POLITECNICO DI TORINO
Repository ISTITUZIONALE

In Situ Thermal Generation of Silver Nanoparticles in 3D Printed Polymeric Structures

Original
In Situ Thermal Generation of Silver Nanoparticles in 3D Printed Polymeric Structures / Fantino, Erika; Chiappone,
Annalisa; Calignano, Flaviana; Fontana, Marco; Pirri, Candido; Roppolo, Ignazio. - In: MATERIALS. - ISSN 1996-1944. 9:7(2016), p. 589. [10.3390/ma9070589]

Availability:
This version is available at: 11583/2646129 since: 2016-08-05T17:16:15Z
Publisher:
MDPI
Published
DOI:10.3390/ma9070589
Terms of use:
openAccess
This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

08 January 2023

materials
Article

In Situ Thermal Generation of Silver Nanoparticles
in 3D Printed Polymeric Structures
Erika Fantino 1 , Annalisa Chiappone 2, *, Flaviana Calignano 2 , Marco Fontana 1 , Fabrizio Pirri 1,2
and Ignazio Roppolo 2
1
2

*

Department of Applied Science and Technology, Politecnico di Torino, Corso Duca degli Abruzzi, 24,
Torino 10129, Italy; erika.fantino@polito.it (E.F.); marco.fontana@polito.it (M.F.); fabrizio.pirri@polito.it (F.P.)
Center for Sustainable Futures@PoliTo, Istituto Italiano di Tecnologia, Corso Trento, 21, Torino 10129, Italy;
flaviana.calignano@iit.it (F.C.); ignazio.roppolo@iit.it (I.R.)
Correspondence: annalisa.chiappone@iit.it; Tel.: +39-011-5091956

Academic Editor: Alessandra Vitale
Received: 10 June 2016; Accepted: 12 July 2016; Published: 19 July 2016

Abstract: Polymer nanocomposites have always attracted the interest of researchers and industry
because of their potential combination of properties from both the nanofillers and the hosting
matrix. Gathering nanomaterials and 3D printing could offer clear advantages and numerous new
opportunities in several application fields. Embedding nanofillers in a polymeric matrix could
improve the final material properties but usually the printing process gets more difficult. Considering
this drawback, in this paper we propose a method to obtain polymer nanocomposites by in situ
generation of nanoparticles after the printing process. 3D structures were fabricated through a
Digital Light Processing (DLP) system by disolving metal salts in the starting liquid formulation.
The 3D fabrication is followed by a thermal treatment in order to induce in situ generation of
metal nanoparticles (NPs) in the polymer matrix. Comprehensive studies were systematically
performed on the thermo-mechanical characteristics, morphology and electrical properties of the 3D
printed nanocomposites.
Keywords: 3D printing; polymer-based nanocomposites; silver nanoparticles

