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Abstract

Printed electronics is a technology based on the deposition of films of conductive, dielectric,
or semiconductor materials using printing mechanisms, called contact and non-contact,
which are characterized by being fast, controllable and compatible with low-cost techniques,
and with the use of flexible substrates made of natural and synthetic polymeric structures,
attracting attention of the scientific community. In printed electronic technology, the use of
functional and printable inks contributes to the quality of conductive contacts. The
composition of the inks is mainly based on the presence of metallic nanoparticles dispersed
in different organic solvents that provide stability and resistance to oxidation, resulting as a
favorable electrical behavior for a printed circuit.

In this dissertation, the synthesis of a conductive ink based on silver nanoparticles (AgNPs),
obtained by the chemical reduction method for the fabrication of conductive patterns
deposited by direct deposition printing techniques, is demonstrated. The significant finding
of this work lies in the optimization of the synthesis method and the eco-friendly reagents,
where it was found that there is a preferential concentration for growth, size distribution,
stability, and growth control through the addition of a limiting reagent. At the same time, the
compatibility of the particles with flexible substrates such as bond paper, opaline,
photographic paper, PET, and acetate is confirmed, along with the electrical performance of
the particles dried at room temperature, with ohmic resistances ranging from 1.80 to 5.78 Q.
We would like to point out that the scope of the physical, chemical, optical, electrical
properties, relies on the synthesis routes of metallic nanoparticles, as well as the influence of
the reagents used during the processes. Ferreira-Oliveira et al [In Talanta open, 5, 100085
(2022)] report a silver nanoparticle-based ink synthesized by the polyol method with a similar
resistance (1.53 Q). Although the reported result confirms the conductive nature of the ink,
the polyol method involves suspending a metallic precursor in a glycol solvent and heating
the solution by reflux, which implies higher energy cost and temperature control during
synthesis to prevent oxidation of the polyols used [K. Eid et al, Supra-Materials
Nanoarchitectonics, Elsevier inc., (2017) Amsterdam, 135-171].

Additionally, the synthesis of ink based on 20 wt.% AgNPs with hydrogen peroxide is
presented, and the addition of any stabilizing or wetting compound was not necessary to
maintain stability and allow ink flow. The synthesized ink maintains the properties of AgNPs
and ensures the absence of contaminating elements. The electrical properties of the ink were
assessed using photographic paper, demonstrating through bending and 1000 cycles of
torsion the appropriate electrical behavior of the ink without reaching the pattern breakage.
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Chapter 1
Introduction

Electronic waste or e-waste, according to Suja et al [1], is any electrical appliance or
electronic component that has reached the end of its useful life cycle due to its operation,
where eventually its use or consumption will be part of a set of waste. The e-waste is
considered as a fastest-growing category because the consumption demand for electronic
products continues growing every year, estimating a projection in consumption growth of
4.52% with monetary profits of $538 billion USD per year from the sale of electronic
products [2, 3]. However, the high demand in consumption from various socioeconomic
profiles increase the level of e-waste and limits the collection of waste, impacting and
damaging environment and human health [4].

The continued use of devices, such as household appliances, televisions, smartphones,
electronic hardware, and others that have generated and will continue to producing a
significant new amount of e-waste in the near future [5, 6]. The main components of these
devices are PCBs (printed circuits boards). These are constituted by a substrate know as
Flame Retardant 4 (FR4), which is a composite material made of woven fiberglass cloth,
epoxy resin binders, and toxic substances such as bromated flame retardants. Other
components that are included in such PCBs are capacitors, batteries, plating for corrosion
protection, and solder alloys that include toxic chemicals [7, 8].

Choosing ways to reduce polluting materials, can provide better alternatives that reduce
environmental and health risks. Figure 1.1 shows a comparative perspective of the PCB e-
waste problem and the possible eco-friendly solutions. However, now a days the waste and
handling the materials that constitute PCBs requires a manufacturing processes were non-
toxic materials are necessary. Also, not all the materials in PCBs have property to be recycle
or being biodegradable to minimize adverse environmental and human health.

Degradable
materials

Figure 1.1. Desing guidelines of future degradable PCBs. Modified from reference [7].
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For these reasons, new technologies are currently being developed to improve the
maintenance of sustainable production routes in the industry, from the manufacturing stage
up to disassembly [2, 8]. If electronic devices are manufactured with characteristics that
contribute to their recycling, the reduction of risks in human manipulation of rare earth metals
would be favored and the recovery of materials and metals would even be enhanced [7, 9].

The eco-design of electronics serves as an alternative solution to reduce waste by employing
materials that can enhance recycling efficiencies (Figure 1.2). This involves constructing
devices using materials such as polymers, adhesives, and active layers that can degrade
naturally. Additionally, implementing materials with versatile production processes and
easy-to-handle chemicals not only eliminates the environmental risks, but also facilitates
disposal, while ensuring compatibility with environmental standards [9].

=[]
[

"N
- 1A

e-waste is discarted . e-waste is recycled in
e-waste is collected .
by the user treatment companies

Figure 1.2. Possible routes to formal e-waste collection. Modified from reference [6].

Biodegradable materials, such as natural and synthetic polymer substrates (e.g., paper,
polyvinylchloride or PVC, Polyethylene terephthalate or PET, among others), facilitate
recycling, usage, and cost-effectiveness, making them attractive conventional materials for
use in electronics. These materials form the basis of a field of application known as flexible
electronics, offering the possibility of transferring the construction of PCB boards to a
biodegradable electronics analogue, like Hybrid Flexible Electronics (HFE) that integrate
printed electronics and conventional silicon ICs (integrate circuits) [10, 11].

The design and construction techniques of HFE involves that their active layers and
conductive tracks do not produce toxicity, and the electronic components can be
disassembled for reuse contributing to the e-waste recycling.

In addition to considering the technological development of printed electronics based on
sustainable and eco-friendly development, it is also important to consider the electrical
performance of different devices made with printed electronics comparing them with silicon
based technology. In the following section, the historical development of devices based on
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printed electronics will be briefly mentioned and, in general terms, its contrast with
microelectronics is mentioned.

1.1 Background

In the late 1960s, the first tests of printed electronics were carried out. These tests involved
the deposition of inorganic materials on Thin-Film Transistors (TFTs) placed on paper and
other types of substrates using a vacuum chamber to construct flexible circuits. The aim was
to integrate these circuits into credit cards, electrical sensors for medical and biological uses,
teaching materials and toys [12, 13]. Later, devices printed on paper, such as a light-emitting
diode (LED) with a capacitance response of 0.1 nF and field-effect transistor (FET)
fabrications, were reported. The scale-up of these devices has been tested without altering
the electrical properties [14, 15]. Currently, the development of printed circuits using inks
containing metallic nanoparticles start to become a sustainable manufacturing process. These
nanoparticles primarily act as electrodes, including materials such as Cu (copper), Ni
(nickel), and Al (aluminum) [16]. Such breakthroughs made possible the implementation of
Complementary Metal-Oxide Semiconductor (CMOS) technology at a low cost and with low
environmental impact by avoiding the production of various toxic metals that affect the
environment and health [17]. Multiple electronic devices as solar cells, LEDs, Organic Field-
Effect Transistor (OFETS), capacitors, supercapacitors, batteries, antennas, PCBs, sensors,
among others, can be fabricated on flexible substates [18-24]. The manufacturing of these
devices has replaced high-cost and difficult-to-recover materials and elements such as
platinum and Indium Tin Oxide (ITO). This has been achieved by using materials obtained
in a more versatile way that exhibit competitive properties, including ternary and quaternary
materials, metal oxides, carbon-based compounds such as graphene, or even nanomaterials.

Compared to traditional silicon electronics, printed materials are cheaper due to the design
approach in creating devices that address a range of applications requiring disposability,
reusability, better performance, and operational features, thus reducing production cost.
Figure 1.3 outlines the key points in device manufacturing considering that printed
electronics technology adopts flexible and large-area substrates with fast, simple and low-
cost integration, as well as low switching operation times, compared to microelectronics that,
despite providing extremely short switching times and high-density integration [see figure
1.3], however, sophisticated manufacturing in small areas implies high costs. The
incorporation of HFE provides the qualities of both technologies from materials adaptation,
manufacturing design, circuit design and incorporating integrated systems [11].
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PRINTED
ELECTRONICS

*Low switching
times
*Low integration
density
*Large areas
*Flexible
substrates
*Simple
integration
*Low fabrication
cost

Figure 1.3. Comparison between printed electronics and microelectronics [25-28].

Individually, both techniques provide advantages, however, if there is an integration of both,
then the substitution of mechanical properties that limit the scope of the application of the
built systems is provided, for example, replacing an FR4 structure and etching on Cu plates
by flexible substrates and conductive ink applied by a printing method. Teng et al [29] were
the pioneers in achieving integration using microelectronics with the inkjet technique when
manufacturing contacts for solar cells using a silver neodecanoate solution, from there, the
development of solution-processed electronics has spurred the advancement of electronic
device manufacturing processes, considering material performance from acquisition to
implementation.

1.1.1 Functional printed electronics

Printed electronics involve layer-by-layer deposition to create continuous and uniform
patterns. Ambient temperature drying is expected to be favorable; however, the use of
temperature, with drying up to 500°C, may be required, first to evaporate the solvents that
formulate the ink, and secondly, to enhance the electrical behavior of the printed materials
[30-32].

Another important aspect of this technology is the flexible electronics and the requirements
it entails for achieving the manufacturing of electronic devices. Flexible electronics presents
limitations which, according to its development and applications, can be adaptable to the
field applied. This implies considering aspects such as the flexibility of the materials used as
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substrates compared to the rigid substrates that compose traditional microelectronics. This
leads to the basic and simple realization of highly conductive, insulating, or semiconducting
systems using flexible materials as substrates, although the performance is not yet
comparable to silicon-based technology. However, the development and applications of
flexible electronics are achievable in interdisciplinary fields such as medicine and health,
energy, optoelectronics [33], and its manufacturing is based on material preparation,
deposition, modeling, and encapsulation [34].

The manufacturing of inks for printing systems, like inkjet printing, is of interest due to their
low fabrication costs, large areas, high efficiency, variability in low and high temperature,
absence of mask usage, high resolutions, high compatibility with both natural and synthetic
polymers, flexibility, low material consumption, etc. [34]. The formulation of inks, whose
composition provides adequate flow, substrate compatibility, and controls the quality of
printed films, is crucial. The choice of solvent is primarily focused on particle compatibility,
as well as toxic and environmental implications. Hence, the use of organic solvents aims to
avoid the generation of volatile compounds [35, 36].

The synthesis of water-based inks, besides not being based on a toxic solvent, implies no
residue, and water is a much more economical and readily available solvent. However, the
disadvantage of using this solvent is its limited compatibility with plastic polymeric
substrates, which poses challenges for drying, adhesion, and uniformity of printed patterns
due to surface tensions present, which are crucial in printed electronics technology [37].

Commercially, silver-based inks can be found in a range of prices due to their properties. For
example, prices can vary from $300 USD for 10 g to $500 USD for 200 g [38-40]. The main
characteristics of these inks depend on their deposition method and preparation, and
compatibility with intended substrates is not guaranteed. Additionally, drying temperatures
higher than 100°C are often recommended.

Inks primarily made of silver nanoparticle-based formulations have been reported and exhibit
efficient conductivities [41-44] The difference among the reported inks lies in their
formulation, synthesis routes, reagents used, adaptability of particles to specific solvents,
variability in drying times and temperatures, and the routes for their applications in printed
electronics, primarily through inkjet printing techniques. For example, Fernandes et al [41]
report the mixtures of silver particles with ethylene glycol (EG), ethanol (EtOH),
PEDOT:PSS [(poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)], water,
ethanolamine (MEA), and hyperdispersant (Solsperse 20000) in the same formulation,
yielding resistivities of 5.4 x107° Q-cm. Additionally, Mo et al [42] reported resistivities
ranging from 1.5 to 2.9 x10¢ Q-cm for silver nanoparticle inks with dodecylamine and
dodecanothiol.
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The manufacturing of electronic products through printed electronics still involves the search
for accessible, economical, and reproducible processes. However, this is a field that is
potentially envisioned in the industry's future. An ink that exhibits conductive characteristics
and is low-cost, easy to prepare, store, and apply is indicative that manufacturing processes
lead to high yields for various research and industrial applications, from their deposition to
post-processing.

1.2 Main objective

Due to the scope, reproducibility, stability, and adaptability of using silver nanoparticle-
based conductive inks, the main objective of this work is focused on a simple synthesis of
these inks through the chemical reduction method. Simultaneously, on the selection of
synthetic and natural polymeric materials, the goal is to evaluate the compatibility of
nanoparticles and their application in printed electronics. Thus, more precisely, the main
objective is described as follows:

Synthesize silver nanoparticles inks from chemical reduction method and functionalize
them as electrodes by printing techniques for applications in flexible electronics.

