Exfoliation and Identifi cation of Layers 

 After synthesizing layered MT&Ds using the aforementioned 
methods, they can be readily exfoliated into their 2D planar 
forms. This section focuses on such exfoliation approaches and 
additionally on the procedures that are involved in identifying 
the exfoliated planes and determining the number of layers.  

 4.1. Exfoliation Mechanisms 

 This section covers the primary approaches employed in the 
exfoliation processes of layered MT&Ds. Two broadly applied 
procedures include mechanical and liquid phase exfoliation. 
In addition, a recently reported method via exposure to laser 
beams will also be discussed.  

 4.1.1. Mechanical Exfoliation  

 Mechanical exfoliation is a simple technique that has become 
the most widespread process adopted for achieving monolayers 
since the discovery of graphene. [  5  ,  68  ]  It involves the application of 
a mechanical force, e.g., using adhesive tape, to exfoliate the bulk 
materials into mono- as well as multi-layered fl akes (Figure  6 d). 
This process exploits the weakly bonded nature of the layers 
between the planes. Its main limitation is that it cannot be imple-
mented on a large scale. Successfully achieving atomically thin 
layers of    α   -MoO 3  via the application of mechanical exfoliation 
has been demonstrated. [  2  ,  3  ]  Many of the interesting properties 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 3952–3970
and applications reported for monolayered MoS 2  have also been 
achieved through mechanical exfoliation. [  5  ,  14  ]  Mechanical exfo-
liation can be considered to be the most effective technique in 
establishing proof-of-concept studies, as it produces high quality 
intrinsic 2D materials. However, for large scale fabrication of 
2D devices, other options should be explored.   

 4.1.2. Liquid Exfoliation  

 Liquid phase intercalation/exfoliation approaches have been 
explored since the early 1970s. [  69  ]  Such techniques involve 
introducing guest species in-between the gaps of the host lay-
ered materials and then separating them using various ways 
(Figure  6 c). One of the common intercalants used is lithium 
(Li). [  12  ,  64  ,  70  ]  Here, the layered materials are immersed into 
 n -butyl lithium for a particular duration to allow consistent 
intercalation of Li. Water is then added to the lithiated mate-
rial, where the intercalated Li vigorously reacts with water, 
producing lithium hydroxide and hydrogen gas, and sepa-
rating the monolayers. [  64  ]  The disadvantage of this approach 
is that sometimes the intercalation process takes several days. 
Zhang et al. have demonstrated an electrochemical alternative 
that is faster and, at the same time, offers control over the 
degree of the lithiation (Figure  6 c). [  71  ]  The intercalation pro-
cess is controlled by monitoring the galvanostatic discharge 
in the setup. 

 Re-aggregation after removing ions can be considered as 
one of the major disadvantages faced in intercalation-based 
exfoliation techniques. [  72  ,  73  ]  However, Eda et al. have reported 
the restoration of exfoliated monolayers back to their pris-
tine semiconducting state by mild annealing above 300  ° C. [  12  ]  
Coleman et al. have recently demonstrated exfoliation of lay-
ered materials in organic solvents and with aqueous surfactant 
solutions. [  73  ,  74  ]  Here, the layered materials were sonicated in a 
range of solvents and then centrifuged. The separated superna-
tant from the centrifuged dispersion was then fi ltered to obtain 
exfoliated layers. Furthermore, Yao et al. have demonstrated low 
energy ball milling followed by sonication in the production of 
large area 2D sheets. [  75  ]  Although the quality and the degree of 
exfoliation in such solvent-based approaches are not high, they 
can provide large area thin fi lms. [  73  ]    

 4.1.3. Laser Thinning  

 Steele et al. have reported a novel method for obtaining mon-
olayers of MoS 2  using laser exposure. [  76  ]  This process depends 
on the sublimation of MoS 2 , triggered by heating. In layered 
materials such as MoS 2 , the van der Waals gap plays a very 
weak role in dissipating the laser induced heat, hence, subli-
mating only the top layers in a multi-layered fl ake is possible 
(Figure  6 e). Interestingly, the perfect contact between the 
monolayers and the substrate provides a conduction path to 
dissipate the heat through the substrate, leaving the bottom 
monolayer intact (refer to  Figure    7  a,b for optical images). [  76  ]  
Utilizing this method, the authors have also demonstrated the 
fabrication of monolayers in arbitrary shapes, with the smallest 
feature size reaching approximately 200 nm. [  76  ]  Such a tech-
nique can potentially be adopted for the large-scale fabrication 
of electronic devices based on 2D materials.     
3961wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  7 .     a) Optical microscopy image of a multilayered MoS 2  fl ake exfo-
liated onto a SiO 2 /Si substrate. b) Same as in (a) after laser scanning in 
the area marked by the dashed rectangle in (a). Raman peak frequency 
map of c) E 1  2g  mode and d) A 1g  mode of a multi layered MoS 2  fl ake. 
e) Monochromic red channel optical microscope image of a few layer 
MoS 2  and f) its corresponding Raman peak frequency mapping for com-
parison. a,b) Reproduced with permission. [  76  ]  Copyright 2012, American 
Chemical Society. c,d) Reproduced with permission. [  38  ]  e,f) Reproduced 
with permission. [  77  ]   
 4.2. Identifying Monolayers 