1. Introduction
Polymer-based nanocomposites (NCs) have been extensively studied in the last decades as a
means to achieve improved properties via the control of the interactions between the polymeric host
and the nanostructured filler [1,2]: They have become an important class of materials exploited in many
different applications such as optics [3–6], microelectronics [7–9], bioactive materials [10,11] and others [12].
There are many nano- and micro-fabrication techniques available for the realization of such type of
NCs, including electron beam lithography, photolithography, ink-jet printing, direct-write techniques,
soft lithography and contact printing [13]. But these techniques do not offer simple approaches to
fabricate three-dimensional (3D) structures.
Currently, great efforts are being produced in the attempt to develop new nanocomposite
processing techniques that may allow the production of highly reliable and precise 3D microstructures:
A very promising and potentially cost-effective approach to manufacture such nanocomposite
microdevices is represented by 3D printing [14–17]. A marriage of nanomaterials and 3D printing
could offer clear advantages and numerous new opportunities [18–20].
3D printing consists of the direct fabrication of a 3D object starting from a digital model.
3D printing is now routinely used in a variety of manufacturing sectors ranging from simple prototypes
to direct part production, in both aerospace, automotive and bioengineering sectors [18,21–23].
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In recent years, advances in materials science in conjunction with the existing 3D printing
technologies are opening new areas of application: Researchers have investigated hybrid 3D printing
processes and materials to create advanced products [15,16,24–29]. The possibility of coupling the
3D aspect with a low-cost fabrication would open up several possibilities in a broad range of fields,
in particular in the electronic one [17,30,31].
Stereolithography (SLA) and Digital Light Processing (DLP) represent some of the most explored
3D techniques used for the fabrication of such microdevices [15,32]. The general procedure for building
3D structures with SLA involves the exposure of light (typically from a laser or light-emitting diode) to a
photocurable resin (e.g., acrylated monomer or oligomer), which creates cross-linked regions where the
light irradiates the matrix. The resolution of these techniques is influenced by many factors, depending
both on the photocurable system (curing mechanism, kinetics, free radical diffusion, etc.) [33–35] and
the optical system [36]. The throughput of the SLA process is slow due to the point-by-point scanning
nature of the direct-write of the laser system while the DLP exploits a digital micro mirror-array device
(DMD), to produce a dynamic digital mask: An entire part cross section can be cured at one time,
resulting in a faster process than scanning a laser beam [36].
A significant amount of work on 3D printing of nanocomposites concerns the incorporation of
different types of nanoparticles in a commercially available acrylate or epoxy resin. In most of the works
the scope is to enhanced the properties of the matrix (electrical [37], magnetic [38], mechanical [39]
and thermal properties [40]), instead in other papers the aim is to fabricate green bodies of ceramic
components [41–43]. Nevertheless, in all the cases, the addition of nanofillers strongly affects the
printing process: Solution viscosity, light penetration depth and nanoparticles dispersion and stability.
The control over all these parameters can be really tedious and not easily achievable.
Recently a new method to obtain 3D polymer-based NCs was proposed [44]: The results
established a novel approach for the preparation of 3D nanocomposites by coupling the photoreduction
of metal precursors with the DLP technology, allowing the fabrication of conductive 3D hybrid
structures consisting of metal nanoparticles and organic polymers shaped in complex multilayered
architectures. The main advantage of this technique is the combination of the DLP technology with the
reduction of the silver precursor.
Based on previous studies [44], we select the best formulation and in this paper we decided to
exploit a thermal reduction of the metal precursor evaluating the possibility of contemporary sintering
of the generated silver nanoparticles. The 3D structures were fabricated by embedding metal salts
in the starting formulation, PEGDA oligomer and photoinitiator, and exposing them to the DLP
system. The 3D fabrication is then followed by a thermal treatment (TT), in order to induce the in situ
generation of metal nanoparticles (NPs) in the polymer matrix, (Figure 1). Comprehensive studies
were systematically performed on the thermo-mechanical characteristics, the morphology and the
electrical properties of the 3D printed nanocomposites.
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Figure 1. Sketch of Digital Light Processing (DLP) setup that projects dynamic digital masks on the

Figure
1. Sketch of Digital Light Processing (DLP) setup that projects dynamic digital masks on the
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3D structures in liquid nitrogen: Both surface and cross-section of the cured materials were analyzed.
The UV–Visible spectra were recorded by means of a double beam Lambda 40 instrument
(Perkin-Elmer Italia, Milano, Italy). The range between 280 and 800 nm was monitored with a scan
rate of 480 nm/min. All the experiments were performed on 100 µm films coated on a glass slide.
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Figure 2. 3D objects produced by DLP technique from the formulation containing polyethylene glycol
Figure 2. 3D objects produced by DLP technique from the formulation containing polyethylene glycol
diacrylate (PEGDA) and 15 phr of silver nitrate. (a) Honeycomb structure as printed; (b,c) samples
diacrylate (PEGDA) and 15 phr of silver nitrate. (a) Honeycomb structure as printed; (b,c) samples
after the thermal treatments; the metallic aspect induced by the presence of the silver nanoparticles is
after
the thermal treatments; the metallic aspect induced by the presence of the silver nanoparticles is
clearly visible.
clearly visible.
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Isothermal treatments performed in air confirmed that 200 ˝ C thermal process is not compatible with
our structures since the polymer matrix undergoes thermo-oxidative degradation, showing a loss of
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Figure 4. UV-Vis plots of samples treated at (a) 100 ˝°C; (b) 150 °C;
200 °C˝in air and (d) 200 °C in˝
Figure
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after different
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vacuum obtained after different heating times.

