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Grafeno: a física na ponta de 
um lápis?



O grafeno é uma folha de 
grafite de espessura atômica



O Grafite é formado por camadas de 
átomos de carbono dispostos numa
estrutura hexagonal



O grafeno é uma única camada atômica 
formada por átomos de carbono

Imagem de microscopia 
eletrônica de alta resolução



Carbono – 6 elétrons - 1s2, 2s2, 2p2

sp3 sp2 sp



Materiais de carbono

sp3 sp2

Diamante Grafite

Elétricas: o diamante é isolante e 
o grafite é condutor de eletricidade

Térmicas: o diamante e o grafite têm a maior condutividade 
térmica, e apresentam o mais alto ponto de fusão.

Mecânicas: o grafite é o material mais 
rígido e o diamante é o mais duro.



O grafeno Grafeno



Nanotubo de Carbono
Sumio Iijima, Nature, 354, 56 (1991)

Os nanotubos podem ser metálicos ou semicondutores
dependendo unicamente de como a folha de grafeno é enrolada.

Grafeno enrolado na forma de um 
cilindro com diâmetro médio de 1 nm.



Nanotubos de carbono (nanotubos de grafeno)



• Misturas muito homogêneas

• Armanenamento de gases e cargas

• Sensores de gases, químicos e biológicos

1 g de grafeno tem a área de 1300 m2

Anodos de bateria de ion Li

O grafeno é um material bi-dimensional
• Não tem volume
• Todos os átomos estão na superfície

Sensor de gases
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O grafeno é um material bi-dimensional
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Sensor de gases



P E T E R  B Ø G G I L D

Graphite is composed of layers of carbon 
atoms just a single atom in thickness, 
known as graphene sheets, to which 

it owes many of its remarkable properties. 
When the thickness of graphite flakes is 
reduced to just a few graphene layers, some 
of the mater ial’s technologically most impor-
tant characteristics are greatly enhanced — 
such as the total surface area per gram, and 
the mechanical flexibility of the individual 
flakes. In other words, graphene is more than 
just thin graphite. Unfortunately, it seems that 
many graphene producers either do not know 
or do not care about this. Writing in Advanced 
Materials, Kauling et al.1 report a systematic 
study of graphene from 60 producers, and find 
that many highly priced graphene products 
consist mostly of graphite powder.

Imagine a world in which antibiotics could 
be sold by anybody, and were not subject to 
quality standards and regulations. Many 
people would be afraid to use them because 
of the potential side effects, or because they 
had no faith that they would work, with 
potentially fatal consequences. For emerg-
ing nano materials such as graphene, a lack of 
standards is creating a situation that, although 

not deadly, is similarly unacceptable.
One of the most well-established methods 

for producing graphene for commercial appli-
cations is liquid-phase exfoliation2 (LPE) — a 
process that involves milling graphite into 
a powder, and separating the particles into 
tiny flakes by applying mechanical forces in a 
liquid. Those precious flakes that contain just a 
few layers of graphene are then separated from 
the rest (Fig. 1). Graphene produced in this 
way has a huge number of potential applica-
tions, including battery technology, composite 
materials and solar cells. The LPE of graphite 
was first achieved using sonication to produce 
the flakes3, and later work showed that even a 
kitchen blender4 can be used to create violent 
turbulent forces that pull graphene sheets apart 
without destroying them.

But how thin must graphite flakes be to 
behave as graphene? A common idea, backed 
up5 by the International Organization for 
Standardization (ISO), is that flakes contain-
ing more than ten graphene layers are basically 
graphite. This seemingly arbitrary threshold 
has some basis in physics, as Kauling et al. 
note. For example, thermodynamic consid-
erations dictate that each layer of atoms in a 
flake of ten or fewer layers behaves as an indi-
vidual graphene crystal at room temperature. 

M AT E R I A L S  S C I E N C E

The war on 
fake graphene
The material graphene has a vast number of potential applications — but a survey 
of commercially available graphene samples reveals that research could be 
undermined by the poor quality of the available material.

reduction of food-chain waste from field to 
plate. It is estimated that up to one-third of 
food doesn’t reach the market (Fig. 1) or is dis-
carded after purchase9.  Reducing this waste 
would increase food availability without the 
need for extra food production.