 Following exfoliation, identifying the number of layers in the 
2D MT&Ds is a crucial step. Simple techniques for identifying 
monolayers are required to increase effi ciency of the process. 
Mechanical procedures such as scanning probe microscopy 
(SPM) and atomic force microscopy (AFM) have already been 
established in identifying such thin layers. [  68  ,  77  ]  They have a 
resolution of  < 0.02 nm that can be readily used for measuring 
step changes as small as 0.6 nm, which are on par with the fun-
damental thicknesses of MT&D monolayers. 

 As discussed in Section 2.3, Raman spectroscopy is an excel-
lent tool for identifying the layer dependent bond vibrational 
distinctions caused by lattice structural variations. The ability 
to map the wavenumber of the thickness dependent Raman 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
vibration mode ( E  1  2 g  ), offers a method to accurately identify 
the number of MoX 2  layers. Interestingly, the  A  1 g   mode is 
also dependent on the number of layers. Figure  7 c,d illustrate 
the wavenumber map of  E  1  2 g   and  A  1 g   modes of a multi-layer 
MoS 2  fl ake. [  38  ]  Note that the  E  1  2 g   map provides much greater 
clarity compared to the  A  1 g   map, in distinguishing between the 
number of layers (compare Figure  3 d insets: Optical micro-
scopic image of the corresponding fl ake). [  38  ]  Raman micro-spec-
troscopy could be highly useful in identifying the number of 
layers in small area fl akes with a spatial dimension that can be 
as small as 250 nm. 

 Optical microscopy is the most commonly adopted technique 
for identifying the number of layers of large area coverage. In 
general, the material is exfoliated onto silica on silicon (SiO 2 /
Si) substrates with a specifi c SiO 2  thickness (270 to 300 nm). 
Different layer thicknesses are then identifi ed by comparing the 
optical color contrast to previously benchmarked thicknesses. [  77  ]  
However, in certain cases the optical contrast between mono-
layer, bilayers and tri-layers tend to be ambiguous. Zhang et al. 
have reported an easier solution utilizing optical microscopy in 
combination with image analysis software ( IMAGE J ). [  77  ]  Here, 
optical microscope images of multilayered fl akes are obtained, 
and the color image is then split into three monochromic red 
(R), green (G), and blue (B) channels. Figure  7 e,f show an 
R-channel image of a multilayer large area MoS 2  fl ake and the 
corresponding Raman frequency mapping. The intensity differ-
ence between the MoS 2  layers and the substrate was observed 
to be increasing with the number of layers. [  77  ]     

 5. Applications  

 5.1. Lubricants 

 The lamellar crystal structure seen in naturally occurring com-
pounds such as micas and graphite are desirable for lubrication 
applications. Similarly, layered MoX 2  and MoO 3  are excellent 
candidates due to their lamellar structure and the weak attrac-
tion between the planes, which are governed by van der Waals 
forces. Hence, any small shear force applied along these planes 
can slide layers on top of each other. [  78  ,  79  ]  The drawbacks of 
MoX 2  and MoO 3  based lubricants are that they are sensitive to 
environmental factors (humidity and oxygen) and their hard-
ness is relatively lower than competing lubricants. [  78  ,  80  ]  Gener-
ally doping of such compounds reduces their sensitivity to the 
environment, and enhances their load bearing capacity and 
wear resistance. [  81  ]  In general, MoX 2  compounds are excellent 
lubricants in vacuum or non-oxidizing environments. 