The general idea is to use a precursor agent that generates silver ions (AgNO3) reacting with
a reducing agent (NaBH4) in an aqueous medium, and through the use of sodium citrate
(CsHsNaz07) at different concentrations, evaluate the control of nanoparticle growth, their
stability, morphological, compositional, optical, and structural properties. Subsequently,
conductive nanoparticles will be identified, which will be measured through I-V
characterization to confirm ohmic behavior. Similarly, one of the main challenges in particle
suspension is to find a dispersing medium that allows creating a stable system without the
need to implement wetting agents or organic stabilizers as conventionally found in the
literature [45], as well as using low concentrations by weight (< 20%) of nanoparticles in a
larger volume aqueous medium (~ 80%) that allows good electrical properties [46-48].

As a detailed approach, individual objectives were established and pursued one by one as
follows:

1. Synthesis of silver nanoparticle through the use of a reducing agent.

2. Determination of chemical and physical properties.

3. Determination of the electrical properties of conductive particles onto different flexible
substrates.

4. Study and application of a conductive AgNPs-based ink.

5. Adaptation of the synthesized conductive ink in a conventional cartridge through
handwriting technique.
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1.3 Justification and structure of the thesis

Printed electronics refers to the application of printing techniques, both conventional and
digital, to manufacture electronic structures, devices, and circuits, regardless of what
functional materials (ink) and substrates are used, allowing it to be carried out economic [49].

The adaptability of conductive materials used as electrodes on flexible substrates increases
the possibility that the electrodes printed on the substrate improve the compatibility on its
surface and the improvement of the electrical characteristics in flexible electronics with a
highly recyclable material. Using a conventional printer is expected conventional to favor
the costs of the method, even from the choice of synthesis method to the costs of the reagents
and materials implemented for the synthesis of inks with high conductive yields on large area
surfaces. The aim is to ensure that deposition mechanisms could simulate both high-cost
industrial methods and conventional, easily adaptable, and more economical methods. These
methods fulfill the requirements of coating and direct deposition processes [50-52].

This dissertation is divided as follows: in Chapter 2, we discuss the general aspects of the
state of the art involving printed electronics. We also describe the technology of printed
electronics and deposition mechanisms for nanoparticle-based conductive inks. In Chapter 3,
we describe the synthesis methods of silver nanoparticles using the chemical reduction
method, evaluating the effect of adding two agents, one potentially reducing and the other
with both reducing and protective characteristics. Conductive nanoparticles were obtained
based on optical, compositional, morphological, size, and stability characterization, and their
electrical behavior was measured on five flexible substrates. In Chapter 4, the synthesis of
conductive ink from the reaction between nanoparticles and hydrogen peroxide (H20) is
described. Characterization includes I-V measurements along with mechanical tests of
bending and torsion cycles. Additionally, the construction of a simple PCB system using the
direct deposition method of handwriting is presented. The dissertation concludes with
Chapter 5, describing the conclusions and reviewing the main contributions and results of the
thesis.
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Chapter 2
General aspects of printed electronics

Printing electronics includes techniques that allow the replacement of conventional processes
found in I1Cs. The main goal is to create an electronic system using printing electronics [53].
Figure 2.1 shows the comparison in the manufacturing of traditional integrated circuits,
which involve different processes such as applying resin for lithography and etching of a
circuit. On the other hand, printing involves fewer steps such as depositing conductive ink,
primarily, and drying, making it a more controllable and sustainable process to obtain a
circuit pattern on a functional substrate.
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Figure 2.1. Comparison of manufacturing steps between (a) IC and (b) printing process
[53].

Another objective of printing electronics is to reuse and achieve a circuit that is 100% closed-
loop in terms of materials, with profitable heat and energy consumption, reliability, high
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lifespan, yields, repairability, and maintenance, as offered by silicon-based technology [7,
54].

Printed electronics is still under development, but it provides solutions by adopting new
methods for manufacturing thin, flexible, lightweight, and low-cost electronic devices from
sustainable designs, thereby reducing the consumption of toxic and harmful materials. It also
implements eco-friendly materials to provide a lasting solution [7; 49]. Today, hybrid flexible
electronics combine silicon ICs with flexible and printed electronics, providing high-
performance operation on large-area surfaces without expensive processes [10].

In addition to flexible, degradable, and recyclable substrates, using printing electronics also
involves making inks from materials whose processes require low energy consumption.
Moreover, the final properties and raw materials of these inks should not pose negative health
or environmental risks during handling [49]. Another important aspect is that the inks are
formulated based on solvents. In the literature, countless solvents are applied in different
processes for the synthesis of these materials [30, 55].

In printing electronics, three groups of inks are classified based on the nature of the
conductive material, where: (1) inks made from metallic particles, (2) inks based on carbon
compounds, and (3) inks based on particle-free polymeric materials (for example,
PEDOT:PSS ink) [46]. According to this classification, this section will describe the use of
metallic nanoparticles as the reference for analysis.

In the following sections of this chapter, a brief review of the ink formulations from printed
electronics will be addressed. Also, general aspects of the state of the art that connect flexible
electronics and of impression will be described. The types of printing techniques are
mentioned with the classifications and types of printing mechanisms. Finally, the general
characteristics of inkjet printing technology and its use for the manufacture of conductive
contacts on flexible substrates will be mentioned.

2.1 Nanoparticles ink technology

Inks based on nanotechnology focus on the functionality of the inks based on their chemical
composition, particle size and shape, ink viscosity, and surface tension [47]. Different authors
have mentioned a variety of synthesis methods for preparing nanoparticles such as chemical
vapor deposition [56], photochemical reduction [57], ion sputtering [58], laser ablation [59],
chemical reduction [60], among others. The chemical reduction method is one of the most
commonly used to synthesize metallic nanoparticles because one of its main characteristics
is the controlling of the temperature and reaction time, where the size and shape of the
nanoparticles can be controlled as well [61].
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Referring to metallic nanoparticles, the most common are made of silver (Ag) AgNPs and
gold (Au), as they provide high conductivity and other qualities such as resistance to
oxidation. When they are integrated into an ink, these aspects do not substantially affect the
ink's conductivity over time. Gold nanoparticles show greater resistance to oxidation over
time, and their conductivity is higher. However, gold is an inert metal, making the
formulation of an ink based on these nanoparticles complicated. Additionally, the cost is
considerably higher, and synthesis processes, even by using methods such as chemical
reduction (which is one of the simplest methods), involve the use of higher temperatures and
longer synthesis periods [62]. On the other hand, metals like copper (Cu), aluminum (Al), or
nickel (Ni) are cheaper but oxidize, forming insulating layers that in turn alter the
conductivity of the inks. Therefore, the use of vacuum may be necessary to delay oxidation
[30, 35, 62]. Considering these characteristics and comparing them with particles of Au, Cu,
Al, and Ni, silver nanoparticles (AgNPs) are the conductor material par excellence for use in
the synthesis of conductive inks [63].

Recent studies report the synthesis of AgNPs using the chemical reduction method, taking
into account various aspects such as the reagents used and reaction conditions. Gangwar et
al [64] have reported the synthesis, using silver nitrate (AgNQO3), with tannic acid as the
reducing agent and sodium hydroxide (NaOH) at 30°C for 30 minutes. The reported particle
size is 5-40 nm, and they exhibit a spherical shape. The authors describe the effect on particle
growth with changes in the concentrations of the reducing agent and precursor. Additionally,
they report the effect of the reducing agent concerning time.

Ma et al [65] demonstrate that under the reaction of AgNOs3, hydrazine hydrate (N2H4), and
polyvinyl pyrrolidone (PVP) at 60°C for 30 minutes, spherical particles of 81 nm are
obtained. On this study, they compare the variation in the concentration of AgNO3 to evaluate
the electrical behavior in relation to the effects of agglomeration.

On the other hand, besides using AgNOgz, N2H4, and PVP to obtain spherical particles. Some
other authors also use ethyl cellulose, acetone, and terpentine alcohol to synthesize
conductive ink [66]. Zhuo et al also mention printing patterns on polyimide (PI) with drying
temperatures ranging from 140°C to 250°C since the organic compounds formed are removed
at these temperatures.

Using sodium borohydride (NaBH4) with PVP and AgNOs to obtain spherical particles by
the chemical reduction method has also been reported. However, Kant el al [67] do not
provide information about the reaction conditions even though, they obtain an ink based on
their synthesized AgNPs with particles ranging from 10-50 nm in size dispersed with EtOH,
methanol (MtOH), propanol, diethylene glycol (DEG), toluene, and water. The authors
conducted tests on photographic paper with drying at 100°C. The authors conducted tests on
PET and photographic paper with drying temperatures ranging from 50 to 300°C for 30
minutes.
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By the same synthesis method, the processes of obtaining nanoparticles can be accelerated
depending on the properties of the reducing agent. For example, benzene-1,3,5-triol reacting
with AgNOsat 25°C for 5 minutes results in particles of 12 nm [68]. Finally, Shen et al [44]
report spherical AgNPs particles ranging from 20-230 nm in size using AgNOs, MEA, poly
(acrylic acid) [PAA], and water at 65°C for 1 hour. The ink that mention is based on EG and
water, tested on photographic paper with drying temperatures ranging from 50 to 180 °C over
15 minutes.

2.2 Conductive inks design

Ideally, the design of an ink formulation assumes that its composition addresses different
issues that may arise during the printing process. For example, nanoparticles tend to
aggregate or sediment over time, which adversely affects the ink's stability. Additionally,
during printing, bulging lines and cracks may form during pattern drying [69]. Therefore, it
is common to find in the literature inks where dispersing agents are added mixed with binders
and other additives [30, 55].

Although multiple synthesis routes and ink formulations are mentioned in the literature, there
is no precise way to determine which one is the most favorable. Therefore, it is important to
create a design that takes into account solutions to the problems that arise during and after
printing using a printed electronics technique. This will favor processes and yields from ink
synthesis to its use and promote proper functioning and application in the printing system.

Tam et al [45] propose three steps for designing an ink. The first step involves identifying
the specifications of the desired product, which means achieving the transition from a
solution with nanoparticles to a solid track after drying. Another aspect to consider is the
surface properties of the substrate and the printing mechanism or technique intended to be
adopted. Additionally, formulating an ink based on metallic nanoparticles implies that the
nanoparticle size influences stability, as sedimentation can be accelerated by increased
density resulting from larger particle size. Regarding the electrical characteristics of the
particles, it is preferable to minimize porosity and cracks when the printed pattern is already
solidified. The second suggested step is the ink formulation. As mentioned, an ink may
consist of a conductive material, a dispersing agent, a dispersing medium, a cosolvent, or a
binder, and the choice and incorporation of these components are based on the properties that
are need for improvement. For example, in Figure 2.2, the key aspects that can be improved
are shown. According to the figure, these properties are associated with stability and
printability, which depend on the suspension of the conductive material or the conductivity
that relies on the printed pattern. Additionally, if conductivity improvement is expected by
making the conductive pattern with fewer pores and cracks, then a binder can be added, using
curing conditions, modifying viscosity, and changing the thickness of the printed pattern. On
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the other hand, if ink stability improvement is desired, then the amount of conductive material
should be varied. The variation in the compounds related to the ink composition (see “related
ingredients” in Figure 2.2) will change the properties of the ink or the printed pattern.

Product use Product specifications
conditions

Suspension ” Printed track

Droplet diameter and

Ink viscosity

Ink specific surface energy
I'rack width

Irack thickness

Track volume resistivity

Substrate
Shelf life

Product attributes Related ingredients

Stable against sedimentation Conductive material
Stability

Stable agamst aggregation X x x Dispersant

Suspension Stable droplet formation x x Dispersing medium

Printability Good wettability on substrate x Dispersing medium

Droplets coalescence to form uniform lines x x Dispersing medivm

ERERERE]

Free of coffee ring stains Cosolvent

Printed track | Conductivity Fully sintering with minimum x x x x Binder

pores and cracks

Figure 2.2. Matrix for conductive ink-based metal nanoparticles formulation. Modified
from [45].

The third step is the verification and modifications to the formulation. After synthesizing the
ink, the test to validate its performance is printing, bringing the material to be adapted to the
printing system. Subsequently, it needs a validation and verification if any additional
processes are required to form a solid pattern, allowing the determination of pattern
measurements and electrical characterization appropriately and functionally. If there are no
favorable effects after deposition, alternatives are sought to improve the compatibility of the
ink with the substrate and the printing system, which implies a new challenge to solve the
new problems that have been observed.

The design proposed previously is suitable to provide a general perspective on the key points
that may arise during the development of a functional ink. However, the chemical, physical,
and electrical properties of the conductive material can lead to variability in adopting this
scheme.

Therefore, as mentioned in section 2.1, finding the best properties of the conductive material
may lead to the search for new synthesis routes.