Springmann and colleagues conclude that 
an intervention in only one of the three cat-
egories they analysed would not achieve 
planetary sustainability across all five of the 
environmental domains that they assessed. 
Instead, a bundle of interventions in all three 
categories would be needed to ensure that 
the global food system could be sustainably 
supported by the planet in 2050. They found 
that the projected greenhouse-gas emissions 
from agriculture would not be supportable 
unless global meat consumption was reduced. 
They also report that the expansion of crop-
land and water use would be best counteracted 
by improvements in agricultural technolo-
gies and management approaches that bring 
farming yields closer to the maximum yield 
efficiency that is ecologically possible. In addi-
tion, their analysis indicates that achieving 
fertilizer-use reduction would require a com-
bination of measures that improve farming 
practices and decrease food demand.

There are some caveats regarding Spring-
mann and colleagues’ scenarios. For example, 
they did not take climate-change effects into 
account in their projections of future agricul-
tural production, and such impacts should be 
a priority for future analysis. Also, the authors’ 
analysis did not consider the world’s grassland 
areas, even though they represent more than 
double the area of global cropland10. These 
grassland areas should be considered when 
setting planetary boundaries for land use. 
Moreover, Springmann and colleagues’ study 
analyses only the environmental impacts of 
cropland-based food production — it doesn’t 
assess how to balance these impacts with those 
in sectors such as energy, transport or industry.

Nevertheless, the authors’ analysis is 
valuable and informative for the discussion 
about how to achieve a sustainable food system 
that meets future needs, even if some of the 
planetary-boundary values they used have 
large uncertainty ranges11. In addition, any 
proposed interventions should not be imple-
mented using a one-size-fits-all approach. 
Instead, any regulatory frameworks and incen-
tives will need to be tailored to the needs of a 
given region, whether this means investments 
in education, health-service access, land-use 
regulations or water allocation, for example. 

Springmann and colleagues also did not 
address certain key issues that are needed to 
develop a resilient agricultural system. The 
rights of access to land and natural resources, 
and the long-term security of those rights, is 
needed to motivate investments by farmers. 
Farmers could also be helped by improvements 
in transport, finance and communication infra-
structure that enable them to access advanced 
technologies, minimize their production risks 

and target their production for local or inter-
national markets.

A recent report12 by the Food and Agri-
culture Organization of the United Nations 
concludes that environmental sustainability 
and food security can go hand in hand by 2050, 
but that substantial investments are needed to 
transform the global food system. Political and 
public commitment will be essential to ensure 
increases in budgets for the development of 
international agriculture.

Food demand and food production are 
two sides of the global food-system equation. 
Springmann and colleagues’ work provides 
a timely warning that interventions will be 
needed in both domains to achieve food 
security in the future, and to ensure that the 
environmental impacts of the food-production 
system remain within boundaries that Earth 
can sustain. ■
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Grafeno: fatos e mitos
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Your source for the latest research news

Solution in fight against fake graphene
Date:
November 13, 2018
Source:
National University of Singapore
Summary:
A new study has uncovered a major problem - a lack of graphene production standards has led to many
cases of poor quality products from suppliers. Such practices can impede the progress of research that
depend fundamentally on the use of high-quality graphene.

FULL STORY

Ever since the isolation of graphene was first achieved in 2004, there has been an explosion in
graphene-related research and development, with hundreds of business opportunists producing
graphene to capitalise on this rapidly expanding industry. However, a new study by researchers
from the National University of Singapore (NUS) has uncovered a major problem -- a lack of
production standards has led to many cases of poor quality graphene from suppliers. Such
practices can impede the progress of research that depend fundamentally on the use of high-
quality graphene.

advertisement

"It is alarming to uncover that producers are labelling black powders as graphene and selling them for top
dollar, while in reality, they contain mostly cheap graphite. There is a strong need to set up stringent
standards for graphene characterisation and production to create a healthy and reliable graphene market
worldwide," said Professor Antonio Castro Neto, Director of the NUS Centre for Advanced 2D Materials,
who led the study.

The results of the study were published in the journal Advanced Materials on 13 September 2018.

How to tell a graphene flake from a graphene fake

Graphene has been tipped as the miracle material of the future due to its remarkable properties. Despite
being the thinnest material on Earth, it is 200 times stronger than steel. At just one atom thick, it is also an
incredible electrical conductor, but remains light, flexible, and is transparent. Therefore, graphene is finding
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A conclusion that sounds even more damming is that "our extensive studies of
graphene production worldwide indicate that there is almost no high quality graphene,
as defined by ISO, in the market yet."