 MoX 2  compounds are generally used either as an additive in 
liquid media [  82  ]  or as a solid lubricant coating. [  78  ,  83  ]  Sputtered 
MoS 2  and MoSe 2  on various metal substrates have been reported 
to show excellent performance as solid lubricants with better 
stability than MoTe 2 . [  78  ,  83  ]  Recently Martin et al. [  84  ]  have demon-
strated superlubricity with coeffi cients of friction on the order of 
10  − 3 , which is attributed to the interlayer Coulombic repulsive 
interactions in the lattice. [  79  ]  Oxidizing behavior of MoX 2  com-
pounds in lubricant applications has been reported to degrade 
the lubrication properties at temperatures exceeding 500  ° C, [  78  ]  
possibly due to the formation of non-layered crystal structures.   
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3952–3970
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 5.2. Electrochromic Systems 

 Layered MoO 3  electrochromic (EC) based systems, such as 
smart windows and optical displays, have been studied for 
more than three decades. [  85  ]  In these systems, the optical 
transparancy of MoO 3  can be switched reversibly and persis-
tently in the presence of an electrolyte containing positive ions 
such as H  +  , Li  +   and Na  +   by applying low voltages vs.  a reference 
electrode. As described in Section 2.3, the origin of the varia-
tion of the optical properties in MoO 3  is ascribed to the valence 
state transition of MoO 3  from 6 +  (transparent) to 5 +  (Prussian 
blue) upon positive ion intercalation. 

 Although 2D structure facilitates the spill-over of positive 
ions along the planes, which enhances the ion intercalation 
kinetics, such an advantage is offset by the smaller surface area 
in comparison with those of nanoporous surfaces. Ideally, the 
most effi cient system can be made of layered fi lms with planes 
normal to the surface of the electrodes, which is a challenging 
task to construct. To date, the best coloration effi ciency obtained 
by MoO 3  nanostructures is only up to 46.2 cm 2  C  − 1 , which is 
only one-third of the best of those made from WO 3  nanoporous 
structures (141.5 cm 2  C  − 1 ). [  86  ]  Composite MoO 3 –WO 3  thin fi lms 
with coloration effi ciencies up to 120  cm 2  C  − 1 , with high trans-
mittance and good cyclic stability, have also been reported. [  53  ]  
On the other hand, MoX 2  are generally not considered as elec-
trochromic materials as their valence states are stable at 4 + , 
which are almost impossible to be reduced to  + 3 in order to 
induce coloration.   
© 2013 WILEY-VCH Verlag G

     Figure  8 .     a) 3D Schematic illustration of a monolayer MoS 2  FET and b) its c
drain-source current ( I  DS ) vs drain-source voltage ( V  DS ) curves for Back ga
monolayer based FETs.  The  I  DS – V  TG  curves recorded for a bias voltage ran
FET fabricated with few layered MoO (3– x )  and its the corresponding thicknes
fundamental layers. e)  I  DS  vs.  V  DS  characteristics of the MoO (3–x  )  FET with v
corresponding  I  DS – V  GS  curves acquired at  V  DS  values of 20, 50, and 100 mV
Copyright 2011, Nature Publishing Group.  
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 5.3. Electronic Devices 

 As presented in Section 2.2.2, both 2D MoX 2  and MoO 3  have 
been favorite candidates in the fabrication of electronic com-
ponents, especially FETs. As discussed earlier, the ease of 
manipulation of the electronic properties through ionic doping 
and other approaches, reasonable charge carrier mobility due 
to quantum confi nement and the possibility of making both 
Schottky and ohmic contacts in the vicinity of metals make 2D 
MT&Ds favorable for the electronics industry. 

 One of the fi rst reports on 2D MoS 2  is Novoselov et al. work 
on measuring room temperature carrier mobilities on the order 
of 0.5 to 3 cm 2  V  − 1  s  − 1 . [  4  ]  More recently, Radisavljevic et al. dem-
onstrated enhanced charge carrier mobility reaching values as 
large as  ≈ 220 cm 2  V  − 1  s  − 1  for monolayered MoS 2 , comparable 
to the values achieved in doped silicon thin fi lms and graphene 
nanoribbons. [  5  ]  The use of a 30 nm thick HfO 2  layer as a high-  κ   
dielectric top gate ( Figure    8  a) was the reason for such an 
increase as was comprehensively discussed in Section 2.2.2. The 
fi eld effect characteristics of this monolayered MoS 2  transistor, 
obtained at different gate voltages are shown in Figure  8 b,c. 
Remarkable drain-source current  I  ON / I  OFF  ratios of 10 6  and 
10 8  for bias voltages of 10 mV and 500 mV, and OFF-state 
currents smaller than 100  fA indicate the high performance 
of the device. Such monolayer transistors connected in series 
have been further developed into simple logic operators, signal 
amplifi ers and even more complicated integrated circuits such 
as static random access memory (SRAM) and fi ve-stage ring 
3963wileyonlinelibrary.commbH & Co. KGaA, Weinheim

orresponding room temperature transfer characteristics, with inset showing 
te voltage ( V  GS ) values 0, 1, and 5 V. c) Field-effect measurements of MoS 2  
ging from 10 to 500 mV showing ON/OFF ratios  >  10 6 . d) AFM scan of a 
s profi le. The measured thickness of  ≈ 11 nm indicates the presence of eight 
arying back-gate voltages ( V  GS ) in steps of 0.4 V from  − 2 to  + 2 V and f) the 
. d–f) Reproduced with permission. [  2  ]   a–c) Reproduced with permission. [  5  ]  
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 oscillators. [  87  ]  Furthermore, substrate and gate dielectric engi-

