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Integrating the flatland into mesoporous 
films, an advanced 
functional platform



The laboratory of 
Materials Science and 

Nanotechnology(LMNT)

Duringlast years, the researchactivity wasfocusedon the 
developmentof antiviral systemsfrom carbon-based
nanomaterials, nano-heterostructuresfor photocatalysisand 
photonics

LMNT since2004 isa highlyspecializedresearch
center in nanoscienceand its applicationsin 
nanobiotechnologyand photonics. 
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Il laboratorio (20 anni, dedicato ai 
nanomateriali)

Wherewe are
The laboratory is 
located in the natural 
regional park of Porto 
Conte and within the 
Science Park of Porto 
Conte Ricerche, 
Alghero, Sassari.
5000 m2 of labs with 
conference
and lodgingfacilities

Materials Science and

Nanotechnology

Laboratory
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THE FLATLAND

https://doi.org/10.1038/s41699-020-00162-4

Zero/near-zero 
bandgap
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2D Materials ïThe new frontier

Strong in plane bonding ïWeak interplane bonding (Van der Waals)

Semiconductor materials: EG = O for graphene, 

6.0 eV for hex-BN, 1.9 eV for MOS2

More than 4000 2D Materials and only few dozens studied
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The platform

Mesoporous ordered
films

The flatland

2D materials

The host

Nanoparticles

The properties



The challenge for the flatland: 
integration in functional devices

1. Controllingthe synthesisof 2D materials
(numberof layers, shape, solubility, defects, depositionon 
a substrate)

2. Integration into a solidstate material
(mesoporousorderedfilms)
üKeeping order while obtaininga homogeneousdistribution in 

the matrix
üTransparencyof the film (whenrequired)
üFabricationof a working device



The 2D Materials

üBoron nitride (BN)
üTungstendisulfide (WS2)
üTindiselenide(SnSe2)
üGraphene
ü r-Graphene oxide

The application

×Photocatalytic
transparentthin films

×SERS activelayersfor 
sensing

×Anti fingerprint
transparentthin films

Mesoporous
ordered

thin films

Mesoporous ordered films via self-assembly: trends and perspectives, Plinio Innocenzi, Chemical Science, 2022, 13, 13264

Bottom-up

Top-down
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2D synthesis
techniques

Top-down Bottom-up

Mechanical
exfoliation

Chemical 
exfoliation

Pyrolysis Epitaxial
growth

CVD

Å Ball milling
Å Adhesivetape
Å Afm tips
Å Exfoliationin liquid phase
Å Sonication
Å Tip-assistedsonication
Å Photoexfoliation

Å Molecularbeamepitaxy
Å Chemical vapourdeposition
Å Plasma deposition
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(a) (b) (c)

Journal American Chemical Society, Innocenzi et al., 2005

THE CHALLENGE: INTEGRATING 2D MATERIALS INTO 
MESOPOROUS ORDERED FILMS VIA SELF-ASSEMBLY 
WITHOUT DISRUPTING THE ORGANIZATION OF THE 

MESOPHASE

NEW GENERATION OF FUNCTIONAL HETEROSTRUCTURES
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Embedding Exfoliated Graphene 

Into Self-assembled Mesoporous 

Titania Films

ACS Appl. Mater. Interfaces2014, 6, 795ҍ802
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Step 1. Incorporationof exfoliatedgraphene

Exfoliatedgrapheneobtainedthrough
ultracentrifugationand
filtration of a dispersionof grapheneflakes
in 1-Vinyl-2-Pyrrolidone

Reducedgrapheneoxidein TiO2 

films. J. Phys. Chem. Lett. 2010, 1, 
2222ς2227 14



STEP 2. MATERIALS CHARACTERIZATION 
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STEP 3. TESTING OPTICAL TRANSPARENCY AND 
PHOTOCATALYTIC ACTIVITY

Graphene ςmesoporous 
titania nanocomposite 

films Before
thermal
treatment
Ғопл ƴƳ

After thermal treatment
Ғмрл ƴƳ

Thermal treatment:
- thickness decreases
- no cracking
- optical transaparency



Kinetics of photodegrationof stearic acid 

Pseudo-first-order fit of 
stearic acid decay at 
increasing time of UV 
excitation

UV excitation time / min

Pure 
titania
flms

Mesoporous  
titania

films
(EG 2.5%) 



Transparent graphene doped mesoporous TiO2 on 

Si wafer to highlight fingerprint

30 min
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Deep X-ray Lithography: a proximity lithography 

X-Rays energy: 2-15 keV  ( 0.082<l<0.62nm)

No vacuum Fast process 400-500 patterned circuits / 8h



80 µm

a) b)

c)d)

The deep X-ray lithography process. (a) Mask aligned above the 

coating.  (b) X-ray patterning process.  (c) Patterned coating after 

mask removal. (d) Real pattern on mesoporous silica film.



Micro-nano fabrication: Hard X-rays meet soft matter

21Soft Matter, 2012, 8, 3722



Nanoparticle growth induced by X-rays in 
mesoporous films 

Hard X-rays induce metal nanoparticle growth

a) b)

c)d)



50 nm 

67 nm 170 nm

a) b)

c)d)

50 nm 50 nm



High X-ray 

dose

Low X-ray 

dose

a) b)

80 ɛm 50 ɛm

High X-ray 

dose

Low X-ray 

dose

a) b)

High X-ray 

dose

Low X-ray 

dose

a) b)

80 ɛm 50 ɛm

d) c)d) c)c)d)



1. Mesoporous orderedsilicafilms 2. Impregnationwith a silver nitrate solution

3. Exposureto hard X-ray
througha lithographicmask

4. Film development



(a) Optical appearance of 
the functional patterns 
after thermal treatment 
όŦƛƴŀƭ ǘƘƛŎƪƴŜǎǎ Ғ мрл 
nm). 
(b) Raman mapping
obtained from a 
patterned film exposed to 
a dose of 1100 kJ cmҍн 

and then developed. The 
chemical image, reported 
in false color scale, has
been obtained by 
integration of the 
graphene 2D band (2.5 
vol % of EG dispersion).
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Improving the photocatalytic activity of mesoporous titania films through 
the formation of WS2 / TiO2 nanoheterostructures

Nanomaterials2022, 12, 1074.
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Interplanar
electron 
transferU = unexfoliated

L = large sheets
S = small sheets
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BidimensionalSnSe2τMesoporous OrderedTitania Heterostructuresfor 
PhotocatalyticallyActivatedAnti-FingerprintOpticallyTransparentLayers

Nanomaterials. 2023, 13, 1406. 29



The nanocompositefilms remainhighlyopticallytransparent
evenafter the incorporationof SnSe2 sheets
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IntegratingBN the white graphene

ÅEngineeringdefectsin 2Dand
0DBNnanomaterials

ÅUnderstandingthe
defect-property relationship

Materials, 2019, 12, 3905

J. Colloid Interf. Sci. 2020, 560, 398

2D Mater. 7, 2020, 045023

Small Structures, 2021, 2100068

Appl. Surf. Sci. 2021, 567, 150727

J. Mater. Sci.2021, 56, 4053

Boron

Nitrogen

ÅWide bandgap of nearly 6 eV
ÅOptically active defects that have ground and excited states within the gap
ÅHigh thermal conductivity, low dielectric constant, excellent mechanical 
stability,  electrical insulation properties, lack of toxicity, chemical inertness, 
tunable bandgap

Langmuir, 2021, 12, 3905
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Defects in h-BN Structure

Different defects in the structure of 
2D h-BN.
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Photon emitter                                         Photocatalysis 
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Absorption

Fluorescence 