The team also points out that a large number of the samples on the market labelled as
graphene are actually graphene oxide and reduced graphene oxide. Furthermore,
carbon content analysis shows that in many cases there is substantial contamination of
the samples and a large number of companies produce material a with low carbon
content. Contamination has many possible sources but most likely, it arises from the
chemicals used in the processes.

Contamination also affects the number of sp  bonds. The study found that "crystalline
graphene should have 100% sp  bonds. However, we were not able to find, in any of
the companies studied, a sample with more than 60% sp  bonds."

Among the established methods for commercial graphene production, liquid-phase
exfoliation (LPE) of graphite is one of the methods used most frequently. The
mechanism behind LPE is based on the fact that graphite is a layered material and
essentially can be seen as individual graphene crystals stacked one on top of each
other.

The LPE process involves milling graphite into a powder, and separating the particles
into tiny flakes by applying mechanical forces in a liquid. The graphene-containing
flakes are then separated from the remaining material.

Liquid-phase exfoliation schematic process. In the chemical reactor of LPE the lighter

products such as stacks with very few layers float to the top of the solution while the

heavier products such as graphite remain at the bottom of the reactor (there are

many practical ways how to achieve it, including gravimetric, centrifugation, etc.). It

is possible to extract each product and repeat the process several times to get higher

concentration of monolayers but this, of course, impacts on cost. (© Nature)
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Como produzir o grafeno?



Novoselov e Geim, 2004

Grafeno: esfoliação mecânica de grafite



Esfoliação química

Tensão de cisalhamento

Grafeno: esfoliação química de grafite



Produção de grafeno por deposição
química da fase vapor (CVD)



Prof. Luiz Orlando Ladeira 
Produção de nanotubos por arco elétrico.

Produção de nanotubos de carbono na UFMG
2000

Produção de nanotubos por CVD.

2003

2017



Para que serve o grafeno?



Aplicações

• Eletrônicas: Alta mobilidade eletrônica, baixo ruido, 
frequências de 100 GHz, sensores, eletrônica analógica

• Ópticas: filmes condutores transparentes, absorvedores
saturaveis

• Mecânicas: materiais compósitos rígidos e resistentes, 
NEMS sensores de pressão

• Térmicas: aumento da condutividade térmica de 
materiais compósitos

• Energia: supercapacitores, baterias



Nanocompósitos: mistura de grafeno ou nanotubos
com materiais convencionais (polímeros, cerâmicas, 
etc.) propriedades mecânicas, térmicas, eletricas, etc.

Aço Grafeno

E(GPa) 200 1000

T(GPa) 0.4 130



Grafeno em super e ultra capacitores



Os elétrons no grafeno



Rede cristalina

G
K

K’

Bandas de energia dos eletrons no grafeno

nível de FermiEnergia

Vetor de onda

Rede recíproca e 
zona de Brilloin



Eletrodos condutores transparentes

π α ≈ 2.3%                     

Constante de           
estrutura finaα =

e2

c
=

1
137

5/13/13 6:04 PMGraphene films by the roll - Plenty of Room Blog | Nature Publishing Group

Page 2 of 4http://blogs.nature.com/wpok/2010/07/graphene_films_by_the_roll.html

Graphene grown on a flexible copper foil is adhered to a polymer support layer by passing through rollers.
The copper is then etched away, before the graphene layer is transferred from the polymer support layer
onto the target substrate. These films form transparent and flexible electrodes, and were demonstrated in a
touch-screen panel device:

The authors anticipate commercial production of large-scale transparent electrodes replacing the
conventional use of indium tin oxide in a variety of applications, such as solar cells, touch sensors, and
flat panel displays. This work is interesting because it incorporates the fast-growing emerging fields of
graphene and flexible electronics. The large scale production of an interesting material with important
technological applications, makes it all the more impressive.

Posted by Wilson Pok on Jul 12, 2010 Permalink | No Comments | No TrackBacks

No TrackBacks
TrackBack URL: http://blogs.nature.com/cgi-bin/mt4/mt-tb.cgi/9659

Add your own comment
Please keep your comment brief. Excessively long or offensively phrased entries will be edited.