neering have also been proven to result in signifi cant enhance-
ment of carrier mobilities in multilayer MoS 2 . [  31  ,  88  ]  The main 
issue with MoX 2  based FETs is the intrinsic theoretical limita-
tion of the carrier mobility in such materials that remains under 
500 cm 2  V  − 1  s  − 1 ; this still cannot quite rival that of silicon. [  5  ,  31  ]  
However in a recent report, Das et al. have shown that elimi-
nating the contact resistance effects through a novel selection 
of source/drain contacts can result in dramatic enhancement 
in carrier mobilities (700 cm 2  V  − 1  s  − 1 ) in thin layers of MoS 2 . [  89  ]   

 FETs incorporating ultrathin MoSe 2  layer, with mobilities 
of 50 cm  − 2  V  − 1  s  − 1  and ON/OFF ratios  > 10 6  have been recently 
realized. [  90  ]  In addition to FET structures, Spah et al. have 
reported heterojunction diodes achieved through van der Waals 
epitaxial growth of a  n -MoSe 2  on other  p -type TMCs (WSe 2 ). [  91  ]  
These structures have proven to be effective in diode applica-
tions since they present excellent lattice matching. 

    α   -MoO 3  has been established as a real alternative in sur-
passing the charge carrier mobility values of silicon. [  2  ]  As 
described in Section 2.2.2, its intrinsic high-  κ   provides a natural 
environment that reduces the Coloumb scattering. An AFM 
image of such a reduced    α   -MoO 3  (MoO (3– x ) ) based FET and 
its thickness profi le can be seen in Figure  8 d. Charge carrier 
mobilities exceeding 1100  cm 2  V  − 1  s  − 1  were realized in such 
structures fabricated on standard back gate SiO 2 /Si substrates. [  2  ]  
Figure  8 e,f show the fi eld effect characteristics obtained from 
this transistor. Relatively low  I  ON / I  OFF  ratios were due to the 
near metallic property of MoO (3– x )  layers at the metal semicon-
ductor interface. In addition, potassium intercalated (K  x   MoO 3 ) 
single nanowire based ultra-sensitive phototransistors, with 
 I  ON / I  OFF  ratios up to 10 4  for a broad spectral range, have also 
been recently demonstrated. [  92  ]  

 Another new application of MoS 2  has recently appeared in 
valleytronics, which involves channeling charge carriers into 
and out of valleys of set momentums. [  93  ]  The crystal structure 
of MoS 2  creates two momentum valleys that are not symmetric. 
By using polarized light, it is possible to nudge carriers pref-
erentially into one valley state or another. Due to their fast 
response, such interactions can be used in super high rate elec-
tronic and optical switches. 

 The relative abundance of MT&Ds in nature, their high 
stability, and the ease of property manipulations, render 2D 
MT&Ds one of the most promising building blocks for future 
electronic systems.   

 5.4. Battery Electrodes 

 The electrochemical properties of layered MoX 2  structures as 
electrodes for lithium ion batteries (LIB) have also been of 
growing research interest. Once again the lamellar structure 
of MoX 2  aids in alkali ion insertion in between the inter-layer 
and intra-layer spaces of these crystals. Obviously, the large 
inter-planar space in an MoX 2  lattice would be favorable to fast 
lithium intercalation and high lithium storage capacity. [  94  ]  2D 
MoS 2  obtained from exfoliation and restacking, [  94  ,  95  ]  as well as 
solvothermal synthesis routes have been reported as electrodes 
for LIBs. [  96  ]  One of the major issues faced in the use of intrinsic 
layered MoX 2  in LIBs is the lack of cycling stability and rate 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
www.MaterialsViews.com

capability limitations due to their proneness to very compact 
aggregation after repetitive cycles as well as the formation of 
gel-like polymeric layers due to electrochemically driven elec-
trolyte degradation. [  97–99  ]  Such an issue can be suppressed 
via forming composites of 2D MoX 2  with other materials. [  97  ]  
Recently, Chang et al. have demonstrated high reversible capac-
ities and cycling stability in MoS 2 /carbon-based (amorphous 
carbon and graphene) hydrothermally developed compos-
ites with uniformly dispersed 2D MoS 2 . [  98  ]  Mono- and multi-
layered MoS 2 /graphene composites were reported to have 
specifi c capacities as high as 1100 mAhg  − 1  as well as excel-
lent cycling stability. [  97  ,  100  ]  MoS 2 /reduced graphene oxide and 
mesoporous carbon composites have also been established as 
battery electrodes. [  99  ,  101  ]  Furthermore there are also reports on 
the application of MoS 2  electrodes in Mg ion batteries. [  102  ]  In 
addition to MoS 2 , other 2D MoX 2  compounds have also been 
used in LIBs. Morales et al. have successfully demonstrated the 
use of polycrystalline 2 H -MoSe 2  as a cathode material in both 
lithium and sodium cells. [  103  ]  

