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The origin of 
dimensionality: an 
analysis of orbital 
hybridization in 
graphene.

Synthesis methods.

Some experimental 
achievements.

Some help from 
computers: ML 
discovery and 
development of new 2D 
materials. 

General introduction.

What are 2D materials?

A tiny bit of history.

Some interesting 
properties.



Cristais com um ou poucos átomos de espessura

Materiais bidimensionais

O que são?
Interações eletrônicas no plano são muito mais fortes do que 
aquelas na direção perpendicular ao plano.

?



Top-down

mechanical exfoliation

liquid  exfoliation

ultrasonic  exfoliation

electrochemical exfoliation

ion change exfoliation

lithium intercalation exfoliation

chemical reduction 

Part. Part. Syst. Charact. 2022, 39, 2200031

Bottom-up

 Approaches

epitaxial growth

chemical vapor deposition (CVD)

pulsed laser deposition

wet chemical methods

micro wave  assisted method

topochemical transformation



Part. Part. Syst. Charact. 2022, 39, 2200031



Soo Ho Choi et. al., Nature Comm., 13, 1484, 2022.



Part. Part. Syst. Charact. 2022, 39, 2200031



Part. Part. Syst. Charact. 2022, 39, 2200031



Micromechanical cleavage

Physics
2010

K. Novoselov and A H Castro Neto. Phys. Scr., 014006, 2012



Micromechanical cleavage

J. Mater. Chem. A,3, 11700, 2015.



Micromechanical cleavage

Jayasena and Subbiah Nanoscale Research Letters, 6, 95, 2011



Micromechanical cleavage

Yuan et. al. AIP Advances 6, 125201, 2016.



Part. Part. Syst. Charact. 2022, 39, 2200031



Part. Part. Syst. Charact. 2022, 39, 2200031



Liquid Phase Exfoliation



Liquid Phase Exfoliation

1

N-methylpyrrolidone (NMP)

Benzyl benzoate



Liquid Phase Exfoliation

1 2 3

20 kHz of ultrasonic 
rates/frequencies



Liquid Phase Exfoliation

Esfoliação só ocorre se o custo energético é pequeno

Y. Hernandez et al., Nat. Nanotechnology, 3, 2008. 

𝛿Graphite ~ 70 – 80 mJ m-2



Liquid Phase Exfoliation of non-vdW materials: MX-enes





Part. Part. Syst. Charact. 2022, 39, 2200031



Part. Part. Syst. Charact. 2022, 39, 2200031



Chemical Vapor Deposition

Biao Qin et al., Chem. Mater., 32, 24,  2020.

Temperatura
Pressão

Precursor
Carrier Gas
Substrato



Chemical Vapor Deposition

● Classified by operating conditions:
○ Atmospheric pressure CVD (APCVD) – CVD at atmospheric pressure.
○ Low-pressure CVD (LPCVD) – CVD at sub-atmospheric pressures. Reduced pressures tend to reduce 

unwanted gas-phase reactions and improve film uniformity across the wafer.
○ Ultra High vacuum CVD (UHVCVD) – CVD at very low pressure, typically below 10−6 Pa. 
○ Sub-atmospheric CVD (SACVD) – CVD at sub-atmospheric pressures. 

● Classified by physical characteristics of vapor:
○ Aerosol assisted CVD (AACVD) – the precursors are transported to the substrate by means of a 

liquid/gas aerosol, which can be generated ultrasonically. Suitable for use with non-volatile precursors.
○ Direct liquid injection CVD (DLICVD) – the precursors are in liquid form (liquid or solid dissolved in a 

convenient solvent). Liquid solutions are injected in a vaporization chamber towards injectors (typically 
car injectors). 

○ Metal organic CVD (MOCVD) -  based on metal organic precursors. Utilizes chemical compounds with 
low to moderate vapor pressure as precursors. 

