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Surface conduction electrons of the metal oscillate coherently with the

incident electric field. The applied field induces a polarization of the electrons

and a separation of negative and positive charges on the surface of the

nanoparticles forming dipoles oscillating along the direction of the electric

field.

This behavior is called as Surface Plasmon Resonance (SPR).

In the case of Metal Nanoparticles strong absorption in the Visible

region.

LSPR extreme sensitive to the surrounding environment: COLORIMETRIC SENSOR.

NANOPARTICLES AS SENSOR

USEFUL INFORMATION:
DIMENSIONS                                                   SHAPE
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SCOPUS database: keywords “nanoparticle” AND “ sensor”



Aggregation Induced by Interparticle

Cross-Linking.

NANOPARTICLES AS SENSOR

Binding with specific analyte.

Metal NPs

Fluorescence quenching 

Metal nanoparticles used as SERS 

activator for Raman Spectroscopy



During the synthesis different amounts of H2O2 30% have been added.

SINTESI ARCOBALENO: NANOPARTICELLE DI ARGENTO



• H2O2 shows oxidizing power, standard redox potential depends on the 

pH, both higher with respect to the  standards redox potential of  Ag+;

• pH of  AgNPs-0 is at 7.6, in presence of  H2O2 the range of  pH is 

between 7.5 to 7.8;

• Weak reducing character of  H2O2, smaller contribution to reducing Ag+, 

controlling the shape during the formation of  AgNPs;

• Dynamic equilibrium between the reduction of  Ag+ by NaBH4 and 

oxidation of  AgNPs by H2O2, the weak reducing character of  H2O2 can 

also contribute to the shape-controls of  AgNPs.

H2O2 oxidation etching of  Silver Nanoparticles (AgNPs)

H2O2 (μL) H2O2 (μL)

These conditions in presence of  TSC and PVP, are ideal for the 

formation of  nanoplates with different shapes in the range 

between 40 and 108 μl of  hydrogen peroxide.



SEM characterization of  Silver Nanoparticles (AgNPs)

• AgNPs-0: spherical shapes with aggregates, 

diameter=11 nm;

• AgNPs-30: regular distribution, not well defined

shapes, size from 11 to 25 nm; 

• AgNPs-40: regular triangular nanoplates, 

thickness ≈ 5 nm, size= 27-30 nm;  

• AgNPs-90: smoothed triangular nanoplates, 

tendency to form hexagoanl and pentagonal

shapes with different sizes and thicknesses;

• AgNPs-108: distribution of  hexagonal and 

pentagonal shapes, size at around 23 nm;

• AgNPs-145: quasi-spherical shapes with samller

diameters of  8-10 nm.

AgNPs-0 AgNPs-30

AgNPs-40 AgNPs-90 

AgNPs-108 AgNPs-145 



Silver Nanoparticles (AgNPs) as sensor for Hg2+ ions

Detection of  Mercury-LSPR-based colorimetric sensor

M. Zannotti et al., Journal of Molecular Liquids, 309 (2020) 113238

Increasing [Hg2+]

Increasing [Hg2+]

• AgNPs-40 shows good sensitivity and selectivity towards Hg2+ ions;

• LSPR regular blue-shift with higher concentration of  Hg2+ ions, from 623 to 527 nm;

• Linear relation between LSPR shift and concentration of  Hg2+ ions;

• LOD, calculated as 3σ/slope is equal to 0.013 mg L-1(64.9 nM).

• SEM analysis show shape modification from triangular nanoplates to hexagons and pentagons shapes
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Normal Raman I1623 I440

MB 0.01 M 2635.57 1085.33

SERS substrate 

(MB 1μM)
I1623 AEF (×105) I440 AEF (×105)

AgNPs-0 13126 0.50 7654.16 0.71

AgNPs-90 24130.5 0.92 18111.8 1.67

AgNPs-145 40742.7 1.55 28186.4 2.60

AgNPs-40 53480.1 2.03 39952.3 3.68

EF =
ΤISERS 𝑐SERS
ΤIRS 𝑐RS

Raman and SERS intensity of  MB 1 μM and the calculated AEFs at 440 and 1623 cm-1

Ag-NPs-40 Ag-NPs-145 Ag-NPs-90 Ag-NPs-0

M. Zannotti et al., Coatings 2020, 10, 288 

Silver Nanoparticles (AgNPs) as SERS substrate for pollutant detection

AgNPs-40 > AgNPs-145 > AgNPs-90 > AgNPs-0

 1 

Sample Morphology 
SEMa 

diameter (nm) 

DLS 

diameter (nm) 