2.3 Silver nanoparticles for printing electronics

In section 2.2, it was mentioned that it is crucial that the particle size needs to be reduced, as
it facilitates the suspension of the particles in the medium and also contributes to uniformity
of the printed pattern. In a printing system, such as inkjet printing, the particles should not
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obstruct the nozzle, which typically has a droplet expulsion size of 30 um in diameter [70].
Various studies report inks containing particles with sizes up to 200 nm [71-73]. Furthermore,
to adapt an ink to a commercial printer, it is also considered that the particle size should be
less than 200 nm [74]. Another aspect to consider in order to avoid a nozzle obstruction and
achieve a uniform pattern, is that the inks, for example, based on AgNPs, are generally
composed with 20% of the total content [46, 75].

2.4 Spherical nanoparticles and size control

In section 2.3, it was mentioned that particles with sizes less than 200 nm are required to
avoid obstruction of printing systems and minimize defects in printing. Regarding shape,
Winter et al [76] have mentioned that spherical particles are preferred because they provide
fluidity during ink injection or application, and with this geometry, they can acquire
electrically conductive charges [77, 78]. Spherical nanoparticles can be obtained via the
chemical reduction method. Also, from this chemical reduction method, metallic
nanoparticles of gold, silver, and copper can be rapidly formed with controllable sizes and
stable characteristics [79, 80]. Conventionally, the synthesis process simplifies temperature
and reaction time control for shaping, sizing, and other material properties during synthesis.
Obtaining silver nanoparticles involves dissolving a precursor metal salt, a reducing agent,
and sometimes the use of a stabilizer. In section 2.1, cases reported in the literature using this
method were mentioned. Under all aspects mentioned in this chapter, it is considered feasible
to produce a conductive ink based on AgNPs using a simple, adaptable, rapid synthesis
process with controllable conditions to promote nanoparticle growth and the presence of
conductivity. Additionally, the design contemplates formulating a water-based ink without
the need for stabilizers or dispersants.

2.5 Printable and flexible electronics technology

Printing electronics enable the implementation of organic, inorganic and hybrid materials,
through low-temperature, low-cost processes, and the use of easily accessible materials such
as synthetic (see figure 2.3) or natural (see figure 2.4) polymer substrates. These materials
can be used as large-surface substrates for the manufacturing of devices in biodegradable
electronics [10, 81-83], aerospace [84-87], automotive [88-90], packaging [91, 92], and
medicine [93-96]. For printing electronic products, the term “print quality” refers to the
surface roughness and thickness of the printed ink or paste, as well as to the electrical
properties of the achieved components and devices.
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Figure 2.3. Pinted circuit on PVC Figure 2.4. Three-dimensional structure of
substrate [97]. conductive material printed on paper [98].

In direct printing electronics applications, conductive materials are the most commonly used.
These materials offer a more affordable approach and are suitable for the large-scale
production circuits [97, 99].

2.5.1 Printing processes technology

In the development of printed electronics, the technology is categorized into two types of
processes, contact and non-contact printing, which are distinguished by the process of
depositing a material. In contact printing, the plating plate or base of the mechanism
maintains direct fixation with the surface of the substrate, while in non-contact printing, only
the material of interest has direct contact with the substrate surface. Various deposition
mechanisms are employed to achieve material fixation using either of these two techniques
[26, 100], as illustrated in figure 2.5. For example, contact printing methods, [see gray zone
of figure 2.5], imply greater disregard for material and present limitations in terms of the
resolution of printed materials, for example, screen printing consists of a flat system
constructed of a “woven mesh” that requires direct contact with the substrate in order to
deposit the material. However, the printing mechanism requires deep cleaning to avoid
contamination between different deposits and the width of the lines cannot be less than 30
um [26]. In this method there may be waste of material, since the control in the deposit
depends on the viscosity of the material and there is no control in the fall of the drop,
potentially altering the outline of the printed pattern [101]. On the contrary, non-contact
printing techniques [see green area in figure 2.5], since there is only contact between the
deposited material and the substrate, there is the advantage of presenting less contamination
or even eliminating waste, reducing the risk of damaging the substrate and alignment of
printed patterns are more precise and uniform, allowing for the deposition of multiple layers
[26, 102]. For example, the mechanism of an inkjet printing system contains a head that
allows the drop to be ejected continuously, however, there is the disadvantage that the
deposited material clogs the head due to its chemical and physical properties [71]. In the
following section, some characteristics that favor this deposit method will be described.
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Figure 2.5. Classification of printed techniques by the contact methods (gray zone) and
non-contact methods (green zone) [99, 103].

Printing technology offers several advantages, for example, in the printing mechanisms of
printing technology, the applicable printable materials can present advantages in their use by
requiring low drying temperatures, good electrical properties which can show high resolution
in the pattern printed. In addition, printing systems offer the possibility of carrying out rapid
printing processes, using masks or not, and using large surface substrates [103, 104].

2.6 Characteristics of inkjet printing technology.

Among all the aforementioned techniques, inkjet printing is one of the simplest methods for
achieving material functionalization on flexible substrates. One of the main advantages of
this technique is its ability to produce uniform structures or films with thicknesses and
dimensions lower than 100 nm. Also, as a non-contact techniques, it minimizes the
contamination by impurities and facilitates the fabrication of stacked structures [18].

This process enables to wide-scale deployment print of any shape or pattern, whose
composition can be changed by simply modifying the drawing in the printing system
software. This technique is well-suited for a wide range of production scales, including
prototyping and large-scale industrial production [105]. It is also a relatively eco-friendly
processing tool that causes few materials wastes since it can be easily implemented for the
quick deposition of inks (in picoliters) without requiring the use of great quantity of corrosive
chemicals [106].
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Conventionally, sophisticated inkjet printing equipment has other qualities such as
controllable drop, also called drop on demand (DoD) or continuous ink injection (CIJ).
Microdroplet formation occurs either through piezoelectric systems that creates mechanical
compression through a nozzle, or by heating the ink to increase its volume and pressure [99].
In the first mode, DoD, the printers are characterized by high precision in the placement of
ink drops, efficient control, and no waste of ink due to temperature control during operation
[107]. In the DoD printer, an electrical current is passed through a small heater that heats the
liquid above its boiling point. The rapid expansion and collapse of the droplets generates a
pressure pulse. In the second mode, Cl1J, as its name indicates, the flow is continuous due to
the vibration of a piezoelectric actuator, which makes the deposition less controllable and
gives rise to a waste of the materials [55].

The DoD and C1J modes are more conventional and have more accessible equipment such
as commercial printers for daily use. However, the material deposited cannot be controlled,
but the printed patterns could be obtained with a notable reduction of production costs.

Figure 2.6 depicts the inkjet printing process. To implement this technology, an inkjet printer
is required, which can be a common office printer. The ink can be integrated into printer
cartridges, and a polymer or paper can be the substrates.

Droa m

Figure 2.6. Representation of the inkjet printing process. Modified from reference [108].

Although commercial printers facilitate fast and low-cost production, there are limitations
such as making the nozzles capable of expelling ink with volumes of several picoliters, as
would occur in material printers or that do not include a mechanism to precisely control the
position of the nozzles [101]. These limitations can be addressed by improving the physical
and chemical properties of inks through their preparation, which provides moisture to allow
flow during printing [103]. An approach of this type aims is to optimize printing patterns and
at the same time improve rheological conditions depending on the viscosity and surface
tension of the ink [109].
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Chapter 3
Synthesis methods of metal nanoparticles

The technology of nanoparticle synthesis includes two general approaches that describe the
obtaining of nanoparticles, known as constructive or destructive methods, which involves
various biological, physical, and chemical processes. The construction method, also called
bottom-up, involves building a material from atoms to form clusters [110-112]. The bottom-
up method is more versatile because nanoparticles are formed from more common substances
that are easier to find or manipulate. The bottom-up method requires a suitable soluble source
of metals, typically metal cations in the form of soluble salts, to which a reducing agent is
added [113]. On the other hand, the destructive or top-down method involves the reduction
or decomposition of bulk material into molecules, and subsequently into particles on a
nanometric scale [110-112]. This method involves the mechanical grinding, cutting, and
milling of bulk metals and requires a significant energy consumption to maintain high-
pressure and high-temperature conditions during these synthesis processes [114, 115].
Different types of nanoparticles of can be synthesized from inorganic, organic, carbon based,
or biological sources using a top-down or bottom-up approach. Biosynthesis involves the use
of microorganisms such as bacteria, fungi, viruses, yeasts, and plant extracts [114-116].
Physical methods, generally used in the top-down approach, include mechanical pressure,
thermal energy, electrical energy, or high-energy radiation to cause abrasion, melting,
evaporation or condensation of the material in order to obtain nanoparticles [114, 116].
Chemical methods include chemical reduction processes using organic and inorganic
reagents in a soluble system [116]. Within these methods, various synthesis routes are
employed to obtain particles with specific properties, such as different forms of nanoparticles
(nanocage, nanocrystals, nanobelt, nanofiber, nanoparticle, nanotube, nanorod, quantum dot,
nanocomposites), classified according to their dimensions (0D, 1D, 2D and 3D), as well as
characteristics such as size, morphology, and stabilization. Furthermore, Ealias et al [110]
lists properties such as surface area, volume ratio, pore size, surface charge, surface charge
density, crystalline and amorphous structures, reactivity, and sensitivity to environmental
factors. These parameters influence the application of the nanoparticles. Figure 3.1 shows
the synthesis methods and their corresponding properties.
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3.1 Synthesis of metallic nanoparticles

Metallic nanoparticles typically have diameters ranging from 1 to 100 nm. They offer the
advantages of easy reproducibility, readily available chemicals, high efficiency, and
economy. During their production process, they require a minimum number of reagents, and
it is possible to control the shape and size of the particle, and prevent agglomeration through
factors such as temperature, concentration of the reagents, and the selected synthesis method.
However, it is possible that the particles may exhibit instability and impurities. Optimal
conditions can minimize residues and improve stability [121, 122].

The chemical reduction method is the easiest, most affordable, and fastest route to obtain
nanoparticles. In general, there are two stages involved: nucleation and growth, which occur
during the phases of metal (M°) incorporation and aggregation [118, 123, 124]. The LaMer
mechanism proposes an ‘instantaneous nucleation’ and simultaneous growth of colloidal
particles and nanoparticles simultaneously [125]. During the kinetics, there is a competition
between nucleation, growth, and aggregation [126]. The LaMer mechanism consists of three
stages [124, 125, 127]:

Stage I: Formation of soluble monomer and accumulation in solution.

Stage Il: Nucleation begins in the solution when the concentration of the soluble monomer
reaches a higher level (saturation concentration). Each nuclei (seeds) formed then undergoes
a burst nucleation, partially relieving the supersaturation or monomers formed.

Stage I1I: Growth by diffusion begins when the supersaturation concentration is decreased to
a lower level (minimum supersaturation).

The formation of nuclei depends on the medium’s temperature, the reducing capability of the
reagent and the metal’s affinity to be reduced. High temperatures can lead to undesired
products, while even low temperatures can result in the formation of non-spherical
nanoparticles, affecting the control of the size [61].

The synthesis of metal nanoparticles in solution is carried out using a metal precursor,
reducing agent, and stabilizing agent. The reaction time, temperature, reducing agent,
protective agent, and precursor agent determine size control, which is crucial as it influences
the physicochemical properties of the particles, such as optical, electronic, chemical, and
magnetic properties [118, 128, 129].

A more comprehensive synthesis process is shown in figure 3.2. In this process, a chemical
reduction effect occurs due to charge transfer, where the precursor metal is in ionic form (M*)
and interacts with an electron donor, reducing the metal, reaching a zero-oxidation state (M°),
initiating the nucleation and subsequently growth. Once growth is completed, the particles
can be suspended in a liquid medium to prevent oxidation and organic additives (stabilizing
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agents) can be added to avoid agglomerations. The following section describes the general
aspects of the chemical reduction process.

Reducing agent.

Growing process.
Mt Electron transfer. Stabilization.

- I —— om——p .
M+ “
M+

Metal ions Metal cores

Organic
additives.

Organic additives
prevent the contact
between NPs

Contact with neighboring
metallic NPs

Metallic NPs suspended
in a medium

Figure 3.2. General steps for the formation of metal nanoparticles.

3.2 Synthesis of silver nanoparticles by the chemical reduction method

The chemical reduction method involves the reduction of a noble metal ion (M*) to elemental
metal nanoparticles through electron transfer. A metal precursor can be dissolved in either
aqueous or organic solvents. If the metal precursor is particularly sensitive to oxidation, such
as Cu and Al dispersing it in an organic solvent is preferred [114, 130]. The use of a metal
precursor such as metal oxides, chlorides or nitrates provides a better stability. The use of
AgNO:s is advantageous because silver resists oxidation, and the precursor can be dissolved
in water, making it cheaper compared to gold precursors.

