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Introduction
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Microwave Assisted Processes

MW assisted chemistry significantly reduces the processing time, energy
costs and equipment size compared to the conventional methods

a) Oven type approach b) Coaxial anntena to apply MW in situ

The MW oven-type reactors >
have two main drawbacks:

>
» High equipment cost >
> Difficult process scale-up >
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Synthesis of Ag-NPs
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Synthesis of Ag-NPs /}

1)

Rosemary

*native Mediterranean herb
eantibacterial, antioxidant
properties and antifungal activities

Particle size

by SEM
image

MW source
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MW assisted Hydrodistillation
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Synthesis of Ag-NPs

Composition (%)

Rosemary Essential Oil Extraction

# 29 identified volatile compounds which represent 98.0%,
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Synthesis of Ag-NPs

Silver Nanoparticles Synthesis
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Synthesis of IONs

Coaxial antenna

Microwave assisted
High pressure reactor

Fast and Simple

MW assisted
Solvothermal
approach

Superparamagnetic
Fe-NPs




Superparamagnetic IONs

Two different syntheses approaches:

(1) H,O/OH
E' ----- F-' Hela > FEED?(?H]‘.“HZU » y-Fe,0; =
. , StEp 1 { 2+} Stﬂp 2 aggregatlun
(Fe }aq ' (metastable oxy-hydroxide aq (IONs formation MW assisted
| formation) 1 process150°C, 5 min)
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pH=12 dispersed
(2) NP
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Superparamagnetic IONs
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Superparamagnetic IONs

Takle 1 Rezction f
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Halloysite Nanotubes (HNT)




Halloysite Nanotubes (HNT)

Naturally occurring aluminosilicate with ordered nanostructure
which possess a characteristic hollow tubular configuration

Similar to kaolinite except for the presence of an
additional water monolayer between the adjacent layers.

It forms by kaolinite layer rolling due to the action of
hydrothermal processes.

Internal Aluminol Surface

(-Al-OH) Al,Si,O; (OH), .2H,0

f"”f/ W v' Biocompatibility

v Empty lumen

um & T 1 1
] 7A @5Si @Al O «H



Applications of HNT

Controlled delivering

Active agents Empty lumen as confined in many applications
carrier
Paints
> Drugs \ Coatings
» Flame retardant 7 Cosmetic
Food additives
> Antibacterials /’ Fragance

> Antioxidants

e Metal
Nanoparticles

Low cost
materials

- -

Catalytic supports

A. Spepi et al (2016) Experimental and DFT Characterization of Halloysite Nanotubes
Loaded with Salicylic Acid, Journal of Physical Chemistry-C




Metal Nanoparticles on HNT

e Metal Nanoparticles The location of the NPS is strongly linked to
\ the final applications.

Carriers >functionalize the external surface

Catalysis - functionalize the internal surface

» Particular Attention on Magnetic NPs
» Easy recovery and reuse
» Bifunctional Materials

/ Methodologies to produce
the composite materials must

to be carefully designed
Internal/external Functionalization — - —

to covalent anchored




Halloysite Nanotubes grafted with iron magnetic
iron oxide NPs by MW solvothermal process

Step 1. Functionalization with phosphoric acid

AlL(OH),Si,0..2H,0 (HNT) + H,PO, -H,PO,Al-(PO,-HNT)

\ ’
A o )
1) H3PO, Y H

AI OH —
\ /Af-o OH
AlI-OH

/ 2) 320° C/2h

o o \Q\(\\'l
R P\/ \O

Step 2. In-situ homogeneous precipitation of iron salt precursor using urea as hydrolysis
agent in a MW assisted solvothermal process

A fast urea hydrolysis:
i) the thermolysis
ii) the catalytic reaction with the phosphoric acid active sites anchored in the mesopores of HNT
1) H,PO,Al- + NH,CONH, + H,0 - NH,PO,AI- + NH,HPO,AI- + CO, - 2 NH; (H,0) + HPO,Al-
2) FeCl, + NH,OH -> Fe(OH),->FeOOH -> Fe;0, (Fe-HNT)