PdIb 

AgNPs-0 
 

15 18.2 ± 0.94 0.592 

AgNPs-40 
 

35-40 32.2 ± 0.71 0.471 

AgNPs-90 
 

25-30 22.3 ± 0.91 0.486 

AgNPs-145 
  

10 15.7 ± 0.74 0.478 
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Micro-Raman

detection



Ni2+: strong aggregation

SPAB1

SPAB2

SPAB1

SPAB2

Silver Nanoparticles (AgNPs@MUA) –based sensor for the detection of  Nickel 

Ions

• AgNPs sinthesyzed with NaBH4 as reducing agent were successively functionalized with 

mercaptoundecanoic acid(11MUA);

• AgNPs@11MUA were tested as sensor for different heavy metals: Ni, Zn, Cu, Co, Cd,Mn,Hg,Cr,Pb;

• In the range between 0-10uM, only Nickel shows strong interaction with AgNPs@11MUA as

demonstrated by the typical UV-Vis spectra of  AgNPs

Second Surface Plasmon Resonace band appears, due to the interaction of  AgNpS@11MUA and Ni2+ ions with 

concomitant aggregations of  nanoparticles



Silver Nanoparticles (AgNPs@MUA) –based sensor for the detection of  Nickel 

Ions

Second Surface Plasmon Resonace band appears, due to the interaction of AgNpS@11MUA and Ni2+ ions with concomitant
aggregations of nanoparticles 



Silver Nanoparticles (AgNPs@MUA) –based sensor for the detection of  Nickel 

Ions

Titration curve can be divided in three different regions

𝑓 𝑥 = 𝑑 +
𝑎 − 𝑑

1 +
𝑥
𝑐

𝑏 𝑔

𝑓 𝑥 = 0.1572 ± 0.0171 ∗ 𝑥 − 0.3885 ± 0.0095

0-3 µM: small lattice, lag 

phase, low-sensitivity 

region

3-7 µM: superlattice 

formation, high SPAB 

change, higher 

sensitivity

7-10 µM: the NPs-

Ni2+ cluster reaches a 

critical mass and the 

superlattice collapses

LOD= (3σ/m)= 2.15 µM
LOQ= (10σ/m)= 7.16 µM

SPAB1

SPAB2

Zannotti et al. Nanomaterials 2021, 11, 1733.



How can the amount of  functionalization affects the sensor results? 

Full layer Partial layer 1

Zannotti et al. Chemosensors 2022, 10, 482.
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How can the amount of  functionalization affects the sensor results? 

Partial layer 1

Zannotti et al. Chemosensors 2022, 10, 482.



NANOMATERIALS: PHOTOCATALYSIS 

Semiconductor photocatalytic technology has been demonstrated to be one of  the “green” and effective 

strategies for solving environmental pollution problems.

Environmental photocatalysis, including water disinfection, hazardous waste remediation, air and water 

purification, deodorization, antibacterial, and self-cleaning has caused more and more attention in recent years.

2001: almost 400 papers

2020-2022: > 7000 papers

New specific target pollutants

Industrial

Pharmaceutical

Agricultural

Human

Bacterial

High toxicity, health effect

Azo-dyes
Antraquinone dyes

Pesticidies

Pharmaceutics

Cyanobacterial toxins

Endocrine disruptors

SCOPUS database: keywords “photocatal*” AND “ degrad*”



Narrow excitation wavelength : large band gap energy (3.2 eV), important rate of  recombination, a challenge is the modification 

of  TiO2 to improve the catalytic efficiency under visible solar radiation. 

TiO2 is active only under UV light (less than 5% of  total incident solar spectrum), research has been focused on extending the 

light absorption of  TiO2 under visible light.

Oxidation of  organic pollutants by the photogenerated-electron-related reactive oxygen species (ROS) such as 

hydroxyl (·OH) and superoxide (O2·
-) radicals 

FOUNDAMENTALS IN PHOTOCATALYSIS 

Photocatalysis, as advanced oxidation process, have focused on the use of  semiconductor materials as photocatalysts for 

environmental remediation, TiO2 is the most widely used as photocatalyst.



Modification  of  TiO2 :
Noble metal nanoparticles/carbon materials/co-catalysts/dye/surface 

modifiers/ non metal

Visible light activation 

Adsorption capacity improvement 

Lowering band gap, Eg,  

Simultaneous limitation of  the electron-hole recombination rate

Visible light permits the use under solar light and an energy 

saving in terms of  light source.