 The application of    α   -MoO 3  as a LIB electrode dates back to 
early 1970s. Its popularity has mainly been due to its lamellar 
structure and facile formation of intercalated states. [  104  ,  105  ]  
Detailed explanations on the structural evolution and interca-
lation of MoO 3  crystal lattice are discussed in Section 2.3 and 
also found elsewhere. [  105  ,  106  ]  Similar to MoX 2  compounds, 
intrinsic    α   -MoO 3  is outperformed by composite electrodes and 
ion doped MoO 3  structures. Mai et al. reported electroactivity 
of    α   -MoO 3  nanobelts after lithiation, which showed superior 
performance in comparison to pristine    α   -MoO 3  nanobelts. 
Excellent cycling capabilities with capacity retention rate of 92% 
were observed in lithiated nanobelts, whereas the pristine sam-
ples only exhibited up to a 60% retention rate. [  107  ]  Reports of 
   α   -MoO 3  composite electrodes with various binders show their 
excellent electrochemical properties, while bio derived sodium 
alginate has emerged as the best performing binder with 
stable specifi c capacity of approximately 800 mAhg  − 1 . [  108  ]  Fur-
ther studies have shown carbon and graphite coated    α   -MoO 3  
composites exhibit the highest achieved electrochemical perfor-
mance so far. [  109  ]  Tang et al. have demonstrated    α   -MoO 3  com-
posites electrode based rechargeable LIBs with excellent reten-
tion rates and energy densities potentially suitable for large 
power systems. [  110  ]    

 5.5. Catalysts 

 Layered MT&Ds have been widely used in catalysis in their 
pristine forms as well as doped and composite forms. [  111  ]  MoS 2  
nanostructures have been commonly used as catalysts in cata-
lytic reactions such as hydrodesulphurization (HDS) and more 
recently for hydrogen evolution reactions (HERs). [  112  ,  113  ]  The 
catalytic activity is generally attributed to the unsaturated sites 
at the particle edge surfaces, parallel to the hexagonal axis of 
lamellar MoS 2  structures. [  114  ,  115  ]  For HERs, a systematic investi-
gation of surface sites on MoS 2  nanoparticles of Au (111) have 
revealed that hydrogen evolution correlates linearly with the 
number of edge site on the MoS 2  catalyst. [  113  ]  Hence, the key fac-
tors for optimization of the HER activity in MoS 2  are increasing 
the catalytic activity of the active sites, enhancing the number 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3952–3970
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of active sites (MoS 2  layer edges, therefore the applications of 
structures such as nanoribbons are advised) and increasing 
the electrical contact to the active sites (which is provided by 
the planar routes for electrons within the 2D structure). The 
integration of layered MoX 2  with the morphologically compat-
ible graphene has also shown promise in increasing the cata-
lytic activity. Li et al. have demonstrated that few layered MoS 2  
structures synthesized on graphene sheets show enhanced elec-
trocatalytic activity in HERs which has been attributed to the 
abundance of exposed MoS 2  edges on graphene and their excel-
lent electrical coupling. [  116  ]  Additionally, exfoliated MoSe 2  has 
also been established as an electro-catalyst in Pt/MoO  x  /MoSe 2  
electrode structures. [  117  ]  

 MoO 3  has been widely adopted as a catalyst in dehydrogena-
tion of gaseous organic compounds. Monolayer molybdenum 
oxide on alumina (MoO 3 /Al 2 O 3 ) has been reported to be a good 
catalyst in the dehydrogenation of cyclohexene and pyridine. [  118  ]  
Increased catalysis by alkali contributors in similar MoO 3 /TiO 2  
systems for dehydrogenation of propene has also been dem-
onstrated. [  119  ]  Solid state catalysis based on MoO 3  has been 
reported to be a viable option for industrial scale formaldehyde 
production through the oxidation of gaseous methanol. [  120  ]  In 
addition, HDS catalysis and selective catalytic reduction based 
on MoO 3 /Al 2 O 3  and MoO 3 /TiO 2  have been demonstrated. [  121  ]  
Other reports include supported MoO 3  on metal oxides such 
as SiO 2 , TiO 2 , ZrO 2 , and Nb 2 O 5  adopted for various catalytic 
applications. [  122  ]  