Comments (You may use HTML tags for style)

Cada camada de grafeno absorve 2,3% da luz



Sensores de gases de grafeno
Rodrigo G. Lacerda e colaboradores (UFMG)



Momentum

Banda de
valência

Banda de
condução

Banda de
valência

EnergiaO Cone de Dirac



Equação de Dirac: partícula spin 1/2
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Equação de Dirac: partícula spin 1/2



Monocamada de grafeno
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Dispositivos eletrônicos de grafeno

Novoselov et al, Science 306, 666 (2004)

1 µm

SiO2

Si

Au contacts

GRAPHENE

r
(k
W

)

Vg (V)



Bicamada de grafeno
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Bicamadas de grafeno rodadas
(Twisted bilayer graphene)

3 
 

cRPbLQLQg   WKeP   LQWR   a   WZR-dLPeQVLRQaO   SORW,   aV   VKRZQ   LQ   FLgXUe   2a.   BRWK   WKe   EA   aQd   EB   feaWXUeV  
LQdLcaWed   LQ  FLgXUe  1   aUe   cOeaUO\  YLVLbOe   aW   aOO   aQgOeV,   aQd   WKe   WZR  SeaNV   eacK   OLe  RQ   VLQgOe,  PRQRWRQLc  
cXUYeV  (VROLd  OLQeV  deQRWed  aV  EA  aQd  EB,  FLgXUe  2a)  LQ  eQeUg\  YV.  ș.   
 
TKeVe  WZR  SeaNV  cRUUeVSRQd  WR  WKe  LQWeUOa\eU  YHSV  LQ  WBLG  baQdV1,20.  BULefO\,  WKe  baQd  VWUXcWXUe  Rf  WBLG  
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FIG. 3. (a) Band structures for twisted bilayer graphene under compression ✏ from the ab initio tight-binding model. The
flat-band regime is achieved at 5% compression for a twist angle of 1.47�, and at 10% compression for a twist angle of 2.00�.
(b) The two coupled Dirac cones, shifted in momentum space due to the twist, and with interlayer coupling strength �0, are
shown schematically. (c) Critical values of the compression parameter ✏ as a function of twist angle. The bandwidth of the
eight bands closest to the Fermi level at the � point, �E�, is shown in color with white representing the small bandwidth of
the flat bands. The dashed red line gives the expected value of the compression to cause flat bands (see text for details).

eter of the interlayer coupling, �0, and reduce the linear
and quadratic terms by 8%. Additional parameters for
the interlayer coupling beyond �0 are required to describe
the pressure e↵ects accurately, such as the angular distri-
bution and range of the coupling. Their inclusion in the
model would a↵ect the interlayer coupling in k ·p theory,
leading to this small correction. The corrected values are
t[0,1,2] = [0.310, 1.731, 7.122] eV.

As a final ingredient to enhance the reliability of the
theoretical model, we use the distance dependent inter-
layer coupling to examine the e↵ects of atomic relaxation
in tBLG systems at 0 pressure. The uncompressed bi-
layer exhibits significant relaxation at a twist angle of
approximately 1�6,26,27. This causes important changes
to the low-energy bandstructure28. Just as compression
enhances electronic coupling between the layers, it also
enhances atomistic coupling. At large compression, sig-
nificant relaxation is likely to occur at larger angles, in-
cluding those that lead to flat bands under external pres-
sure.

In Fig. 4 we present our ab-initio tight-binding band-
structure results for tBLG with and without relaxation.
The relaxation is taken into account by using a con-
tinuum model that uses only DFT values from gener-
alized stacking fault calculations29 adapted for twisted
systems30. This model relaxes both the in-plane and the
out-of-plane positions of the atoms and updates the in-

terlayer coupling accordingly. The structure of the flat
bands and the size of the single-particle gaps change with
this correction, indicating that experimental study of cor-
relation e↵ects can depend sensitively on the sample’s
environment and substrate e↵ects. We find that relax-
ation increases the dispersion of the low energy bands
and increases the gaps on both sides to roughly 50 meV
near the magic angle, which is in good agreement with
experiment2,3. At larger angles the relaxation is less ex-
treme, and the gap size decreases with increasing an-
gle. Near 2� the gaps are almost completely gone as the
unrelaxed and relaxed bilayer geometry become similar.
Quantifying the degree of relaxation in experimental de-
vices will be an important ingredient for understanding
the low energy electronic structure, and thus the super-
conductivity phenomenon, in graphene.