MW Assisted Solvothermal Process

Solvent: Ethylene Glycol/water (2:1 v/v)
P.,=6 bar Ar, P=8.3 bar, T,,,=175°C,

7 7rxn

t.,=30min Power=50 W MW
Direct solvothermal deposition

(2) FeCl,.4H,0 +Urea T

MW solvothermal (1) FeCl,.4H,0 +Urea

Vacuum loading/Drying/solvothermal deposition HNT- FeN2

MW solvothermal

HNT-FeN1 Fe;0,
Outside

Fe;O,
Inside/Outside

breaking vacuum
process

Microwave assisted
High pressure reactor

Pre-functionalization using Green agent

(Cloves EQ) \/\@OOSH H3COD/\/
HSCO = lonsgud Eugenol
HOD/E;:J + FeCl,.4H,0 » 3) ~ Fé+ N +Urea

Washing with:

i) Water/etanol

ii) Hexane (dissolves the eugenol/iron complex while urea is
insoluble and the external Surface of HNT is strongly
hydrophilic) This process promotes a selective cleaning of the
free iron on solution, outside the hollow and on the external
Surface of HNT)



mp Selective functionalization of internal Surface

0‘ N .
1) H po4 AFQ on phosporic acid
AI OH N, R
(o] OH
\AI—O 2
/ 2) 320°C/2h 0,9\\0
— e}

AlL(OH),Si,0..nH,0 (HNT) + H,PO, ->H,PO,AI-(PO,-HNT)

180

Sample BET Area, m?/g | Pore volume, ml/g
160 HNT-PO4 106.89 0.25
HNT 113.55 0.25

140

120

—O— HNT_PO,

100

80

Adsorbed volume, cm3lg (STP)

80

27A1 MAS

0.0 0.2 04 0.6 0.8

31|

Reltaive pressure, P./P,

1.0

* Binding of aluminol groups with

Sea5.451



Vaccum loading/Drying/MW Solvothermal deposition

HNT-PO4

+  FeCl,.4H,0 +Urea

Pulling and
breaking

vacuum
process

Sample BET Area, m%/g | Pore volume, mil/g
HNT-PO4 106.89 0.25
HNT-Fe2 124.11 0.25

Adsorbed volume, cmafg (STP)

HNT-Fe2

MW solvothermal #
process

Solvent: Ethylene Glycol/water (2:1v/v)  Fe,0,
P,=6 bar Ar, P=8.3 bar, T,,,=175°C, In/Outside

7 7rxn

t .. =30min Power=50 W MW

rxn

200
150 —
i —C— HNT_Fe2
B —O— HNT_PO,
100

50

0.0 0.2 0.4 0.6 0.8 1.0

Reltaive pressure, P,/P,



Vaccum loading/Drying/MW Solvothermal deposition

X 00gH H3CO =
\/\O:O_ 'OD/\/ Pulling and

H3COI>/\/

N , breaking hi
+ FeCl.4H,0 ey . 2+ Washing
HO Eugenol + U rea # vacuum

Fe process Hexane
Pre-functionalization using +
Green agent
(Cloves EQ)
MW solvothermal
HNT-PO4 process

Solvent: Ethylene Glycol/water (2:1 v/v)
P,=6 bar Ar, P,=8.3 bar, T, .=175°C, HNT-Fe3
180
160 Sample BET Area, m%/g | Pore volume, ml/g
HNT-PO4 106.89 0.25
140 HNT-Fe3 65.85 0.19
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Fluorescent Silicon
Nanoparticles synthesis
by Microwave assisted
process




Quantum dots

* Crystal of semiconductor material whose diameter is on the
order of several nanometers (between 2 and 10 nanometers) a
size which results in its free charge carriers experiencing
“guantum confinement” in all three spatial dimensions.

PbS, PbSe, CdSe, CdS,
CdTe, InAs, InP

* Light absorption generally leads to an electron being
excited from the valence to the conduction band,
leaving behind a hole. The electron and the hole can
bind to each other to form an exciton. When this
exciton recombines (i.e. the electron resumes its ground
state), the exciton's energy can be emitted as light

Quantum Dot Size and Color

wd 3 % s

Quantum Dots 2.5nm 3nm 5nm
Exciton
fr Size dependent
/é\ ‘ @ (electron-hole pair) color ? ;
P
Bl
~ (b) Band gap

( b) Zero point vibrational
O energy of the excited
electron

L
d\:_:yb 00O r D) Zero point vibrational
@

energy of the hole

Fluorescence

450 500 550 600 650
Wavelength (nm)



Silicon based QDs

Photochemical Reduction

Zhong, X. et al (2015)* .
15, 30 40 min

> . == blue SiNPs
§ 4 ), == green SiNPs
% == light green

H,N

H Uv irradiation

Os_N._0O
+ —

S
MeO™™ | “NOMe

MeO

Intensity (a.u.)