During the formation of silver nanoparticles using the chemical reduction method,
parameters such as particle size and aggregation state are influenced by initial AgNOs3
concentration, reducing agent, and stabilizer concentrations [131]. The one-pot method
reduction of AgNPs using different reducing agents such as CsHsNazO7 and NaBHa is applied
for the reduction of silver ions (Ag*) in both aqueous and non-aqueous solutions (see Fig. 3)
[114].
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Figure 3.3. Mechanism formation of AgNPs from the reduction of Ag* [131].

With the use of CsHsNazO7 and NaBH4 the Turkevich or Lee-Meisel method and Creighton
method, respectively, are commonly reported [118, 123, 132]. The reduction of CsHsNazO7
Is reported as the Turkevich method for the synthesis of gold nanoparticles. By the same
route, to obtain AgNPs, the method is renamed as the Lee-Meisel method and is carried out
under reflux involving the AgNO3 solution as the precursor agent, with citrate implemented
simultaneously acting as the reducing and protective agent. A boiling method is required with
the temperature at 100 °C. Then, aliquots of samples are extracted and immediately cooled
down to room temperature [133-136]. The diameter of synthesized aggregates of different
shapes varied in the range of 60-200 nm with high polydispersity [137]. An optimal citrate
concentration controls the size and shape of AgNPs using a [citrate]/[Ag*] relationship [122].
However, the choice of concentration can influence the rate of nucleation, reduction and
growth, as citrate may act more favorably as a stabilizing agent rather than as a reducing
agent. To control this, it may be necessary to create unfavorable conditions, such as reducing
the temperature (to room temperature or below), to achieve reduction of silver ions (Ag*)
[137]. Moreover, the Creighton method consists of the reduction of AgNOs with a cold
solution of NaBHy, ideally at 0 °C to stop the spontaneous reactivity produced by NaBHa
when it interacts with Ag* [138]. Both techniques are cost-effective and do not require
complicated equipment or manipulation.

The NaBHjs has a higher reducing capacity than citrate, and under ideal reaction conditions,
controlling the size, shape, and homogeneity of the particles can be controlled most precisely.
Different authors report the silver nanoparticles with an average size of 10-80 nm [139, 140].
However, obtaining 60 nm silver particle size is better achieved with citrate as the reducing
agent [140]. In [141], the authors report a gradual reduction process, accelerating the
reduction of Ag* with the addition of NaBH4 forming particles of 4 nm in size, then with
citrate the growth of the particles and the reduction of Ag® is concluded. They also mention
that heating the solution after the addition of citrate allows the growth of the particles to
occur, obtaining particles of 100 nm in size. They mention that the precursor material
(AgNOg) is consumed in a period of 20 h. Therefore, with the use of two reducing agents, an
external source is conventionally required as a sonochemical method to accelerate the
reaction completion of all products [123]. The addition of different reducing reagents in the
same reaction is known as the “seed-mediated growth” process [142, 143], which consists of
the growth of seeds of a reduced size, for example 4 nm, grown through an initial reduction
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and which continues and concludes with the addition of another reducing reagent. Figure 3.4
shows the order of addition for the growth of these seeds.

Trisodium citrate

AgNO3 + NaBH4

AgNPs seeds

Figure 3.4. Formation of AgNPs seed from the addition of NaBH4 and CeHsNazOy.

3.3 Reagents properties and environmental impact

Silver nitrate is an inorganic silver salt with high solubility in water and stability at room
temperature. Its structure corresponds to a triangular planar arrangement. It is commonly
used as an astringent for antimicrobial and antibacterial purposes. Additionally, it has been
used for a long time in the fabrication of photographic films and as a reagent for the
visualizing of proteins in gels [144-146].

Sodium borohydride is a white solid known as a reducing agent commonly used in organic
chemistry and pharmaceuticals synthesis. NaBH4 converts aldehydes and ketones into
alcohols. It is also used as a precursor material to produce other borohydrides and
implemented as a hydrogen fuel cell generator in hydrogen storage applications. During its
decomposition (hydrolysis) when reacting with water, sodium metaborate (NaBO3) is
generated, which is nonpolluting and nontoxic, and can be recycled to produce NaBH4 again
[147-150].

Trisodium citrate is a salt of citric acid. It is a white crystalline powder, soluble in water and
insoluble in alcohol. It is stable at room temperature and its decomposition will occur at its
the melting point. Because trisodium citrate has three carboxyl groups, these can be
protonated/deprotonated, leading to an acid-base buffer. It exists as a metabolite in many
plants and animals. Its extraction involves the microbial fermentation process. Citric acid and
its salts, such as trisodium citrate, are recognized as safe for use in foods. It is commonly
used as a flavoring or preservative in the food industry, in the manufacture of detergents
products, or as an anticoagulant due to its alkalinizing capacity in the field of medicine [151,
152].
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3.4 Methodology
3.4.1 Chemical reduction of silver nitrate

In section 3.2, the reaction conditions for obtaining AgNPs with sizes less than 100 nm were
mentioned. However, it is mentioned that, mainly, the particle size can vary according to the
concentration of the reagents added and the completion of the reactions, it can vary according
to the reaction time. Next, in order to find the optimization of the growth of AgNPs, three
experimental stages are described. The first consists of the use of NaBHs and CeHsNasOy
(both reducing agents) when they react separately with AgNOz (precursor reagent) to
evaluate their reducing capacity under the established experimental conditions mentioned
below. In the second experimental stage of this thesis, NaBH4 and CeHsNazO7 are used from
the “seed-mediated growth” process. Finally, the third experimental stage consists of varying
the concentration of AgNOs, keeping the concentrations of NaBHs and CeHsNazO- fixed
under the same "seed-mediated growth" process.

3.4.1.1 First experimental stage
To carry out the first reaction:

A solution of 0.05 M CeHsNazO7 (99.0% Sigma-Aldrich) dissolved in tridistilled water is
prepared. In an ice bath, place a flask with 25 mL of tridistilled water, add a 0.05 M
CeHsNazO- solution and then add the AgNO3 solution drop by drop. Then it is left to react
for 30 minutes. Figure 3.5 schematizes the order in the addition of the reagents. To identify
this sample in the discussion of the results, the sample obtained has been named RAL.

Reaction 1: Mix of AgNOzand CeHsNazO.

N

Sol. 0.05 M Sol. 0.05 M
AgNO3 CsHsNa307

Particles
Sample name: RAI

Figure 3.5. Reaction and order of addition of reagents to obtain the first reference sample.

The reaction proposed in this method is described in eq. 3.1:
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12AgNOs + 4CsHsNazO7 + 6H20 - 12Ag° + 12NaNO3 + 4CgHsO7 + 302 (Eq. 3.1)
To carry out the second reaction:

A solution of 0.05 M NaBHs (99.0% Sigma-Aldrich) dissolved in tridistilled water is
prepared. In an ice bath, place a flask with 25 mL of tridistilled water, add a 0.05 M AgNOs
solution (99.0% Sigma-Aldrich) and then add a NaBH4 solution drop by drop. After the
addition of the reagents, a reaction time of 30 minutes is established. Figure 3.6 schematizes
the order in the addition of the reagents. To identify this sample, it has been named RA2.

Reaction 2: Mix of AgNO3 and NaBHa.

Y~ N\

Sol 0.05 M Sol 0.05 M Particles

AgNOs NaBH:« Sample name: RA42

Figure 3.6. Reaction and order of addition of reagents to obtain the second reference
sample.

The reaction proposed in this method is described in eq. 3.2:

AgNOs+ NaBHs >Ag® + NaNOs + % BaHe + % Ha (Eq. 3.2)

3.4.1.2 Second experimental stage

The second experimental stage consisted in the variation of the CsHsNazO7 concentrations to
find the particles with better stability, size, and other properties such as structural,
morphological and optical absorbance characteristics. During this step, a mixture of reagents
Is used as a matrix, this mixture is composed of 0.05 M AgNOs and 0.05 M NaBHa. To carry
out the reactions, CsHsNasOy is first added different concentrations (from 0.01 M to 0.04 M
with a variation 0.01M). A flask containing 25 mL of tridistilled water is placed in an ice
bath, then a solution of CsHsNazO7 is added. Subsequently, the AgNOs solution is added
drop by drop, followed by the NaBHa4 solution, also added drop by drop. A total of four
reactions are carried out. Each one is left to react for 30 minutes. It should be noted that the
concentrations of AgNOz and NaBH4 do not vary in any of the reactions. Figure 3.7 shows
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the order of addition of each reagent and the names of the samples with which it will later be
identified.

Reaction 1 to 4: Mix of the matrix reagents AgNOs and NaBH4 with Ce¢HsNazO- at four
different concentrations.

TN

e
) 7 Nanoparticles
Sol. 0.05 M Sol. 0.01 M or 0.02, Sol. 0.05 M P
0.03, 0.04 M) NaBH
AgNOs CeHsNasO7 + Samples name:

SC1I, SC2, 5C3, 8C4

Figure 3.7. Reactions and order of addition of reagents to obtain the four samples with
sodium citrate at different concentrations.

3.4.1.3 Third experimental stage

The third experimental stage consists in varying the concentrations of AgNOs, which are
0.05, 0.10 and 0.15 M, in order to find the particles that could exhibit conductive properties.
A total of three reactions were carried out, where in each of them the concentrations of 0.03
M CsHsNazO7 and 0.05 M NaBHs were kept fixed. The reactions were out under the
conditions described in the second experimental stage. To identify each of the samples
obtained in each reaction with respect to the variation in the concentration of AgNOs, they
were named as SN1 (for 0.05 M), SN2 (for 0.10 M) and SN3 (for 0.15 M). Figure 3.8 shows
the order of addition of each reagent. In this step, the formation of a sediment is observed,
which, for each sample, was obtained through a centrifugation process at 1000 rpm for 30
min to measure the electrical properties of the synthesized particles.

Reaction 1 to 3: Mix of the matrix reagents CsHsNasO7 and NaBH4 with AgNOs at three
different concentrations.
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Figure 3.8. Reactions and order of addition of reagents to obtain the three samples with
silver nitrate at different concentrations.

In table 3.1 are listed the concentrations of the reagents used in each sample obtained.

Table 3.1. Sample preparation at different concentrations.

Experiments | Sample | [AgNOs] M | [CeHsNasO7] M | [NaBH4] M
First RAL 0.05 0.05
stage RA2 0.05 0.05

3.4.2 Characterizations

For XRD, SEM and EDS characterization, the different obtained samples are deposited on a
silicon wafer (100) and dried at 60 °C for 30 minutes. To carry out the characterizations using
DLS techniques and UV-Vis spectroscopy, the AgNPs samples are diluted in water in at ratio
of 10:1 (water:AgNPs). The crystalline structures of the nanoparticles were determined using
a Discover 4 hours of sweep; with a Tescan Vega3 LMH (SEM) with SE detector, images of
the morphologies of the samples were obtained. Diameter sizes, polydispersity indices (PDI)
and zeta potentials were measured using a Zetasizer Nano-ZS90 equipment. Finally,
electrical characterization was performed using a Keithley-4200 Semiconductor
Characterization System at room temperature.
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3.5 Results and discussion

In this section the results obtained in the three experimental stages described in sections
3.4.1.1 to 3.4.1.3 will be presented. In the first, two reference samples were obtained by
taking the reaction between AgNO3z+CeHsNasO; and AgNOs+NaBHs; to evaluate the
reductive potential of each of the reducing agents (CsHsNasO7 and NaBHj4). In the second
experimental stage, four reactions were obtained from AgNO3z and NaBHs with fixed
contractions and CeHsNasO7 was added at four different concentrations. In the third
experimental stage, three samples were obtained where CsHsNazO7 and NaBH4 were added
at fixed concentrations and three different concentrations of AgQNO3 were added. This section
will show the results obtained through Dynamic Light Scterring (DLS) techniques, Scanning
Electron Microscopy (SEM), UV-Vis spectroscopy, X-Ray Diffraction (XRD), and Energy
Dispersive X-ray Spectroscopy (EDS). In addition, the electrical behavior of the samples are
shown through I-V measurements.

3.5.1 Dynamic Light Scattering (DLS) and Zeta Potential Analysis

Using the DLS technique, the size of the nanoparticles can be determined; the stability of the
colloidal system can also be determined by determining the polydispersity index (PDI) and
the zeta potential. The PDI is a parameter that describes the heterogeneity of a sample, which
can be determined from the square of the standard deviation divided by the square of the
average size, as is show in eq. 3 [153]:

St.deviation )2
Average size

PDI = ( (Eqg. 3)
The dispersity index is classified as low, moderate, or high. The PDI values less than 0.05
indicate monodisperse systems, while values greater than 0.70 indicate highly polydisperse
system, in accordance with 1SO standard 13321:1996 E and 1SO 22412:2008 [154].

On the other hand, stability of the particles can be known through the zeta potential. This
represents a balance between attractive van der Waals forces and electrical repulsion
resulting from the net surface charge [155]. Nanoparticles system with zeta potentials greater
than +30 mV or less than -30 mV are considered as stable colloidal suspension systems [155,
156].