In conclusion, we have studied the behavior of flat
bands induced by magic angle twist in bilayer graphene
as a function of external pressure. The height depen-
dent coupling allows for accurate band structure calcula-
tion for relaxed systems, showing that relaxation can play
an important role in interpreting the low energy states
of twisted bilayer graphene. We demonstrated how the
pressure may be used to produce correlated behavior,
identified by the presence of flat bands at twist angles
that increase with increasing pressure. The larger twist
angles lead to a moiré cell of smaller size, which is likely
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Beyond Graphene
Materials in reduced dimensions behave vastly distinct from their bulk counterparts,
especially when they come to few-atom-thick, and trigger great interests for both
fundamental and applied scientific research.

Two-dimensional (2D) materials such as nitrides,
sulfides, selenides, tellurides, and layered oxides
into two-dimensional atomic sheets. Earlier
theoretical and experimental works have shown
that unprecedented physical properties were also
possible in most of the layered materials by
reducing the thickness of their three-dimensional
crystal arrangements, like h-BN and MoS2 those
are starting to become another fascinating
materials in this area. They show a rich variety of
physical properties that enable numerous
possible technological applications in the fields of
nano-electronics, optical devices, catalysis,

high-performance composite, lubrication etc.

Zheng Liu's Research Group - Home http://www.ntu.edu.sg/home/z.liu/

1 de 1 7/3/16, 21:53

 

 

10. Koenig, S. P., Doganov, R. A., Schmidt, H., Castro Neto, A. H., & Oezyilmaz, B. 

arXiv:1402.5718 (2014). 

 

 

 

 

Figure 1 | a, The layered and anisotropic crystal structure of elemental black 

phosphorus. b, Band gap energies of several layered materials used for 

nanoelectronics. The ranges for each material span the values achieved through a 

variety of means, including perpendicular electric field, film thickness and strain. 

Novos materiais bi-dimensionais (2D)



Dicalcogenetos de metais de transição MX2

MoS2, WS2, 
MoSe2, WSe2, 
MoTe2, TaS2, 
NbS2, TiS2, etc

achieve single-base resolution in electronic DNA sequencing
due to the atomic thickness of the graphene plane as well as its
ultrasensitivity to conductance change.12−14 This idea was
proposed in 2009 by Xu et al.,12 and later numerical simulations
revealed that graphene-based nanopores of approximately 1.0−
1.6 nm can rapidly read out sequences of individual DNA
molecules with 100% accuracy.118,119 Nanopore-based DNA
sequencing technologies may soon allow the entire DNA
sequence to be read in one go, rather than cut apart, deciphered
in brief fragments, and painstakingly reassembled.120 It has
been shown that the ionic current passing through the
graphene nanopores is sensitive to the nanopore diameter.121

Surely, it could be argued that the detection of ionic current
blockade based on the nanopores is much simpler than the
detection of the tunneling current of the bases in a DNA strand
using conducting probes.122,123 Taking into consideration the
π−π interaction of the DNA molecules with the graphene
plane124 and the edge effect,125 we are now exploring h-BN
nanopores for DNA sequencing based on an ionic current
blockade strategy by using a monolayer thickness of 0.34 nm,
and the inert, insulating, and flat properties of h-BN. In
principle, all layered 2D sheets could be exploited for DNA
sequencing if the thickness of the monolayer, bilayer, or few-
layer of the 2D layers matches the resolution as well as other
requirements.

3. LAYERED TRANSITION METAL DICHALCOGENIDES

3.1. Electronic and Magnetic Properties of Pristine TMDs

3D MX2 compounds constitute one of the most interesting
classes of materials. They display a wide range of important
properties such as semiconductivity, half-metallic magnetism,126

superconductivity,127 or charge density wave,128 as well as
having applications in various areas including lubrication,129

catalysis,130 photovoltaics,131 supercapacitors,132 and recharge-
able battery systems.133,134 Layered TMD crystals have two
hexagonal lattices of MX2 sandwiches which depend on the
coordination of the transition metal atom by the chalcogens.20