 MoX 2  and MoO 3  have also been incorporated as photocata-
lysts. The bandgap of MoO 3  is slightly larger than its more 
stable rivals such as WO 3  ( ≈ 2.7 eV). [  19  ]  As a result, despite 
showing promise, in its intrinsic form MoO 3  cannot surpass 
the performance of WO 3 . Interestingly, using intercalation, 
the bandgap of MoO 3  can be reduced to cover a wide range of 
the visible and infra-red spectrum. Yet, much research needs 
to be conducted to obtain stable intercalated MoO 3  or WO 3  for 
such applications. Amongst MoX 2 , MoS 2  has been increasingly 
studied in photocatalytic applications. The MoS 2  band position 
is slightly more positive than that for HER. [  123  ]  As such, MoS 2  is 
a possible candidate for HER, if only the conduction band can 
be pushed to slightly more negative values. This means that 
MoS 2  would only evolve hydrogen if quantum confi nement is 
introduced. [  124  ]    

 5.6. Optical Devices 

 Layered MoX 2  are possible candidates for developing different 
types of optical devices, including solar cells based on photo-
electrochemical (PEC), junction and organic technologies, sem-
iconducting optical devices such as photo- and light emitting 
diodes. 

 MoX 2  are used in PECs solar cells, due to their inherent 
resistive nature to photo-corrosion and energy bandgaps com-
parable to that of silicon that covers a large solar spectrum. [  125  ]  A 
good example is the work by Pathak et al. who developed MoSe 2  
based PECs cells by dipping the semiconductor electrodes in an 
ionic electrolyte forming a Schottky interface around which the 
photo generated electrons are harvested. The effi ciency of such 
PEC solar cells is still much lower than ideal. The best electrode 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 3952–3970
structures are those consisting of large surface areas with paths 
of minimum charge carrier scattering to increase the effi ciency. 
Obviously, the best candidates will be vertically oriented planes 
of MoX 2 , which are still challenging to create. 

 MoS 2  has also been incorporated as counter electrode cata-
lysts in dye-sensitized solar cells (DSSCs). Signifi cant conver-
sion effi ciencies of up to 7.59% have been observed similar 
to that of DSSCs with Pt counter electrodes. [  126  ]  Composite 
structures such as MoS 2 -—carbon/carbon nanotubes, MoS 2 —
graphene nanosheets have also been established as Pt-free 
counter electrode in DSSCs. [  127  ,  128  ]  Relatively higher conversion 
effi ciencies achieved in such structures (up to 7.69%), favoring 
the usage of low-cost MoS 2 –carbon hybrid structures as Pt-free 
counter electrodes in DSSCs. [  128  ]  

 MoSe 2  also plays an essential role in increasing the effi ciency 
of Cu(In,Ga)Se 2  (CIGS) based thin fi lm solar cells with Mo (or 
possibly ITO—indium tin oxide) as the back electrode. [  129  ,  130  ]  
CIGS photovoltaic devices are favorable because of their high 
absorption coeffi cient reaching 19.9%. [  129  ]  It is suggested 
that Mo/MoSe 2 /CIGS quasi-ohmic with the interface layer of 
MoSe 2 , [  129  ]  has an increased conversion effi ciency in compar-
ison to Mo (or ITO)/MoSe 2 /CIGS due to both reduced recom-
bination and ohmic contact resistance, owing to the interface 
MoSe 2  layer. [  130  ]  

 MoO 3  has been extensively used in organic photovoltaics 
(OPVs) and organic light emitting diodes (OLEDs). [  131  ]  The 
MoO 3  nano-thin interfacial fi lms are commonly used as hole 
injection/extraction, [  132  ]  and charge generation/recombination 
layers. [  131  ,  133  ,  134  ]  MoO 3 /organic interfaces offer effective hole 
current to electron current conversion. MoO 3  has an electronic 
structure that is compatible to those of many organic semicon-
ductors, it has low optical absorption in the visible spectrum 
(bandgap  ≈  3 eV) and a high work function. [  131  ,  135  ]  Further-
more, the stability of MoO 3  offers protection for organic coat-
ings from dissolving during further processing. [  131  ,  134  ]  Recent 
comprehensive reviews on the mechanisms and usage of MoO 3  
in OPVs are found elsewhere. [  131  ]    

 5.7. Sensors 

 2D MT&Ds offer great potential for the development of highly 
sensitive and low cost sensors. This includes optical, gas, bio, 
electrochemical and electromechanical sensors. The tunability 
of the bandgap allows for the fabrication of photodiodes and 
phototransistors that are engineered to almost any desired 
wavelengths in the UV, visible and IR regions. FETs based on 
2D MoS 2  have been demonstrated as phototransistors. [  13  ,  136  ]  
Voltage transfer curves and dynamic responses of such 
phototransistors are presented in  Figure    9  . Single-layer MoS 2  
is tuned to the energy bandgap of 1.8 eV, while the bandgap of 
double- and triple-layered MoS 2  is reduced to 1.65 and 1.35 eV, 
respectively.  