The nanoparticles obtained in the first experimental stage, whose samples were named as
RAL and RA2 (see table 3.X) sowed average sizes of 312.0 and 304.0 nm, respectively. The
sample named RAL exhibits a PDI of 0.378, indicating moderate polydispersity. In contrast,
sample named RA2 has a PDI of 1.000, indicating high polydispersity. The higher PDI in
sample RA2 compared to sample RAL suggests that under the same reaction conditions,
CsHsNazO7 can also exhibits a reductive effect, leading to a better control of particle size due
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to its lower reductive capacity [157]. Zeta potentials found describe negative values of -24.5
and -24.3 mV, respectively. These values are consistent with those reported in literature [158,
159]. Another action that borohydride and citrate have in the reduction reaction is that when
they are in ionic form, the nanoparticles already formed can absorb these ions, forming a
monolayer that provides them stability. Because the ionic character of these compounds is
negative [158, 160], the zeta potential found in the measurement is also negative.
Furthermore, it is observed that the particles do not exhibit favorable stability, as their zeta
potential is equal to or less than -30 mV, which is the established parameter.

For the samples obtained in the second experimental stage (SC1, SC2, SC3 and SC4
samples), it was found that the particle sizes decrease in the following order
SC2>SC1>SC4>SC3. Additionally, the PDI value indicates that sample SC1 exhibits greater
polydispersity compared to the other samples. For sample SC2, less polydispersity and,
consequently, better uniformity in size distribution could be expected. However, in terms of
zeta potential, sample SC3 demonstrate better stability. Also, a sample with lower particle
size is preferred for the expected application (see sections 1.3 and 1.4). Table 3.2 lists the
properties found under this technique for each of the samples already mentioned. Compared
with the samples obtained in the first experimental stage, the addition of the three reagents
(AgNO3, CsHsNazO7 and NaBH4) provides better stability in the system and, as a
consequence, in the growth control of the nanoparticles. This process called “seed-mediated
growth” and is described in section 3.2.

Finally, for the samples obtained in the third experimental stage (SN1, SN2 and SN3
samples), it is observed that sample SN1 has a lower particle size and PDI compared to the
other samples (see table 3.2). The three samples fall within the moderate range in terms of
polydispersity description [161], however, sample SN3 shows higher stability according to
the zeta potential. For this experimental stage, this analysis does not provide a trend towards
the improvement of the properties of the colloidal solutions with increasing concentration.

Table 3.2. Particle size, polydispersity index, and zeta potential values of samples obtained
in the three different experimental stages.

Experiments | Sample Particle Polydispersity | Polydispersity Zeta
size (nm) index (PDI) range potential

(mV)

First RA1 312 0.378 Moderate -24.5

stage RA2 304 1.000 High -24.3

SC1 85 0.627 Moderate -30.9

Second SC2 106 0.437 Moderate -30.9

stage SC3 52 0.528 Moderate -31.7

SC4 70 0.580 Moderate -31.1
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3.5.2 Scanning Electron Microscopy (SEM)

To analyze the surface of the samples, a Scanning Electron Microscopy (SEM) was used to
obtain images at a scale of 1 um. For all the samples the formation of spherical nanoparticles
was confirmed (figure 3.8) [162, 163]. In each image, approximately one hundred particles
were measured using ImageJ software to know the average diameter size and their
distribution was calculated using the standard log-normal distribution [164-166]. The
average diameter size calculated for all samples are listed in table 3.3.

According to the first proposed experimental stage, the reaction of citrate with AgNO3 is
slow with the established reaction conditions. The formation of the particles will then be
limited by the effect of the reducing material during the reaction. In the images of sample
RAL, the low population of particles is observed. From the histogram, an average size of 335
nm was found for this sample. In the image of sample RA2 the growth of particles of different
sizes is observed due to the spontaneous reaction that occurred in the sample [167]. An
average size of 285 nm was calculated from the histogram. The calculation of the standard
deviation reveals that a lower value indicates that the data are closer to the mean, implying
greater homogeneity in particles growth, while at a higher deviation would show that the
particles are dispersed with wider ranges of different sizes [168-170]. The standard deviations
are large for both samples, indicating heterogeneity in the growth of the particles, as observed
in the images of both samples RA1 and RA2. The PDI corroborate the disproportionate
growth,

For the samples obtained in the second experimental stage, visible changes in the increase of
the nanoparticle population are observed in the SEM images. Similar effects due to the
variability of CeHsNazO- concentration as a reducing agent have been reported [171, 172].
On the other hand, populations of agglomerated particles with a size of 61 to 98 nm are
observed in the histograms. The order of particle growth is the same as that one observed
through DLS: SC2>SC1>SC4>SC3 (see section 3.5.1), where sample SC3 has the smallest
particle size. The particle sizes of the samples are determined by the initial stoichiometry of
the reaction with respect to the citrate concentration, where at low concentrations the particle
size increases [163]. Additionally, it was observed that with an increase in citrate
concentration, the PDI calculated using the standard deviation shifted from large to moderate
polydispersity ranges (see table 3.2).

The SEM images of the samples obtained in the third experimental stage show the increase
in the particle population with the increase of AgNOz concentration. From the histograms,
particle sizes ranging from 58 to 77 nm were found. Sample SN3 is the one with the smallest
average size, Zhang et al [173] indicate that the initial concentration of the precursor
(AgNO:s) gives balanced concentrations of Ag*. With the added concentrations of 0.03 M
CeHsNazO7 and 0.05 M NaBHg, the reaction medium showed better stoichiometry, which
suggests that the reaction maintains a thermodynamic and kinetic balance, allowing in turn
the control of particle growth. On the other hand, as described in the DLS data (see section
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3.1), sample SN2 exhibits the largest particle size (70.8 nm from DLS data). However,
regarding the polydispersity index, all three samples fall within the moderate range.

Table 3.3. Average diameter size, standard error, and polydispersity index obtained from
histograms of samples obtained in the three experimental stages.

Experiments | Sample Average PDI Polydispersity
diameter size range

First RA1 335 £ 140 0.420 Moderate
stage RA2 285 £ 80 0.280 Moderate
SC1 85+11 0.129 Moderate

Second SC2 98 +19 0.200 Moderate
stage SC3 61+9 0.149 Moderate
SC4 66 £12.199 | 0.185 Moderate
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Figure 3.9. SEM images of AgNPs obtained from the three experimental stages.

3.5.3 UV-Vis spectroscopy

The optical absorbance of the samples was measured by UV-Vis spectroscopy. In the
absorbance curves of the samples obtained (RA1 and RA2) in the first experimental stage, a
low absorption is observed and the elevation of the baseline proportional to the maximum
absorbance is presented in the samples [see figure 3.10(a)]. According to the analyzes
observed in sections 3.5.2, a reduced particle population was observed for both samples,
however, sample RA1 showed a limited particle population. On the other hand, for sample
RA2 a disproportionate growth occurs due to the spontaneous reaction that occurred in the

43



sample [167]. A low intensity curve indicates the decrease in nucleation [163], this
demonstrates that the concentrations of the initial reactions (RA1: 0.05 M AgNO3 and 0.05
M CeHsNazO7; RA2: 0.05 M AgNOs and 0.05 M NaBHa) are supersaturated and nucleation
IS not possible in a controlled manner. Furthermore, an increase in the baseline is observed
in both measurements with the increase in wavelength range, caused by the agglomerated
states of the particles [174, 175].
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Figure 3.10. UV-Vis measurement of samples obtained in (a) first and (b) second
experimental stages.

Conventionally, the particle size can be determined from the maximum absorbance found at
a certain wavelength. Since the samples synthesized in this dissertation present
agglomerations and polydispersity, (see sections 3.5.1 and 3.5.2), the samples do not have
uniformity in the size distribution [176]. However, from the shift to a higher or lower
wavelength, the increase or decrease in particle size can be observed by comparing the
samples with each other. Regarding to the wavelengths where maximum absorbance is
found, samples SC3 and SC4 are found at a similar wavelength close to blue indicating that
these samples have lower particle sizes compared to samples SC1 and SC2 [see figure
3.10(b)]. According to McClary et al [163], the particle sizes are initially large at the lowest
stoichiometries, these characteristic decreases as it reaches a concentration in kinetic and
thermodynamic equilibrium. This is the case for samples SC3 and SC4, however, even
though the maximum absorbance for these samples is very close to each other, the broadening
of the absorption curve increases for sample SC4. This indicates a change in stability, being
prone to forming greater coalescence effects between particles [163]. According to these
analysis, sample SC3 has a smaller size and fewer agglomerated states. On the other hand,
the absorbances show a greater elevation of the baseline at the longest wavelength with a red
shift (in the range of 600 to 800 nm), indicating the presence of agglomeration in each sample.
This confirms that this sample has a smaller particle size and fewer agglomeration,
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suggesting that this synthesized sample has the greatest stability, as was observed in DLS
(section 3.5.1) and SEM (section 3.5.2) analyses.

For the samples obtained in the third experimental phase [see figure 3.11], the maximums of
the absorbance curves are found at wavelengths very close to each other, indicating that the
samples have similar sizes or with non-significant variations. Also, it is observed that sample
SN2 exhibits greater aggregation due of the baseline in the range of 600-800 nm. Regarding
sample SN3, a lower baseline elevation is observed compared to samples SN1 and SN2, as
well as a narrower bandwidth. Based on these characteristics, it is estimated that the sample
synthesized with 0.15 M AgNOs, 0.03 M CgHsNazO7, and 0.05 M NaBH4 would exhibit
greater stability.
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Figure 3.11. UV-Vis measurement of samples obtained in the third experimental stages.

3.5.4 Energy Dispersive X-ray Spectroscopy (EDS) measurements
The chemical composition of the synthetized samples was determined using Energy
Dispersive X-ray Spectroscopy (EDS). To perform quantification, the surface of the samples

was mapped in an area of 1 um. The weight % (wt. %) and atomic % (at. %) of the elements
found in each sample are listed in table 3.4, and the obtained spectra are show in figure 3.12
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Table 3.4. Elemental quantification (wt. % and at. %).
Experiment | RAl RA2
First Element/ wt. % |at.% | Abs. Element/ wt.% |at.% | Abs.
stage spectral line error % | spectral line error %
Ag 6.19 0.95 0.89 Ag 98.99 9426 |3.34
N 6.92 8.14 3.43 N
C 22.46 |30.83 | 4.62 C
0 4422 | 4558 |6.81 O 0.63 4.06 0.79
Na 20.22 | 1450 |1.00 | Na 0.38 1.69 0.19
80.16 | 37.70 |3.98 Ag 88.96 |55.44 |2.80
1.18 4.26 2.24 N
1.87 7.89 1.72 C 1.40 7.84 0.66
13.57 |43.04 |6.04 0 6.70 28.14 | 2.07
N 0.30

3.44

N — — -
C 1.40 5.92 1.44
) 1345 | 4277 |5.15
Na 6.39 14.15 |0.73
Ag 88.84 |55.15 |2.82
N 0.35 1.68 0.38
C 1.95 10.87 | 0.53
) 5.10 21.37 | 1.27
Na 3.76 10.94 10.29

A 88.81 |55.49 |3.24
N 1.05 5.05 0.76
C 131 7.36 0.60
0 4.85 2042 | 171
Na 3.98 11.68 | 0.38

On the other hand, figure 3.12 shows the spectra generated in the measurements of the
samples. In the spectra, the peak at K,=1.739 keV corresponds to the silicon substrate. The
peak at L,1=2.984 keV is corresponds to Ag, and for Lg1=3.149 keV, the same element is
found. The other satellite peaks (LB 1) arise from the electron repulsion [177, 178].
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Figure 3.12. EDS spectra.
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According to these results, for the samples obtained in the first experimental stage, the
element silver was found for samples RA1 and RA2, however, the disproportion in the at. %
for both samples is significantly different. In sample RA1, the low Ag content would indicate
that the reaction cannot occur spontaneously. The reductive capacity of citrate would indicate
that a medium of energy is needed to achieve the complete reaction between citrate and Ag
with the integrated concentrations. As commonly mentioned in the literature, the reaction
kinetics is accelerated when temperature (100 °C) is applied ) to achieve the reduction of Ag*
ions [133-136]. On the other hand, for sample RA2, the quantification of Ag (94 at. %), Na
and O are observed, and whose quantification is minimal and can be considered as elements
of a residual compound present in the sample. The reduction in the high concentration of Ag
indicates the high reductive potential of the sample; however, as observed in the SEM
analysis (see section 3.5.2), the particles grew disproportionately, exceeding 100 nm in size.
At the end of this section, the color maps corresponding to each elements found in each
sample are shown (figure 3.13). For samples RA1 and RA2, the disproportion is observed in
terms of the quantification of Ag and the presence of C, N, O and Na with higher
concentration, which indicates that the citrate did not react.