IMPROVEMENT OF TiO2 PHOTOCATALYTIC PERFORMANCE



Nano-TiO2 for dyes degradation in water

[PP@TiO2] photocatalyst

• TiO2 powder

• Acetylacetone

• Triton X-100

• Water

Photocatalyst
characterization

Adsorption

Alizarin Red S (ARS)

Photocatalytic 
Process

Photodegradation

TiO2 paste coated on PP stripsTiO2 paste preparation
for Anatase and Aeroxide P-25

M. Zannotti et al. Scientific Reports 5, 17801 (2016)



UV-Vis spectral characterization of  Alizarin Red-S 

M. Zannotti et al. Scientific Reports 5, 17801 (2016)



pH= 2

pH= 6

• Acid pH: best condition for ARS

adsorption;

• At higher pH, steric hindrance and the 

presence of  multiple anchoring sites can 

lead to competitive adsorption on TiO2; 

Adsorption Study of  Alizarin Red-S on PP@TiO2 photocatalysts

M. Zannotti et al. Scientific Reports 5, 17801 (2016)



M. Zannotti et al. Scientific Reports 5, 17801 (2016)

Adsorption Study of  Alizarin Red-S on PP@TiO2 photocatalysts

The dye concentration influences the adsorption process

𝐶𝑒
𝑄𝑒

=
1

𝐾𝐿
+ 𝑎𝐿𝐶𝑒/𝐾𝐿

𝑙𝑛𝑄𝑒 = 𝑙𝑛𝐾𝐹 +
1

𝑛
𝑙𝑛𝐶𝑒

Freundlich 

Aeroxide P-25 Anatase

Equilibrium data

Langmuir

Monolayer adsorption
all dye molecules in the film

 have similar adsorption energy

Multilayer adsorption

[PP@TiO2]P-25

[PP@TiO2]A

Adsorption process follows pseudo-first order kinetic:

𝒍𝒏[(𝒒𝒆 − 𝒒𝒕)/𝒒𝒆] = 𝒌𝟏𝒕



[ARS]  (mol L-1) k’A         (min-1) [ARS]  (mol L-1) k’P-25   (min-1)

4.38 × 10-05 (2.11 ± 0.03) × 10-02 4.38 × 10-05 (1.55 ± 0.03) × 10-02

5.84 × 10-05 (1.23 ± 0.02) × 10-02 5.84 × 10-05 (0.67 ± 0.02) × 10-02

7.30 × 10-05 (0.65 ± 002) × 10-02 7.30 × 10-05 (0.33 ± 0.02) × 10-02

First order kinetic well describe the photodegradation process 

of  [PP@TiO2]

𝒍𝒏(𝑪/𝑪𝟎) = −𝒌𝟐𝒕

Photodegradation of  Alizarin Red-S by PP@TiO2 photocatalysts

M. Zannotti et al. Scientific Reports 5, 17801 (2016)

TiO2 anatase shows the best results for ARS photodegradation 

as evidenced by the higher degradation constant and high 

absorption rate.

Adsorption

Photodegradation



Strategies to improve the photocatalytic activity of  TiO2 photocatalysts

Gold Nanoparticles modification to enhance visible light photoactivity 

TiO2 [TiO2]A paste                            HAuCl4                      TiO2@AuNPs PP@Au-TiO2]A            [PP@TiO2]A



SEM

Characterization of  PP@Au-TiO2 photocatalyst

Strategies to improve the photocatalytic activity of  TiO2 photocatalysts

The distribution maps of  elements show that Ti, O and Au 

cover all the surface area, with a greater evidence of  Au on 

aggregates particles. 

The growth of  AuNPs directly inside the TiO2 paste with 

homogeneous distribution of  gold on [Au-TiO2]A.



Gold wt.% HAuCl4 (mol/L) k1 x 102 (min-1) k2 x 102 (min-1)

(PP@TiO2)A 0 0 2.97 0.57

(PP@Au-TiO2)A 0.004 2.15 x 10-05 3.08 0.63

(PP@Au-TiO2)A 0.006 3.24 x 10-05 2.84 1.40

(PP@Au-TiO2)A 0.008 4.32 x 10-05 2.91 0. 97

(PP@Au-TiO2)A 0.01 5.40 x 10-05 3.56 0.74

The adsorption process on [PP@Au-TiO2]A was 

demonstrated to occur with pseudo first order kinetic:

The photodegradation process occurred with a 

rate described by the first order kinetic:

𝒍𝒏[(𝒒𝒆 − 𝒒𝒕)/𝒒𝒆] = 𝒌𝟏𝒕

𝒍𝒏(𝑪/𝑪𝟎) = −𝒌𝟐𝒕

[PP@Au-TiO2]A showed an improvement in term of photodegradation 

kinetics k2 compared to that of pure [PP@TiO2]A 

These results confirm the positive effect of AuNPs on TiO2 paste.