 Sensors based on 2D MT&Ds offer great possibilities for 
developing highly sensitive, semiconductive gas detection sys-
tems. Their remarkable sensitivity is based on the fact that the 
2D layers are very sensitive to embedded Coloumbic charges. 
It is well-known that gas and vapor molecules can reduce or 
oxidize MT&Ds hence, this results in both a change of carrier 
3965wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  9 .     Schematic 3D view of monolayer MoS 2  phototransistor, with thick Al 2 O 3  (50 nm) dielectric, and ITO topgate under monochromatic light. 
Respective photocurrent dynamics of a) mono-, b) bi-, and c) tri-layer MoS 2  transistors under monochromatic red and green lights. d) Dark and photo 
induced VTC curves of a photo-inverter composed of serially connected resistor and bilayer MoS 2  transistor (see the inset for the circuit). e) Voltage 
dynamics of the resistive type photo-inverter under monochromatic red and green lights. Reproduced with permission. [  13  ]  Copyright 2012, American 
Chemical Society.  
charge mobility (according to  Equation (1) ) and carrier concen-
tration. These, in turn, change the conductivity of each layer, 
which can be readily measured. This effect can also be used in 
the development of sensitive electrochemical transducers. The 
Born approximation equation also suggests that the 2D fi lms 
will be extremely sensitive to the materials that are adsorbed 
onto their surfaces and generate roughness changes. Biomate-
rials such as proteins, when adsorbed onto the surface of the 
2D layers, change both the surface roughness and the permit-
tivity, therefore causing changes in the electronic properties of 
each layer. Along these lines, it has been shown that 2D MT&D 
based sensors are highly sensitive to toxic gases and pollut-
ants, as well as various chemical and biological agents. [  137  ,  138  ]  
Zang et al. have demonstrated the applicability of single and 
multilayered MoS 2  FETs as room temperature highly sensitive 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
(detection limit of 0.8  ppm) NO gas sensors. [  138  ]  More recently, 
they have also developed fl exible gas sensor arrays for detecting 
NO 2 , based on MoS 2  thin fi lm transistors with reduced gra-
phene oxide electrodes. [  137  ]  Highly selective chemical vapor 
sensing properties towards organic compounds have also been 
reported in monolayered MoS 2 . [  139  ]  Furthermore, the addition of 
well-known catalysts such as Pt or Au onto the surface of the 
2D layer increases the sensitivity. Electrochemically reduced 
monolayer MoS 2  nanosheets with good conductivity, supe-
rior electron transfer rates and high electrochemical activity 
have been successfully used for detecting glucose and biomol-
ecules. [  140  ]  In addition, they have also demonstrated selectivity 
towards dopamine in the presence of ascorbic acid and uric acid. 

    α   -MoO 3  has been extensively studied in gas sensing appli-
cations, having noticeable surface sensitivity to both reducing 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3952–3970
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and oxidizing gases at elevated operating temperatures. Its 
sensing activity originates from chemisorbed gas species and 
changes in either intercalation or degree of stoichiometry.    α   -
MoO 3  thin fi lms have been demonstrated to be highly sensitive 
towards various gas species including CO, H 2  NO, NO 2 , and 
NH 3  at the operating temperature range of 200–300  ° C. [  49  ,  141  ,  142  ]  
However, above this temperature range, operation is not viable 
for sensing applications due to the low sublimation point of 
MoO 3 . [  141  ]  Surface acoustic wave (SAW) gas sensors incorpo-
rating MoO 3  nano-platelet layers have shown excellent room-
temperature sensitivity for methanol detection. [  143  ]  It has also 
been established as a H 2  sensor, as    α   -MoO 3  shows excellent 
gasochromic characteristics. [  144  ]  In addition, doped and com-
posite    α   -MoO 3  structures have also been demonstrated to 
detect H 2 S, NO 2 , O 3 , and volatile organic compounds such as 
methanol and ethanol. [  145  ]  

 As described in previous sections, electric fi eld and mechan-
ical stress can also change the electronic structure and vibra-
tional modes of low dimensional MT&Ds. The full incorpora-
tion of such properties into the development of sensors and 
actuators has yet to be fully explored.   