Since, in this dissertation, the synthesis parameters were focused on ice baths (constant 0 °C
for 30 minutes), as observed in section 3.4.1.2, the increase in the population of AgQNPs when
adding the two reagents NaBH4 and CsHsNazO7 , allowed the reduction under cold bath
conditions. In table 3.4, the presence of Ag greater than 37 at.% is observed for samples SC1,
SC2, SC3 and SC4. This suggests that one of the reagents initiates the nucleation stage and
the other controls the addition of particle growth [124]. In the elemental maps of figure 3.13,
the presence of silver is observed with a greater population of AgNPs in samples SC2 and
SC3. The high concentration of O (greater than 28 at.%) in all samples may be indicative of
the presence of higher molecular weight compounds. Sample SC4 contains a higher
concentration of this element (O 42.77 at.%), which indicates a greater amount of residual
species. A solution of C¢HsNasO7 can form different citrate salts (HsCit, H.Cit", HCit*, Cit?,
where Cit= CsHsNasO7) [179], so it is possible that some ionic species of citrate are found in
the systems.

For the samples of the third experimental stage, it was found that the quantifications of the
element Ag in the samples (SN1, SN2 and SN3) compared to the samples of the second
experimental stage do not increase with the increase in the concentration of AgNO:s. It is also
observed that the quantification of O is reduced going below 20 at. %, being the SN3 sample
with the highest content. However, the C and O content is lower for this sample (7 and 5
at.%, respectively), indicating that the presence of citrate ions and other compounds
decreases for this sample. The stoichiometry in the reaction for this sample could provide
more kinetic and thermodynamic stability so that the reaction can reach completion with the
established experimental conditions [173]. Furthermore, the higher silver concentration
suggests the increase in growth control, as shown in the DLS and SEM results.
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3.5.5 X-Ray Diffraction (XRD) measurements

During the XRD measurement, experimental data was collected over the range from 10 to
50°, with a step size of 0.04 and corriment time of 14 s. The phase idenfication of the samples
was determined by using the Powder Diffraction Files PDF from the PDF4 database format.

In the different samples, the phases were identified with the next PDF cards:

1. Ag: 00-004-0783
2. CeHsNa3O7: 01-088-6876
3. NaNOs: 00-036-1474

In the analysis, no significant changes that modify the structure were observed, suggesting
that the phases found correspond to the patterns obtained experimentally. Also, in figure 3.14,
the patterns of the reagents used in the nanoparticle synthesis process are shown, which were
also used as reference sources for phase identification.
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Figure 3.14. XRD patterns of reagents used during the different synthesis.
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For the samples of the first experimental stage, in the measurement of sample RA1, Ag and
NaNOs phases were identified (figure 3.15), however, the low concentration of silver show
in the EDS spectra (see section 3.5.4) confirms that the sodium citrate is a weak reducing
agent that limits the generation of seed nuclei [180, 181]. Also, the low number of counts for
the silver phase indicates disorder in the crystalline arrangement. Additionally, the phase
identification of the file CsHsNazO7-01-088-6876 is observed in the pattern, along with a
peak with high intensity at 10.46° (*), which is similarly identified in the reference pattern
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of sodium citrate (figure 3.14). Also, according to the reaction of equation 3.1 (see section
3.1) it is expected to find the NaNOs phase. For sample RA2, all the peaks were identified
with the Ag and NaNOs phases as described in the reaction of equation 3.2 (see section 3.1).
In the figure 3.X, the particles show two peaks at 38° and 44 ° that correspond to the (111)
and (200) face-centered cubic (fcc) crystalline planes [182]. A high intensity of the plane
(111) suggests preferential growth of particles [183]. In both samples it is verified that the
reduction reaction of the nanoparticles is determined by the reductive potential of the agents
used.

For the samples of the second experimental stage, in the samples SC1, SC2, SC3 and SC4,
the three phases were identified with the same PDF files for the four samples, suggesting that
competition between reducing agents (NaBH4 and CsHsNasO7) does not cause structural
changes during the reduction of Ag ions (figure 3.15). Likewise, as observed in the EDS
analysis, the controlled growth of the particles is verified with the addition of the two reagents
(NaBH4 and CeHsNazO7), showing that the intensity of the peak positions is significantly
reduced in the number of counts for each sample compared to sample RA2. For all samples,
a peak at 28.48° (*) was found, which was also observed in the pattern of sample RAL (figure
3.15), suggesting the presence of another species originated from the dissolution between
citrate and water (see section 3.5.4). These salts can form M-citrate complexes (where M is
a metal) which in turn could dissociate, releasing M* ions, and these are rapidly reduced to
the metallic state M° [184]. The reduction of silver ions is corroborated in both the diffraction
patterns and the EDS spectra (see section 3.5.4).

For sample SC3, a greater intensity is observed for the CeHsNasO- phase planes compared to
the other samples. This is an indication that the agents are reacting preferentially with respect
to the stoichiometry for the added concentrations. Likewise, it is possible that in the reaction
to obtain this sample involves the complexation of Ag™ with citrate ions [163, 185]. Chadha
et al [185] mention that the chemical balance of citrate ion concentrations and the influence
of different citrate species in the reaction solution can decrease the rate of Ag* reduction. To
determine the existence of other citrate species in the samples obtained, it is necessary to
carry out different characterizations that provide compositional information. For this
dissertation, this is proposed as future work.
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Figure 3.15. XRD patterns of samples obtained in the three experimental stages.

Figure 3.15 also shows the diffraction patterns of the samples obtained in the third
experimental stage. According to the elemental quantification shown in section 3.5.4, the Ag
concentration is proportional in the three samples (SN1, SN2 and SN3). However, the XRD
analysis confirms that sample SN2 exhibits phases of NaNOz and CeHsNa3zOy7, indicating the
continued favorable quantification of the elements C, O, and Na as also shown in sample
SNL1. In addition to this, in the pattern of sample SN2, a peak is identified at 29.40°, which
is also identified in the reference pattern of sodium borohydride (see figure 3.14). This
indicates that BH4 ions play a minor role in the reduction reaction under these experimental
conditions. In sample SN3, CeHsNazO7 was no longer found as the elemental quantification,
as was shown for this sample, the balanced concentrations of Ag* depend on the initial
concentration of the precursor material (AgNOQOz) [173]. Moreover, in the SN3 sample, the
system showed better stoichiometry which suggests that the reaction maintains a
thermodynamic and kinetic equilibrium leading to the conclusion of the reaction.
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3.5.6 Electrical characterization

Based on the DLS and SEM parameters found (see sections 3.5.1 and 3.5.2), it is estimated
that concentrations of 0.05 M AgNO3, 0.05 M NaBHj4, and 0.03 M CeHsNazO7 offer better
stability and balanced kinetics during particle nucleation and growth. Compared with all the
samples, a minor increase in absorbance in the range of (600-800 nm) was noticed for sample
SC3, indicating lower agglomeration of nanoparticles (see section 3.5.3). For this sample,
under the reaction conditions and the molar ratio between CgHsNasO7:AgNOz with the
presence of NaBH., the Ag* can be rapidly reduced. To determine the resistance, an I-V
measurement was realized to evaluate the electrical behavior of the sample. Figure 3.16
shows the experimental process for sample preparation and measurement. In the figure
3.16(a) shows the deposition of silver contacts (SPI-PAINT) with the help of a mask (see
appendix A) on Corning glass used as a substrate, followed by the deposition of sample SC3.
Figure 3.16(b) shows the drying of the sample at 60°C for 30 minutes. Finally, figure 3.16(c),
the 1-V measurement is schematized using two tips to determine the resistance of the samples.

1) 1
4\;’
777
W

—— - — S~ £
Contacts
Substrate

R
Dry at 60 °C
(a) (b) (c)

Figure 3.16. Schematic diagram of sample preparation for I-V characterization.
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Figure 3.17. I-V curves of the samples obtained in second experimental stage deposited on
corning glass.

Figure 3.17 shows the I-V curve measured for samples SC1, SC2, SC3 and SC4. The
resistances calculated by Ohm's law are 2x10® Q, 4.2x10” Q, 2.9x10” Q and 2.2x10% Q,
respectively. All the samples present high resistance, however, according to the experimental
design for obtaining nanoparticles, the sample SC3 shows better properties and even lower
resistance although it is not conductive. For this reason, it was chosen to increase the
concentration of AgNOs and continue with the reaction conditions, as described in section
3.4.1.3, using 0.03 M CeHsNazO7 and 0.05 M NaBHs as matrix, while varying AgNOs
concentration to 0.05 M (sample SN1, previously SC3), 0.10 M (sample SN2), and 0.15 M
(sample SN3).

Figure 3.18 shows the I-V forward and reverse sweeps performance of the three samples. It
is observed that for sample SN1 and SN2, the I-V curves do not exhibit linearity, indicating
that the samples do not have an ohmic behavior. Additionally, irregular, and unstable
hysteresis is observed. In contrast, for sample SN3, the I-V curve exhibits linearity which
demonstrated an ohmic behavior. The absence of hysteresis indicates electrical stability. This
behavior is consistent with other reference [186]. Sample SN3 shows higher quality and a
linear tendency while increasing the current with low applied voltage. Moreover, better
symmetry of the curve is observed compared to the other samples. The resistance calculated
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by Omh’s law were 2.9x10” Q, 7.71 x10° Q and 5.78 Q for samples SN1, SN2 and SN3,
respectively.

Different studies report resistance values in the range of ~400 to 2000 Q for AgNPs obtained
by different synthesis methods using the same AgNOs concentration used to obtain our
sample SN3 [186-189]. These results indicate that the SN3 sample is a good candidate for
use as a conductive material to synthetize a conductive ink. As observed in the SEM images
and as the DLS and UV-Vis results suggest the formation of the particles that could tend
towards a connection between them in an orderly manner, which favors the electrical
characteristics calculated for the SN3 sample.
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Figure 3.18. I-V curves of the samples SN1, SN2 and SN3 deposited on corning glass.
In other hand, to observe the behavior of the particles in the SN3 sample, they were deposited

on acetate, bond paper, photographic paper, opaline paper, and PET substrates and dried at
room temperature and 60 °C.
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Figure 3.19. I-V curve of conductive AgNPs (sample SN3) deposited on different
substrates dried at room temperature.
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Figure 3.20. I-V curve of conductive AgNPs (sample SN3) on different substrates dried at

60 °C.

Figure 3.19 shows the I-V curves for the samples dried at room temperature, where it is
observed that the applied voltages are low and remain similar among all the characterized
substrates. Additionally, minimal hysteresis and low resistances are observed in all the
samples. This indicates that despite the variability in the rheological properties of the
implemented substrates, the nanoparticles of the SN3 sample demonstrate stability and
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compatibility with both natural and synthetic polymeric substrates with minimal variability
in the calculated resistances.

Table 3.5. Resistance of sample SN3 coated on different flexible substrates.

Room 60 °C
temperature
Substrate Drying time Resistance () | Drying time | Resistance (Q2)
of deposited of deposited
nanoparticles nanoparticles
Acetate 2 hrs 30 min 2.86 5 min 4.74
Bond paper 20 min 3.80 5 min 2
Photographic paper | 15 min 4.35 5 min 1.80
Opaline 25 min 4.00 5 min 4.74
PET 2 hrs 3.60 5 min 5.57

The table 3.5 lists the drying times and the resistances found for each sample. For the samples
dried at room temperature, the drying time was variable. This variability can be attributed to
differences in surface properties, which may arise from variation in cellulose content among
different types of papers. Additionally, these samples may contain various types of load
retention additives aimed at reducing surface roughness. The additives fill gaps between the
paper fibers, facilitating homogeneous drying and preventing swelling or shrinkage of fibers,
which could otherwise deform the paper structure and delay drying [51, 190]. Regarding the
PET and acetate substrates (synthetic polymeric materials), they have low-energy surfaces,
which hinder rapid adhesion and wetting due to their hydrophobic nature [191].

Regarding the samples dried at 60 °C a drying time of 5 min was applied (I-V curves of figure
3.20). It was observed that the use of temperature facilitates drying for PET and acetate
substrates and does not significantly alter the resistance of the nanoparticles in all the
substrates (see table 3.5). Ferreira-Oliveira et al [51] report a lower resistance value (1.53
Q) for AgNPs on paper compared to this work. However, it is important to note that the
reagents and synthesis method reported in the reference involves the use of a temperature
higher than 100 °C, a longer reaction time, and the use of different solvents with the particles.
Due to the favorable response observed in the I-V characterization of the SN3 sample on
various flexible substrates, the functionality of the particles was measured on filter paper.
The I-V curve shown in figure 3.21, exhibits irregular behavior, and a significant increase in
hysteresis is also observed. The presence of the hysteresis could be attributed to the roughness
of the paper, high pore size, and separation of fibers inside the filter paper, which disrupt the
connection between the particles [192-194]. The filter paper can retain nanoparticles of 5 nm
and larger; however, the lateral compaction of the paper would limit the lateral diffusion of
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the particles, thus preventing the connection between them [195, 196]. On the other hand, at
high Ag concentrations, many particles are widely distributed on the filter paper [197]. The
calculated resistance is 10.18 Q, so it is showing that there is no impediment to the
functionality of the particles as a conductive material on the filter paper.