● Classified by type of substrate heating:
○ Hot wall CVD – chamber is heated by an external power source and the substrate is heated by 

radiation from the heated chamber walls.
○ Cold wall CVD – only the substrate is directly heated either by induction or by passing current through 

the substrate itself or a heater in contact with the substrate. The chamber walls are at room 
temperature.

https://en.wikipedia.org/wiki/Pascal_(unit)


Chemical Vapor Deposition: Important parameters

Temperature: one of the main parameters (correlated to the free energy of the reactants). Direct 
impact on the uniformity and composition. Can promote uniform deposition (higher quality). At high 
T (> Tgrowth) → single crystal, polycrystalline, amorphous or not even deposition.  

Pressure: usually, P = Patm. However, low P can help uniformity. 

Precursor: gas and solid are common precursors (although gaseous can be better controlled). 
Relative proportions are important. In recent years, salts (e.g. NaCl) have been added to generate a 
transition product (MoO3 + NaCl → MoO2Cl2) and improve growth rate and crystallinity.

Carrier Gas: rate, ratio, and supply sequence of the carrier gas can affect the size, nucleation 
density, morphology, and thickness. Reducing the gas flow → reduction of the nucleation density → 
large-size single crystals with few grain boundaries.

Substrate



Choosing the substrate

Strong impact on the number of nucleation points, size, and quality of the material.

Biao Qin et al., Chem. Mater., 32, 24,  2020. Shaohua Li et. al., Adv. Mater., 35, 2211855, 2023



“Substrates play three important roles in the synthesis of 2DMs by the CVD method: 
adsorbing source materials, 

promoting material nucleation, 
and stimulating material epitaxial growth.”

“...key factors are 
the matching degree of the lattice constant of the target product and the substrate,

the thermal expansion coefficient,
and the catalytic effect of the specific substrate on the material.”

Choosing the substrate



Substrate Engineering

Shaohua Li et. al., Adv. Mater., 35, 2211855, 2023



Shaohua Li et. al., Adv. Mater., 35, 2211855, 2023

Substrate Engineering





S. Wagner, et. al., Micro. Eng. 159, 108, 2016.

Free-Standing samples

Reactive-ion etching (RIE)



S. Wagner, et. al., Micro. Eng. 159, 108, 2016.

Free-Standing samples



K. S. Novoselov, Science, 353, 2016 S. K. Chakraborty, iScience 25, 103942, 2022

Heteroestruturas 



S. J. Haigh et al. Nature Materials (2012)
Butler et. al. ACS Nano, 7, 2898 (2013)
K. S. Novoselov et. al, Science, 353 (2016)

Heterostructures

Combine the best of different ingredients in one ultimate material for a wide range of applications.

Heteroestruturas 



S. J. Haigh et al. Nature Materials (2012)
Butler et. al. ACS Nano, 7, 2898 (2013)
K. S. Novoselov et. al, Science, 353 (2016)

Heterostructures

Combine the best of different ingredients in one ultimate material for a wide range of applications.

Heteroestruturas 



Ming-Yang Li et. al., Materials Today, 19, 2016

Heteroestruturas 



Phuong V. Pham et. al., Chem. Rev., 122, 6514, 2022.

PMMA transfer method

Wedging method

vdW lift and transfer method.

Poly (methyl methacrylate) (PMMA): thermoplastic synthetic polymer



Heteroestruturas 



Heteroestruturas 



K. S. Novoselov, Science, 353, 2016



Polat et al., Sci. Adv., 5, eaaw7846, 2019 / Phuong V. Pham et. al., Chem. Rev., 122, 6514, 2022.

Photodetectors for Biomedical Applications

Wearable technology

Light-sensitive quantum dots (QDs) made of PbS on the 
graphene layer.



Polat et al., Sci. Adv., 5, eaaw7846, 2019



S. K. Chakraborty, iScience 25, 103942, 2022



S. K. Chakraborty, iScience 25, 103942, 2022



A little help from my (computer) friends: 
Machine learning guided synthesis






