Absorption and Photodegradation of  ARS by PP@TiO2 

M. Zannotti et al. Applied Surface Science 441 (2018) 575–587

Strategies to improve the photocatalytic activity of  TiO2 photocatalysts

Adsorption

Photodegradation



Strategies to improve the photocatalytic activity of  TiO2 photocatalysts

Surface modification with Ascorbic Acid (AA)

[TiO2]A paste            [AA-TiO2]A paste                  [PP@AA-TiO2]A



AA wt. % 𝑬𝒈 (eV) 𝟏𝟎𝟐𝒌𝒂𝒅𝒔 (min-1) 𝟏𝟎𝟐𝒌𝒑𝒉𝒐𝒕𝒐(min -1)

0 3.15 3.75 1.99

0.5 3.05 3.55 3.50

1 3.01 3.47 3.72

1.5 2.92 3.46 4.04

2.5 2.87 3.18 4.15

3.4 2.94 3.09 3.85

𝐸𝑔, 𝑘𝑎𝑑𝑠 and 𝑘𝑝ℎ𝑜𝑡𝑜 values for [PP@AA-TiO2]A containing different AA wt. %.

• PL spectra indicate a suppression of  electron-hole recombination process in presence of  AA

• Dye adsorption follow the Langmuir model, instead the results obtained with the non-modified

photocatalyst: lnQe =lnKF +1/n lnCe

• Dye adsorption follows a pseudo first order kinetics ln[(qe-qt)/qe= kads t

• Kads linearly decreased with increasing amount of  AA wt.%, however increasing AA amount 

corresponds to a lowering Eg, with a better photocatalytic performance (BEST 2.5 wt.%)

DRS spectraPL Spectra

Photodegradation of  ARS by PP@AA-TiO2 photocatalyst

M. Zannotti et al, Nanomaterials MDPI  2018, 8, 599

Strategies to improve the photocatalytic activity of  TiO2 photocatalysts



Graphene dispersion preparation

Exfoliation of  Graphite by ultrasonic

treatment in presence of  surfactant

Triton X-100.

Based-Graphene TiO2 photocatalyst to improve photocatalytic activity

Strategies to improve the photocatalytic activity of  TiO2 photocatalysts

Graphene nanomaterials: large specific area, flexible structure, extraordinary mobility of  charge carriers at room temperature, 

high thermal and electrical conductivities, high chemical stability; act as visible light absorbers and electron acceptor.

Liquid-phase
exfoliation



𝑙𝑛𝑄𝑒 = 𝑙𝑛𝐾𝐹 +
1

𝑛
𝑙𝑛𝐶𝑒

• Different concentrations of  as preparaed GR used to modify [TiO2]A 

• Adsorption process follows the Freundlich model:  multilayer absorption mechanism

as for [TiO2]A;

• GR influences positively the absorption kinetics of  ARS respect to pure TiO2, but

kads are very similar for all the catalysts with GR;

• Increasing GR amount the adsorbed concentration increases due to π-π interactions;

• Photodegradation efficiency increases with GR as demonstrated by the increasing of  the 

kphoto

Photogenerated electrons are transferred on GR(electron acceptor) inhibiting the

electron-hole recombination.

Photodegradation of  ARS using exfoliated graphene-TiO2 photocatalyst

Strategies to improve the photocatalytic activity of  TiO2 photocatalysts



3.2) Synthesis of  Reduced-Graphene Oxide (rGO)

Green reduction of  Graphene Oxide by using glucose

as reducing agent at 80°C.

Based-Graphene TiO2 photocatalyst to improve photocatalytic activity

Strategies to improve the photocatalytic activity of  TiO2 photocatalysts

GO          rGO



• PL intensity of PP@rGO-TiO2 decrease with respect

to pure TiO2, demonstrating an efficient recombination

reduction between electrons and holes;

• Work function of graphene is 4.42 eV, TiO2 CB is around

4.21 eV, rGO can accept the photogenerated electrons from

TiO2, with effective charge carrier separation;

• All the kads increase with the modified rGO-TiO2 paste,

are higher with respect to pure-TiO2 paste;

• First order kinetic well describes the photodegradation

steps, best performance obtained by using

PP@0.125rGOTiO2 (higher kphoto).

Based rGO-TiO2 as photocatalyst for the degradation of  Alizarin Red-S

M. Zannotti et al. Catalysts 2018, 8, 598

Strategies to improve the photocatalytic activity of  TiO2 photocatalysts



ADSORBENT MATERIAL FOR ENVIRONMENTAL APPLICATION 
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CARBON CAPTURES: NATURAL GAS HYDRATES
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