0.10

0.05

Current (A)

0.00 - /

-0.05

-0.10 +

-1I.2 I-1I.0I-OI.B'-OI.SI-OI.4I-C:.2I 010 I 0?2 I O.I4 I 016 I 018 ' 1:0 . 1f2
Voltage (V)
Figure 3.21. I-V curve of conductive AgNPs deposited on filter paper.

As the particles continued to exhibit adequate conductivity, a circuit was constructed by
drawing two tracks on a filter paper. Figure 3.22(a) shows the deposition of the nanoparticles
using the handwriting technique as a direct deposition method. The traced pattern was dried
at room temperature. The length of the marked pattern was 5 cm, and then they were
connected to an LED [see figure 3.22(b)]. As shown in figure 3.22(b), turning it on by
connecting the tracks with a power source tested the functionality of the obtained
nanoparticles for use as a conductive ink on different flexible substrates.

Figure 3.22. (a) AgNPs-SN3 placed on filter paper by handwriting as direct deposition and
dry at room temperature. (b) Prototype of a conductive pattern and (c) its functionality on

filter paper with an LED off and on.
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Chapter 4

Functionalization of conductive inks using silver nanoparticles

Metallic nanoparticles inks are characterized by their chemical stability and high electrical
conductivity. Here, the ink that is used for the suspension or solution of metallic nanoparticles
in an aqueous solution of water-based or an organic solvent. Generally, the use of water as a
dispersant requires the addition of an ionic surfactant to disperse the conductive materials,
which typically require heat treatment for drying or activating the deposited material [198].
However, the use of water provides an eco-friendly and safe alternative solution compared
to organic solvents, which can be corrosive or flammable. To functionalize the ink, thermal
or chemical drying processes involving heat or room temperature are required to evaporate,
dissolve, or dry any agent involved, thereby preventing material agglomeration [199].
Conventionally, dispersing agents ensure the adhesion of the printed ink to the substrate or
any additive that can modify the properties of the ink [35]. In general, the inkjet deposition
process with nanoparticles, depicted in figure 4.1, involves: (1) cleaning the substrate, (2)
depositing the synthesized nanoparticles onto the printing system, and (3) thermally or room
temperature drying and functionalizing the printed material on a substrate.

= w
g : 4

(1) (2) (3)

:.\'O.

Figure. 4.1. Phases of the inkjet deposition process with nanoparticles. Modified from
[200].

In the following sections of this chapter, for simplicity, we briefly describe the office inkjet
printer and handwriting electronics that has been developed in last years, the functional
patterns and types of materials as substrates, where several polymers and types of paper has
been used, and a discussion of the parameters that are taken into account for measuring the
conductivity of the ink. Meanwhile, in section 4.2 we describe the methodology of the AgNPs
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ink synthesis and finally we show the characterizations, results, and discussion of the
material.

4.1 Inkjet printing technique modifications: office inkjet printer and handwriting electronics

Conventionally, metal nanoparticles can be adapted to a commercial manufacturing machine
known as a ‘research-use material printer’, which houses a single-use print head with
multiple nozzles [201]. This equipment facilitates the manipulation of various parameters,
including temperature control to regulate ink viscosity and drying, as well as the droplet fall
control to enhance compatibility between the ink and the surface as well as substrate
roughness. Additionally, it enables the incorporation of materials with different properties to
produce large-area printed prototypes. This is achieved through substrate rotation and
aligning, feature and location measurement, inspection and image capture of the printed
pattern or drops, cartridges alignment, precise drop placement to match the patterned
substrate [202]. Despite the convenience this equipment offers for printing tests, it comes
with a price tag of 24,500.00 USD [203].

Similarly, the printing mechanism of an office inkjet printer involves the ejection of ink
through a print head. However, this mechanism lacks controllable parameters, making it
challenging to ensure proper functioning, especially concerning droplet expulsion [see top
diagram 1 of figure 4.2]. Therefore, the implementation of externally controllable parameters
Is essential for effectively applying ink onto a substrate. This includes selecting the base
solvent for ink formulation and conducting drying processes or printing layers to achieve
optimal material performance [204-206].

On the other hand, pens, pencils, fountain pens, and brushes are currently used as
‘handwriting electronics’ tools for direct deposition. Through free design, ink
functionalization can be carried out "in situ™ for on-demand production of printed patterns
via line drawing on substrates such as paper, plastic, and even textiles [51, 207-209]. Due to
their versatility, commercial pencils with removable and refillable cartridges can be
purchased for such applications [see bottom diagram 2 of figure 4.2].
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Figure. 4.2. Modifications to direct deposit routes by (1) office inkjet printer and (2)
handwriting electronics.

4.2 Functional patterns and types of materials as substrates

Inkjet printing is compatible type of printing with many flexible substrates at a low cost,
where various types of polymers can be used, such as polyethylene (PE), polyimide (PI),
polycarbonate (PC), polyacrylate types, polyamide (PA), polyether sulphone (PES),
polyethylene naphthalate (PEN), liquid crystal polymer (LCP), thermoplastic polyurethane
(TPUR), and polyethylene terephthalate (PET) [35, 109, 210], for allowing the utilization
and adaptation of a conventional office printers.

On the other hand, paper has also been an attractive option for inkjet-printed electronics due
to its flexibility, affordability, environmental friendliness, and recyclability [109]. By
implementing paper as substrate, the flow of the deposited liquid in the substrate's porous
and rough surface is driven by its capillarity and adsorption capacity [211].

The choice of substrate type may be influenced by the quality of the ink. Factors such as
printing speed, resolution, ink thickness, viscosity and surface tension are taken into
consideration during printing [212]. The electrical conductivity of printed patterns on paper
substrates can be enhanced by the composition of the paper due to the surface coating [12,
213], ensuring that the choice of paper type does not alter the electrical properties of the
deposited ink.

In contrast, polymeric materials like PET have a longer absorption time as they lack of
capillary effects like paper. The differences between using plastic and paper substrates are
attributed to the humidity, absorption, and drying of the deposited drop [12]. Print resolution
of the ink on paper substrates has been reported to be better compared to PES and PEN [214].
Even, photographic paper, with its matte or glossy surface, allows for better printing
resolution [190, 215].
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4.3 Conductivity measurement

A simple way to describe the functionality of a conductive pattern is by measuring its
electrical behavior, specifically its resistance to the electricity flow. Resistance is
independent of the shape or size of the sample; however, for conductors, resistance
measurements will vary based on the length, width, and thickness of the sample [102]. This
measurement is not only dependent on the geometry of the printed pattern; resistance values
can also vary if the material undergoes sintering at different temperatures [216].

4.4 Methodology

4.4.1 Synthesis of ink based on silver nanoparticles

Conductive silver nanoparticles (see section 3.4.1.1) are washed with ethanol (EtOH) and
centrifugated at 1000 rpm by 30 min. In 5 mL of a hydrogen peroxide solution at 3% the
AgNPs (20 wt. %) are disolved, then the mix is sonicated for 3 hrs. Figure 4.3 show the steps
of the synthesis process. A color change of colloidal solution from gray to black is observed.
To corroborate the conductivity, the ink is placed on photographic paper as substrate (for
sample preparation for electrical characterization, see section 3.5.6).

Add drop by drop

Y~ N\

H202

sol. at 3%

Sonicated

Conductive
AgNPs

AgNPs ink
Figure. 4.3 Schematic process of adding hydrogen peroxide for AgNPs ink synthesis.

4.4.2 Characterizations

To carry out the characterizations using DLS techniques and UV-Vis spectroscopy, the
AgNPs samples are diluted in water in at ratio of 10:1 (water:AgNPs). Crystalline structures
of nanoparticles were determined through a Discover X-ray diffractometer (Bruker D8
Advance), operated at 40 kV and 25 mA with Cu-ka radiation source in a dispersion range
of 20 to 90° (20); with a Tescan Vega3 LMH (SEM) with SE detector the morphologies of
the samples were mapped. The diameter sizes, polydispersity indices (PDI), and zeta
potentials were measured with a Zetasizer Nano-ZS90 equipment. Finally, the electrical
characterization was performed using a Keithley-4200 Semiconductor Characterization
System at room temperature.
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4.5 Results and discussion

4.5.1 X-Ray Diffraction (XRD) measurements

To identify the crystalline structure of the particles, the PDF4 database format was used
[217]. Figure 4.4 shows the diffraction pattern of the AgNPs (sample AgNPs-SN3,
synthesized in the previous chapter) where a phase of NaNOsz has also identified in the
crystalline pattern as a secondary product. For the sample AgNPs dissolved in a 3% H.0>
solution (sample named AgNPs ink), only the silver phase has been identified from JCPDS
file 00-004-0783, as shown in Figure 4.5. The different positions of intense peaks were
identified at 38°, 44°, 64°, 77° and 81°, related to the x-ray diffraction pattern onto the
crystalline planes of (111), (200), (220), (311) and (222) orientations, respectively. Although
chemical reduction processes are simple to prepare and cost-effective [218], the secondary
product was not identified, and no additional purification processes were required. According
to Zhang et al. [219], Na* can act as a stabilizer in the solution, which reduces the spontaneous
decomposition of H20.. The effect of H2O2> on NaNOz may result in a remaining NaNO3
precipitate, but also could lead to the formation of Na2O through its decomposition at room
temperature. However, the mixture of AgNPs with the addition of H,O; as a redox reaction
starts to occur since the H2O> acts as a metal recovery process [220, 221]. A possible reaction
mechanism is described in references [222-224], where there it is noted that the dissociation
of H202 promotes the adhesion of OH" ions onto the outer surface of AgNPs, generating Ag*,
then hydroxy| radical and superoxide anion, according to reactions (1) and (2)

AgNP +H20; > Ag™+HO' + OH" 1)
HO + OH + H202 = O + 2H20 (@)

The superoxide anion transfers electrons to the AgNPs surface, resulting in the formation of
highly reactive charged nanoparticles (Ag™) and induce the regeneration of AgNPs,
according to reactions (3) and (4) [223, 224].

Ag*+ 02 2> AgNP™ + O, (3)
Ag’+ AgNP™ > AgNP + AgNP (4)
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Figure 4.4. XRD pattern of AgNPs obtained in the SN3 synthesized sample.
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Figure 4.5. XRD pattern of conductive AgNPs ink after mixture in peroxide.

4.5.2 SEM/EDS analysis

To analyze the surface of a trace of AgNPs ink, a sample was deposited on a photographic
paper as a substrate and dried at room temperature for 15 minutes. Subsequently, a scanning
electron microscopy (SEM) was used to examine the surface. Figure 4.6 shows the SEM
image of photographic paper surface at a scale of 20 um, without particle coating. In
Appendix B is show the SEM images of several substrates with and without ink coating.

To show a comparative analysis of the arrangement of AgNPs with and without H2O2 mix, a
mapping (image at a scale of 1 um) of the SN3 sample (as previously presented in section
3.5.2) has been taken [see figure 4.7(a)]. The film consists of particle agglomerations with
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an average diameter of nanoparticles of ~58 + 10 nm and have spherical shape, as calculated
by the standard log normal function [164-166]. The diameter size was determined to be count

around 100 particles using the ImageJ software. The histogram obtained is shown in figure
4.7(b).

On the other hand, for the sample prepared with AgNPs-based ink, shown in Fig. 8a, the
diameter of nanoparticles is ~48 £ 12 nm [see figure. 4.8(b)] The observed decrease in
average diameter is attributed to the effects of sonication [225, 226]. The formation of
agglomerations facilitates the conductivity of the particles due to their union. The heating of
the particles is not necessary as the samples already connected, and it is estimated that they
have an affinity for the smooth surface of the paper [227].

i

20 um

Figure 4.6. SEM image of the surface morphology of the clean photographic paper.
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Figure 4.7. SEM images of (a) the surface morphology of the photographic paper after its
coating by the sample AgNPs-SN3. (b) Size-distribution of sample AgNPs-SN3 determined
from the SEM analysis.
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Figure 4.8. SEM images of (a) the surface morphology of the photographic paper after its
coating by the AgNPs-based ink. (b) Size-distribution of AgNPs-based ink determined
from the SEM analysis.

An elemental analysis was conducted using energy dispersive X-ray spectroscopy (EDS) to
determine the chemical composition. EDS spectra (figure 4.9) from sample SN3 and the
identified elemental lines are listed in Table 4.1. Figure 4.9 shows the EDS analysis of the
sample with nanoparticles without H>O,, the detection of the elements N, O and Na were
found. The relative quantity of each element is minimal compared to the one of silver. This
suggest that the fraction corresponding to Na species should be also weal in the sample with
H>02, and its concentration could be possibly lower than the detection limit if the EDS
apparatus.