 5.8. Superconductivity 

 Low temperature superconductivity in MT&Ds has been 
studied since the 1970s. [  146  ]  The easily tunable band structure 
and the lamellar layered nature of these crystals have estab-
lished them as potentially viable for applications in supercon-
ductivity. As discussed earlier, layered MDs’ band structures 
can be easily manipulated from semiconductor to metallic by 
various methods and such a transition at low temperatures was 
observed to induce superconductivity. In early studies Woolam 
et al. reported that various alkali metal intercalated MoS 2  com-
pounds exhibit superconductivity at temperatures around 
7 K. [  146  ]  They suggested that the materials with the largest ionic 
intercalant diameters and hexagonal crystal structures have the 
highest critical temperatures and critical fi elds in comparison 
to smaller intercalants. Further studies based on potassium 
(K) and rubidium (Rb) intercalated MoS 2  have also revealed 
superconducting behaviour at temperatures ranging from 
8–12 K. [  147  ,  148  ]  This behaviour is attributed to the transfer of 
electrons from the intercalant to the unfi lled  d  band of the 
MoS 2  structure. [  148  ]  More recently, Taniguchi et al .  have demon-
strated electric fi eld induced superconductivity in MoS 2  struc-
tures (at 9.4 K). [  149  ]  Additionally, MoO 3  has been adopted as a 
composite additive in the cuprate superconductor YBa 2 Cu 3 O  y   to 
enhance its semiconducting temperatures. [  150  ]  The possibilities 
of higher temperature-higher fi eld superconductors via other 
intercalants in MT&Ds have yet to be explored.    

 6. Conclusions and Future Outlook 

 We have presented the fundamentals of lamellar MT&Ds and 
their properties when they are exfoliated into mono- or multi-
layered planes. These materials offer numerous advantages 
including relative abundance in nature, relative natural sta-
bility, a large number of well-investigated synthesis techniques, 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 3952–3970
perfect crystallinity within planar directions, and the possibility 
of creating crystals with desired stoichiometry. We have demon-
strated how their electronic structures such as bandgap can be 
tuned using a variety of chemical and physical means, including 
electric, mechanical, and electrochemical forces. When MT&Ds 
are exfoliated into mono- or limited layers they can restrain the 
motion of electric charges within the planes, showing strong 
quantum confi nement in the direction normal to the surface of 
the layers. As such they become extremely sensitive to mechan-
ical, chemical and electrical stimuli in low planar dimensions, 
which can be used for the development of a variety of trans-
ducers. Electronic, optical, thermal, catalytic, electrochromic, 
magnetic and superconductive properties reported to date have 
also been summarized. The possible thickness dependence of 
properties such as bandgap, change in the mobility of electric 
charges and vibrational modes and their high degree of tun-
ability allow for the creation of functional optical, mechanical, 
and electronic materials with applications in electronic devices, 
optoelectronics, nanoelectromechanical (NEMS) systems and 
sensors. More detailed investigations should be conducted to 
provide further insights. 

 We believe that this is just the beginning of a new era for 
planar MT&Ds. They will certainly play increasingly more 
important roles in research of semiconductors and possibly 
become a rival to silicon in certain applications. Their structure 
is compatible with 2D graphene with the extra advantage that 
they also provide an intrinsic bandgap, necessary for forming 
functional FETs and optical devices. It is possible to form com-
posite planar materials with various electronic properties that 
offer extraordinary superlattice structures with remarkable 
functionalities. 

 Perhaps the most promising future applications of low-
dimensional MT&Ds are in the electronics industry. To date 
both MoX 2  and MoO 3  thin layers have shown their potential 
for the creation of FETs with mobilities comparable (for MoX 2 ) 
and almost larger (for sub stoichiometric MoO 3 ) than those of 
silicon. It is quite possible to break the current records of elec-
tron mobility by one or two orders of magnitudes via dielec-
tric engineering and creating multi-layers of different metal 
chalcogenides into high electron mobility transistor (HEMT) 
structures. It is envisaged that by using a layer as the electron 
injection media and the other layers as the media for mobile 
charge carriers at low scattering, effi cient HEMT structures are 
possible. 

 These MT&Ds can provide great solutions for energy storage 
due to their layered nature that allows for a large number of 
ions to be intercalated and stored within their lattice. Their 
planar structure also allows for the fast movement of these ions 
in and out, which provide facile access and high-energy release 
rates needed for industrial devices. 

 The NEMS properties of lamellar and low-dimensional 
MT&Ds have been less studied. They certainly have the poten-
tial to be used in micro/nano mechanical systems for the crea-
tion of highly sensitive sensors and low dimensional actuators. 

 There are many more applications that can be considered 
and are yet to be investigated. The versatilities of lamellar 
and low-dimensional planar MT&Ds are extraordinary, which 
demand intensive and more focused studies in this vibrant and 
rapidly growing fi eld.  
3967wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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