In 2H-MX2, the coordination (honeycombs) is trigonal
prismatic with a D3h point group symmetry and the
coordination in 1T-MX2 is octahedral (centered honeycombs)
with a C3v symmetry135 (see Figure 3).
Depending on the coordination and oxidation state of the

metal atoms, layered TMDs can be semiconducting (e.g., M =
Mo, W) or metallic (e.g., M = Nb, Re). MoS2 is one such
prototypical TMD material. Unlike graphite and h-BN, the
layers of MoS2 are made up of hexagons with the Mo and S2
atoms located at alternating corners (Figure 4). MoS2 is

important for dry lubrication, as a hydrodesulfurization catalyst
used to remove sulfur compounds from oil,136 and for
hydrogen evolution.137,138 Because of its strong absorption in
the solar spectral region, bulk MoS2 has also attracted interest
for its use in photovoltaic139 and photocatalytic140 materials.
The quantum confinement effect on the electronic structures
and optical properties were previously observed in MoS2
nanoplates141 and nanotubes.142 The most striking feature of
MoS2 that is different from zero band gap graphene and
insulating h-BN is that bulk MoS2 is a semiconductor with an
indirect band gap of 1.29 eV.143

Several studies35,144,145 have confirmed a transition from an
indirect band gap (Eg = 1.29 eV) to a direct band gap (Eg =
1.90 eV) for the MoS2 material as the thickness of the MoS2
decreased to a monolayer (Table 1). This accounts for more
than a 104-fold enhancement of the photoluminescence (PL)
quantum yield observed in monolayer MoS2 (Figure 5a). The
unusual electronic structure of monolayer and few-layer MoS2
and the resulting unique optical properties originate from
characteristics of the d-electron orbitals that comprise the
conduction and valence bands of MoS2.

35,144 The valence
maximum at the Γ point shifts downward to the K point of the
Brillouin zone as the number of layers decreases to a monolayer
(Figure 5b). However, structural changes in the chemically
exfoliated MoS2 thin films (<5 nm) induced by Li intercalation
during chemical exfoliation caused the PL to disappear.
However, the PL was restored after the thin films were
thermally annealed.146a The observed thermal effect is beyond
the scope of classic temperature-dependent PL behavior of
semiconductors.
In general, the intensity of PL of semiconductors decreases as

the PL peak broadens with increase in temperature. This
phenomenon is typically attributed to the exponential enhance-
ment of nonradiative electron−hole recombination. This model
applies well to monolayer MoS2 and MoSe2 (Eg = 1.55 eV) but
fails to the bilayer and few-layer MoSe2 that have indirect
bandgaps but with almost degenerate direct and indirect
bandgap values.146b It was observed that the intensity of PL of
mechanically exfoliated bilayer and few-layer MoSe2 was
enhanced with temperature from −195 to 178 °C.146b And
the enhancement is due to thermally decoupling adjacent layers
via interlayer thermal expansion of the layers, in which bandgap
crossover easily goes from indirect to direct gaps. This leads to
bandgap degeneracy in bilayer and few-layer MoSe2. On the
contrary, bandgap degeneracy cannot be thermally driven in
bilayer MoS2 since the indirect and direct gaps are well
separated. The unusual PL behavior in bilayer and few-layer
MoSe2, strikingly different from monolayer MoSe2 and MoS2 as
well as bilayer and few-layer MoS2, highlights the uniqueness of
semiconducting TMDs.
Kuc et al.147 performed an extended study of the influence of

quantum confinement on the electronic structures of
monolayer and few-layer MS2 (M = W, Nb, Re) using first-
principles calculations. They found that WS2, which is similar to
MoS2, exhibits an indirect (bulk, Eg = 1.3 eV) to direct
(monolayer, Eg = 2.1 eV) band gap transition (Figure 6). In
contrast, independent of the number of layers, NbS2 and ReS2
remain metallic. Quantum confinement-induced indirect to
direct band gap crossover is also exhibited in MoSe2 and
MoTe2 monolayer sheets (Table 1) with a direct band gap of
1.44 and 1.07 eV, respectively.148 These values were calculated
by using spin-polarized DFT calculations. It is worth noting
that the direct band gap of the monolayer WS2, estimated by

Figure 4. (a) The atomic structure of layered MoS2. Different sheets
of MoS2 are composed of three atomic layers S−Mo−S, where Mo and
S are covalently bonded. Reproduced with permission from ref 36.
Copyright 2011 Nature Publishing Group. (b) A top view of the
honeycomb lattice, emphasizing the inversion symmetry breaking.
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