APS C|2H7N°z

Ha NHZ

3“6 3“5
CHy0—Si—OCH; | IYTTOVZS o hydrolyze o

CHs step 1 H photochomlca

Wavelength (nm)

PLQY=25%
2-4 nm

*Y. Zhong, X. Sun, S. Wang, F. Peng, F. Bao, Y. Sy, Y. Li, S. T. Lee and Y. He, ACS Nano,
2015, 9, 5958-5967.



MW assisted Hydrothermal Process(lit. rev.)

Hydrothermal process by Y. Zhong et al (2013)!

Solvothermal process by H.L. Ye et al (2016)? PLQY=20-25%

2.2 nm
A\
¥ O
N :
H,N Oé A NN,
o o o MW 15 min NG
160-180°C Y M
+ - (SiNPs)
Na O
i G/
Si yCer 2
Me0™ ] ome 5 e of PLQY=47%
MeO 4.2 nm

Y. Zhong, F. Peng, F. Bao, S. Wang, X. Ji, L. Yang, Y. Su, S.-T. Lee and Y. He, J. Am. Chem.

Soc., 2013, 135, 8350-8356.
2H.-L. Ye, S.-J. Cai, S. Li, X.-W. He, W.-Y. Li, Y.-H. Li and Y.-K. Zhang, Anal. Chem., 2016,

88, 11631-11638.



Improve MW assisted processes using a
coaxial configuration (our approach)

] Silicon precursor
Simultaneous MW-UV i

irradiation

In-situ MW irradiation

_Si
MeO™ [ oue (non oven approach)
Mlicrowave
_- -—--_ o Antenna
7 He CHy N

A
v

Different reducing agents and
the incorporation of structure
. . High Pressure
directing agents to promote Raactor
Coaxial antenna (1), reflux system (ll), glass m icro po rOSity

reactor (l11), N2 inlet (IV) and stirrer (V).

Synthesis reactors

Solvothermal reactors



Simultaneous UV-MW irradiation to promote APTMS photoreduction

O~ _N__O O'\fo

+ Simultaneous UV-MW irradiation
HN-T SN NH;
s OO 50W, H,0, 15min . it
MeO / \OMe I
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. OO
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Simultaneous UV-MW irradiation to promote AEAPTMS photoreduction

H i -
OCHs . Simultaneous UV-MW 1

H 0
H3CO—$i—/\/N\/\NH2 + — H
OCHjz OO 50W, H,0, 15min S N N,

O _N_O
0.8 AEAPTMS-1,8 NI 50W UVMW 15min

363 nm 508 nm

Absorbance
Intensity (a.u.)

0.0

| ! | ! | ! I !
400 500 600 700 800
Wavelenght, nm



MW assisted solvothermal synthesis

NH,
Nél+
HoN o
T ° MW assisted HT process
+ —
Na O
5 /\/\
sl Glycerol, 150°C L ’ gt 8
o e 0 ona’ 15min
NH,
APTMS-Citrate-Gly 150°C, 15min MWHT
15 494 nm

-4 10
C w
© c
Qo L
8 -4 06 E

o)
<

04

-4 02

0‘0 L] l L I L) I L I L) I L] l L) I L] I L) 00

350 400 450 500 550 600 650 700 750 800
Wavelenght, nm



APTMS based Silicon nanoparticles
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APTMS-PNC assembled Silicon nanoparticles Exotermic reaction

Two steps: 7 O~y

RXN 1 } ™~
/ cl H\ r.H H /

o «  THF
N\‘ )ﬂ ;O
1) \ /\/\ _H me H‘”‘O_ N
~_ /,s: llﬂ + e W /o
o ! Room T, N, J_/ S0

|
]
/ CI/ \CI _'C:‘_SllI H-N‘{ \H
0 #.
| \ o
-
bridging agent A ~2 %
fnf"s!-.\u \\
\

Precursor 1: APTMS-PNC

e RXN 2 I

<= < —-» Glycerol Na
T 100W MW o
e 15 min o =0
Na O
Bridging and growing .