Comparatively, figure 4.10 illustrates that the spectra of sample prepared with AgNPs-based
ink exhibit a strong silver signal, indicating the presence solely of AgNPs. The silver
percentage is high, and no other element from the reagents used during the synthesis were
detected (Table 4.2).

The reagents used modify the cover surface composition of the particles, and consequently,
their elemental composition determines the electrical resistance of the printed pattern [228].
In the case of our ink prepared with AgNPs in H20z, the absence of other contaminants means
that sample heating for solvent evaporation is not required, nor is it necessary for ink drying,
which occurs at room temperature.
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Figure 4.9. EDS analysis of conductive AgNPs (SN3 sample) photographic paper.

Table 4.1. Elemental quantification obtained from sample SN3 spectra.

Element/spectral line | wt. % | at. % | Abs. error %
Ag 88.81 | 55.49 3.24
N 1.05 5.05 0.76
C 1.31 7.36 0.60
@) 485 | 20.42 1.71
Na 3.98 | 11.68 0.38
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Figure 4.10. EDS analysis of AgNPs-based ink on photographic paper.

Table 4.2. Elemental quantification obtained from sample AgNPs-based ink spectra.

Element/spectral line | wt. % | at. % | Abs. error %
Agla 97.66 100 3.12
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4.5.3 Topography measurement by AFM

Surface topography mapping of sample AgNPs-based ink was conducted through AFM
measurements, with an area analysis of 2.5 pm?. Gwyddion 2.62 software was utilized for
the image processing [229]. Both mapped films exhibit accumulated nanoparticles arranged
irregular and compactly, demonstrating an agglomerated state consistent with previous
reported works [229, 230].

For sample AgNPs-based ink, a horizontal and vertical scan along a marked line was
performed. The marked line in figure 4.11(a) passes through a region displaying overlapping
particles. In figure 4.11(b), it was determined that the maximum height profile for that region
is 470 nm, with the minimum height measured around 200 nm. These particles are small and
exhibit well-defined diameters less than 50 nm. The line marked in figure 4.11(c) depicts the
arrangement of particles in a deeper region. The profile shown in figure 4.11(d) reveals that
the particles have diameters ranging between 30 and 60 nm. Through this analysis, the
relative uniformity of the spherical particles and their dimensions are confirmed, as observed
in the SEM analysis.
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Figure 4.11. AFM topography measurements for AgNPs-based ink sample recorded the
overlapping along (a) the mapped vertical gray line with (b) his corresponding profile
height and (c) the mapped horizontal gray line with (d) his profile height reported on the
figures.
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4.5.4 Dynamic Light Scattering (DLS) and Zeta Potential Analysis

As shown in the Chapter 3, to determine the stability of the ink, particle size, size-distribution,
and zeta potential is necessary to use the DLS technique. All parameters found are listed in
Table 4.3.

Table 4.3. Particle size, polydispersity index and zeta potential values.

Sample Particle Polydispersity | Polydispersity | Zeta potential
size (nm) index (PDI) range (mV)
AgNPs-SN3 64 0.57 Moderate -32.2
AgNPs-based ink 50 0.59 Moderate -30.5

The particle diameter size measured of sample AgNPs-SN3 was measured to be 64 nm, while
that of AgNPs-based ink was found to be 50 nm. These values align closely with those
obtained from both SEM and AFM investigations.

Both samples exhibited a moderate size distribution as indicated by the polydispersity index
values: 0.571 to sample AgNPs-SN3 and 0.597 to sample AgNPs-based ink, which suggests
moderate dispersion and potential instability. The standard error calculated from SEM
analysis was used to verify the PDI, following the same methodology as the DLS technique
[231]. The dispersion is moderate for both samples, 0.18 and 0.27 to sample AgNPs-SN3 and
AgNPs-ink respectively.

Furthermore, the zeta potential measurements revealed values of -32.2 mV for SN3 sample
and -30.5 mV for ink sample, which are consistent with the values associated with stable
suspensions [155, 156]. The acquisition of ionic behavior (Ag*) by the AgNPs due to the
electron transfer from H202 to Ag®, coupled with the negative zeta potential, confirms particle
repulsion [232].

4.5.5 UV-Vis spectroscopy

Figure 4.12 shows the normalized absorbance curves for the sample AgNPs-SN3 and AgNPs
ink. For sample, in SN3, the absorbance peak is observed at 389.93 nm, while for sample of
AgNPs-based ink, the absorbance peak is shifted to a wavelength of 394.19 nm. If the
maximum position change or not this will indicate the stability of AgNPs at a ratio or even
to at a determined particle size [233]. However, the position of maximum absorption of a
polydisperse sample does not provide accurate information about the size of nanoparticles,
as conventionally used, because peaks separation cannot be observed from a specific
nanoparticle population [176]. On another hand, agglomeration of nanoparticles leads to red-
shifted peak toward longer wavelengths [174, 175].
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In the case of AgNPs-based ink, a slight increase in the width of the absorption band is
observed. However, as the red shift increases, it is observed that sample AgNPs-SN3 shows
an increase absorption in the range of 600 to 800 nm [174]. This suggests that sample SN3
may have broader size distributions, as found in the sections 4.5.2 to 4.5.4.
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Figure 4.12. UV-Vis spectroscopy of conductive AgNPs (sample SN3) and AgNPs-based
ink (after mixture in peroxide).

4.5.6 Electrical characterization

To realize the I-V measurements, the AgNPs-SN3 were deposited onto photographic paper
and dried at room temperature. Current-voltage measurements were carried out with forward
and reverse sweeps to detect possible hysteresis behaviors associated with material
modifications and memory effects. The I-V curve in figure 4.13 exhibits linearity, indicating
an ohmic behavior. Although a subtle hysteresis effect is observed but the material maintains
its ohmic behavior. The calculated resistance was 4.35 Q.
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Figure 4.13. 1-V curve of conductive AgNPs-SN3 on photographic paper.
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To evaluate and compare the electrical behavior of the AgNPs-based ink deposited onto
photographic paper, the I-V curve obtained shows a symmetric and reproducible graph
compatible with ohmic contacts (figure 4.14). No hysteresis behaviors are observed, and the
nominal resistance is measured to be 11.74 Q when the substrate is flat.
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Figure 4.14. 1-V curve of AgNPs-based ink on photographic paper.

Conventionally, to measure the mechanical stability, the substrate is initially measured in a
flat position, and then the tension is increased at one or multiple radius and times, as shown

in the figure 4.15.
Sample

Figure 4.15. Tensile radius in a flexible substrate.

Using the following equation, mechanical stress can be calculated [234]:

St+Tt

Strain (%) = x 100

Here, St is the substrate thickness of the substrate, Tt is the film thickness and r is the tensile
radius of the substrate.

To observe memory effects of the AgNPs-based ink on photographic paper, flexions and
bending cycles were applied to the substrate. Flexions were increase from 12.5 mm (when
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the substrate was in a flat position) to 5 mm (when the substrate is at its maximum flexion)
radius of curvature. When brought to a bending radius curvature of 12.5 mm, an increase in
resistance to 17.99 Q is observed [see figure 4.16(a)]. Subsequent bending cycles reveled
minimal resistance increase that remained stable, when the radius of curvature decreased
from 10 mm to 5 mm. The conductive wire is not significantly affected.

With a photographic paper thickness of 0.2032 mm and considering a film thickness of 200
nm (as determined from AFM images) bending at a curvature radius of 12.5 mm corresponds
to a mechanical stress of ~0.8%, while at a curvature radius of 5 mm corresponds to a
mechanical stress of 2%. All calculated parameters are summarized in Table 4.4, and an error
rate of £5% is considered for the bending curvature radius, indicating that the system remains
operational under the applied mechanical constraints.

For bending cycles tests, an increasing cycle from 0 to 1000 is shown in figure 4.16(b). The
measured current is close to 102 A and remains almost constant, showing a slight decrease in
electrical resistance compared to the resistance values reported in the third column of Table 4.4.
Similar to previous observations, no hysteresis effects are observed, indicating that the
functionality of the ink is not altered with increasing bending cycles.
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Figure 4.16. I-V measurement of the ink (a) with flexion and (b) bending cycles of
photographic paper.

Table 4.4 Strain and resistance calculated for each radius of curvature of the substrate and
resistance calculated by bending cycles increases.

Bending radius Bending cycles
Strain (%) | Resistance (QQ) Resistance (Q)
12.5 mm 0.8 17.99 0 11.74
10 mm 1 20.11 200 14.00
7.5 mm 1.4 20.93 500 15.97
5mm 2 20.96 1000 17.95
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Finally, to illustrate one of the practical applications in which this ink could be implemented,
the AgNPs ink was loaded inside a fountain pen with an extrafine point (0.6 mm) to trace a
pattern by handwriting on the photographic paper, as illustrated in figure 4.17. The pattern
consists of powering an LED by an external source connected through the printed conductive
lines. This demonstration illustrates the potential of flexible and wearable electronics
produced by the AgNPs ink reported in this work. The LED turns on and off when the voltage
is applied or not. Despite being a basic demonstration of the ink”s functionality, this prototype
showcases the capabilities of incorporating nanoparticles into inks to create electronic
components that could facilitate the replacement of PCB boards in different operating
systems, allowing the fabrication of flexible and more complex hybrid circuits.

Figure 4.17. Design of drawing circuit with AgNPs ink with a fountain pen on
photographic paper. Prototype to show a simple hybrid PCB.
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Chapter 5
Conclusions and outlooks

During the synthesis of the silver nanoparticles, the control in the growth of the particles was
observed through the addition of two reagents, sodium citrate at different concentrations
(0.01 to 0.04 M) and sodium borohydride at 0.05 M, both reacting with silver nitrate 0.05 M,
showing that with the concentration of 0.03 M of sodium citrate (sample named SC3), the
reaction presented stoichiometric equilibrium, providing better properties for the
nanoparticles obtained, such as the minimum particle size of ~52 nm, where a more uniform
size distribution was observed and showing better stability. Despite this, sample SC3 showed
poor conductive behavior calculating a resistance of 2.7X107 Q through 1-V measurement of
the sample on Corning glass. With the addition of silver nitrate at 0.15 M (sample named
AgNPs-SN3) the conductive behavior improved significantly (5.78 © on Corning glass)
without hysteresis effect and resistances between 2.86 to 4.35 Q were observed using acetate,
bond paper, opaline paper, photo paper and PET as flexible substrates. In all samples, the
absence of hysteresis and an affinity of the particles with the surface of the substrates with
different morphology were observed. Under these characteristics, the synthesis of the ink
based on AgNPs was carried out.

Using conductive silver nanoparticles (AgNPs-SN3), the ink was prepared based on
hydrogen peroxide diluted to 3% mixed with conductive AgNPs-SN3 at 20 wt.%. Although
hydrogen peroxide has a high oxidative capacity, in this reaction it was confirmed that it did
not affect the structural property of the Ag, nor the composition of the nanoparticles since no
oxide phase or residues of it were found in the sample.

In order to demonstrate the electrical efficiency of the ink, an I-V characterization was
performed, revealing a resistance of 11.74 Q. It was observed that despite the dilution
fraction, the particles exhibited optimal performance compared to the resistance value of the
undiluted particles, and none of the samples exhibit hysteresis effects. With the addition of
the AgNPs to hydrogen peroxide, the prepared mixture is electrically conductive due to the
presence of free hydroxyl radicals and superoxide ions. The action of these ions was to
promote successive redox reactions as well as the release of secondary chemicals. The
concentration of silver added enhances the generation of free radicals without the addition of
any acidic compound, which implies obtaining a sample with a low weight % ratio and high
performance in the conductivity of the ink.

The performance of the ink was tested by flexing and bending tests of the flexible substrate,
suggesting that the material remains functional under mechanical constraints. The maximum
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stress found corresponds to 2%, being the fracture limit allowed for a metallic material. With
respect to torsion, the increase in ink resistance was up to 17.95 Q when 1000 cycles were
exercised. No hysteresis effect was observed in any of the tests.

Finally, to test its application, a handwriting test was performed, in which a fountain pen
loaded with the AgNPs ink was used to draw a basic PCB pattern on photographic paper.
The efficiency of the ink adapted to this direct printing mechanism was demonstrated, and
the efficiency of the device built by connecting an external voltage source was also observed.

We believe that this work contributes to the scientific community since the design of the
synthesis of silver nanoparticle inks with controllable conditions, short time and without high
energy cost has been demonstrated. Furthermore, the low concentrations of the reagents used,
commercially available and inexpensive materials make the methodology established in this
dissertation of interest for future large-scale applications, together with the compatibility of
the ink on different substrates and its performance in the tests of bending and flexions
provides relevant information for the fabrication of flexible hybrid devices.
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Appendix A

Mask for depositing contacts.
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Appendix B

SEM images of AgNPs-based ink on different flexible substrates dry at room temperature.
AgNPs-based ink

Clean substrate

Acetate

Bond

Opaline
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