vacuum obtained after different heating times.
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Figure 5. (a) Cross section of a sample treated 1 h at 150 °C in air; (b) Cross section of a sample treated

Figure 5. (a) Cross section of a sample treated 1 h at 150 ˝ C in air; (b) Cross section of a sample treated
1 h at 150 °C in vacuum; (c) Cross section of the core of a sample treated 1 h at 150 °C in vacuum.
1 h at 150 ˝ C in vacuum; (c) Cross section of the core of a sample treated 1 h at 150 ˝ C in vacuum.
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In a recent work we reported about the fabrication of 3D printed object containing silver salts in
On the contrary, similar thermal treatments performed in vacuum lead to the lower resistivity values,
which the subsequent Ag NPs reduction was performed by means of UV irradiation. The resistivity

nearly two orders of magnitude lower than the corresponding untreated sample. The obtained values
indicate that no sintering has occurred.
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values obtained after 1 h of thermal treatment at 200 C are in line with the values obtained for a
values obtained after 1 h of thermal treatment at 200 °C are in line with the values obtained for a
sample UV irradiated for 10 min, indicating that with this NCs UV reduction seems more efficient
sample UV irradiated for 10 min, indicating that with this NCs UV reduction seems more efficient in
in the realization of conductive 3D structures. At last we performed electrical measurements also on
the realization of conductive 3D structures. At last we performed electrical measurements also on 3D
3D structures, as example we reported the value for the sample heated at 200 ˝ C for 1 h in vacuum,
structures, as example we reported the value for the sample heated at 200 °C for 1 h in vacuum, Figure 7.
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Figure 6. (a) Relationship between resistance and heating temperatures measured on flat printed
specimens; (b) Conductivity and resistance values measured on flat samples treated at different
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(b) Conductivity and resistance values measured on flat samples treated at different
temperatures for different times.
temperatures for different times.
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Figure 7. I–V plot obtained by contating an honeycomb structure treated at 200 °C in vacuum. Inset:

Figure 7. I–V plot obtained by contating an honeycomb structure treated at 200 ˝ C in vacuum.
the current flowing trough the structure was sufficient to achieve the illumination of a led.
Inset: the current flowing trough the structure was sufficient to achieve the illumination of a led.

4. Conclusions
4. Conclusions
The method here proposed allows to obtain 3D structures with complex geometries presenting
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The following abbreviations are used in this manuscript:
NPs

nanoparticles

NPs TT nanoparticles
thermal treatment
TT
treatment
3D thermal
three-dimensional
3D
NCs three-dimensional
nanocomposites
NCs SLA nanocomposites
stereolithography
SLA DLP stereolithography
digital light processing
DLP DMD digital
light processing
digital micromirror-array device
DMD
digital micromirror-array device
DSC
differential scanning calorimetry
DSC
differential scanning calorimetry
TGA
thermogravimetric analysis
TGA
thermogravimetric analysis
computer-aided
design
CAD CAD computer-aided
design
BAPO
bis-acyl-phosphine
oxide
BAPO
bis-acyl-phosphine oxide
PEGDA
polyethylene
glycol
diacrylate
PEGDA
polyethylene
glycol
diacrylate
emission
scanning
electronmicroscopy
microscopy
FESEMFESEM
fieldfield
emission
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