Citrate reduction

Dendrimer structures



APTMS-PNC assembled Silicon nanoparticles

©9

o

MW assisted
synthesis

3.0kV X370  50uym 0139 1530 SEI

=
Glycerol

100W MW
15 min

3.0kV  X1,000 10pm 0139 1530 SEI

3.0kV  X2,200 10pm 0139 15 30 SEl

30kV  X15,000  1pm

0139

15 30 SEI




APTMS-PNC assembled Silicon nanoparticles

3.0kV X100 100um 0139 14 30 SEI 7 3.0kV  X1,000 10pm 0139 14 30 SEI 100 umn

Si-PNC
6:1 mol ratio

A3.0kV. X120 100pm) 0139 1430 SEI- 3.0kV  X2,500 10um 0139 1430 SEI

3.0kV  X4,000 Sum 0139 14 30 SEI




APTMS-PNC assembled Silicon nanoparticles

15
6.84 4.76 3.87 3.56

time O

RXN conditions H
Glycerol 100W MW P

Microparticles built up by smaller particles starting from single
molecules..... Inverse dendrimer like formation?

Dendrite like morphology

g e
HV spot | det | mode mag [J HFW WD

HV spot | det | mode | mag [] HFW

o & g press
% | 500kV | 3.0 | ETD | SE 5000x | 82.9 ym | 9.0 mm | 4.80e-4 Pa * | 5.00kv | 3.0 | ETD | SE 27 085x | 153 pm | 9.0 mm | 4.48e-4 Pa



APTMS-PNC assembled Silicon nanoparticles

XRD diffraction pattern FTIR spectroscopy

—— APTMS SiNPs 1007 i -
—— APTMS-PNC (6-1) SiNPs %7 ¥
%01 | |
i) 85 | 1
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LWM#” Yl rlu\u“"L\Mf"Mv'\ 40 L T u T u T u T L T u T u T
—t T 4000 3500 3000 2500 2000 1500 1000 500
10115 20 25 30 35 40 45 50 55 60 65 Wavenumber, cm-1
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Possible nanocage ? "
ol %
| | B
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EDS analysis

Energy [keV]

2316

Bamant At No Natto Ma‘ss Mass Norm. Alt?rrn abs. e.v.'uf %]
%} %] %] {1 sigma)

Carbon 6 6462 22.45 27.79 884 339
Nitrogen 7 2513 10.51 13.00 1559 191
Oxygen 8 11326 20.84 25.79 27.07 289
Silicon 14 43048 1134 14.03 819 0.50
Phosphorus 15 34507 11.05 1367 741 0.45
Chiorine 17 11312 4.61 51N 2.70 0.19

Sum 80.80 100.00 100.00




AEAPTMS-PNC assembled Silicon
nanoparticles

RXN 1
o\/ : cl —ocl THF
. /5\/\/\T/\/ “H + _—>
% ‘ /\
/ o Room T, N,

Precursor 2: AEAPTMS-
RXN 2

Glycerol 15n
100W MW

Na
o

-+
O ONa

Citrate reduction

Different configurations
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— ° A
RO/S\/w (\/5‘\0/
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AEAPTMS-PNC assembled Silicon

nanoparticles
Mol ratio AEAPTS-PNC ﬁ‘f RYN 1
O Ho o 15 min
) >
N © Glycerol
NG 100W MW
+ J—
o/ | ¢ d

L o7 AEAPTMS:PNC mol ratio
° N, H '\_ (3:1)
/ \

[3-(2- Y -
Aminoethylamino)propyl] .
trimethoxysilane 80% A

AEAPTMS:PNC mol ratio
(6:1)

@
=
&



AEAPTMS-PNC assembled Silicon
nanoparticles

o o o o»— MW assisted

HO/St\/» (\// synthesis

- 5.5 88883

H
.
AEAPTMS:PNC mol ratio
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Are these NPs the Si
nanocrystals?



AEAPTMS-PNC assembled Silicon
nanoparticles

3 min
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AEAPTMS:PNC
mOI ratiO 3.0kV X180 100pm 0139 09 30 SEl
(6:1)
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AEAPTMS-PNC assembled Silicon
nanoparticles
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AEAPTMS-PNC assembled Silicon
nanoparticles

AEAPTMS:PNC
mol ratio
(12:1)
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Summary

Wrinkled surface

Polydispersed with a wide

APTMS:PNC PSD (up to 100 um)

Spherical morphologies
Different textural properties
Different crystalline properties

Smooth surface

Less polydispersed with

broad PSD (around 1 um)
AEAPTMS:PNC

* Template and surfactant free well define structures
* Fluorescent dye, gain medium and heavy metals no needed...

* Simple, fast and high yield approach...

Tuning morphology, crystallinity and particle size

Very complex architectural structures
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