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Figure 2.6. Nozzle, syringe, holder image and assembly.

2.9 Characterization of deposited films

After production, the printed samples were investigated via optical
microscopy. Images were obtained using a Nikon Eclipse LV150N microscope

with CCD camera (Minato, Tokyo, Japan) to visualize the inkjet-printed droplets.

SEM/EDS for surface morphology and a Bruker DektakXT Stylus Profiler
(Coventry, UK) was used for physical size measurements (width/thickness),

where the average of four or more measurements were used.

The profilometer based on a diamond stylus tip was used to measure the
physical dimension of the silver track on different substrates. Data was evaluated
by Vision 64 (Bruker) analysis software. The principle is illustrated with the help

of the visual images (Figure 2.7).

Figure 2.7. (a) Diamond stylus profilometer in contact with the printed track; (b)

area markers showing the region to be scanned.
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Profilometry is a process that is used to detect the surface of the printed pattern
by using a sharp probe with radius 2 um to scan across the feature surface. As a
result, the overall thickness and width of the film, and the pattern roughness can

be evaluated [7].

This kind of profilometer takes measurements electromechanically, by
moving the diamond stylus vertically over the printed pattern surface (Figure 2.7)
according to user programmed scan length, speed and stylus force. The radius
of the diamond stylus can measure small surface variation /vertical features
ranging from 10 nm- 1 mm height. The height position of the stylus generates an
analog signal which is transformed into a digital signal, stored, analysed and
displayed (Figure 2.8). More examples of "cross- sectional" scans can be found
in Appendix A (Chapter 9).
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Figure 2.8. Stylus profilometer trace across a printed track.

The profilometer measurements were set up as follows, stylus type
(radius: 2 um) was used , profile (Hills and valleys), the scan range was set (6.5-
100 pum) to sufficiently cover each experiment sample. The length varied
depending on the line thickness/width (250-600 um). To improve the accuracy of
the profile area measurements, the scan duration and stylus force were set to

10 sec and 1 mg, respectively.
2.9.1 Conductivity measurement

Conductivity measurements of printed tracks on substrates were
performed by measuring the resistance of printed patterns using a Beha-
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Amprobe (Glottertal, Germany) digital multimeter (True RMS Data logging
Multimeter 72-3540, Max. voltage (1000 V), Input resistance: about 10 MQ).
When measuring low resistance for highly conductive samples, the test lead will

bring about measurement errors of resistance between 0.10 and 0.20 Q.

Additional electrical measurement techniques for resistivity could be used
for more accurate measurements such as a 4-point-probe (4PP). However, for
the reported experiments, only a Digital Multimeter was available at the time of
conducting the experiments. As the contact resistance plays an important role in
the accuracy of measurements, especially for samples with short track lengths
(5 mm), the resistance measurement was repeated multiple times for the same
track and the average was taken at the end. Then, key values were calculated
using the expression relating resistance to resistivity and conductivity, p = R-A/L,

A=h-W, o =1/p, according to equations (1.1, 1.2, 1.3) in Chapter 1.
2.9.2 Sintering

In this work, a more desirable strategy was used which employs a surface
coating or post-printing coating that facilitates spontaneous chemical sintering of
NPs at room temperature. It had mostly used chloride-based room-temperature
sintering on different types of substrates, both those that have a chloride content
already (photo paper) and others that do not naturally contain chloride ions. The
halide can detach the anchoring groups of stabilisers, which are attached to the
NPs, to enable the particles to accumulate and eventually become connected,

allowing them to be sintered(Figure 2.9).
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Figure 2.9. Schematic diagram showing the chemical sintering process [16,17].

In order to produce conductive tracks from the printed core-shell inks, it is
necessary to remove the strong stabilizer that is adsorbed on the surface of the
nanoparticles, required to give the particles stability during synthesis and in the
ink formulation. Other previous studies have used a high temperature to achieve
sintering and allow particles to merge. However, this could damage the Ag shell
[8] and/or the substrate. In this work, sintering at room temperature was achieved
by trying to destabilise the OAM through chemical processes, similar to the
chloride displacement of PAA/or PVP/or PVOH discussed above. For this dip
chemical sintering two simple steps were followed: ligand exchange and
electrolyte immersion, as described by [8]. Firstly, a solution (10 v%) of the
hydrophilic amine 1-amino-2-propanol (MIPA) in methanol was prepared. To get
the ligand exchange, the coated film should be immersed in this solution for
1 minute and rinsed with methanol. That way hydrophobic-to hydrophilic
transition was obtained, thus improving the wetting capability of electrolyte
solution on the surface of the metal film [10]. Secondly, a 2 wt% reducing
electrolyte solution was prepared by dissolving NaBH4 in pH=12 (10 mM) NaOH
and the film was then immersed again into the electrolyte solution for 1-5 min and
finally washed with de-ionized water. In this step, the solution allows particles to
coalesce together by destabilizing the ligand to achieve effective sintering at room

temperature [8].
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2.10 Preparation of coating solution

The concentrated PVOH solution (10% w/w) was prepared by dissolving
the required amount of solid polymer (20 g) into pre-heated double-distilled water
over a hotplate at a temperature ~100 °C followed by continuous stirring for 1-
2 hours, until a uniform solution was produced. The polymer powder was

sprinkled into the vortex of the stirring water to avoid clumping.

A primary stock solution of KCI having a concentration of 1 M was prepared
in a 100 mL volumetric flask by dissolving 7.45 g of KClI into double-distilled water.
The different solutions of KCI in the concentration range 1 M,0.1 M,0.01 M and

0.001 M were prepared from this primary stock solution by serial dilution.

Finally, 20 mL disposable scintillation vials were used to prepare five
different aqueous PVOH/KCI solutions with different compositions (9:1). The
solutions were homogenized by shaking the vials for a while to get a final solution

with a PVOH content of 9% and varying CI concentration.

The behaviours of these solutions were tested immediately by wire
wrapped coating bar from RK printcoat Instrumenta (https://www.rkprint.com/
products/k-hand-coater/) on the substrate to see if they produced sintered films

and low resistance in order to improve the printability of silver ink.
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Chapter 3. Pure silver nanoparticles results and
discussion

3.1 Characterisation of Ag-PAA NPs formed by chemical

reduction method in an aqueous solution.

Ag NPs play a crucial role as the most common conductive ink material,
when high conductivity is required, due to the excellent oxidation resistance and
high conductivity of silver, and due to the existence of suitable capping agents for
the sake of grain size stabilization and homogeneous particle production. In
addition, the use of aqueous solvent will be a substantial benefit to achieve the
easier process of synthesis during the chemical reduction method, which is the
most frequently used method for the production of Ag NPs as stable colloidal
dispersions, in water or organic solvents. Additionally, Ag can be conveniently

integrated into inks that adhere better to substrates than other metals [1].

In this presented study, it was attempted to produce Ag nano ink for inkjet
printing using a concentrated solution based on Ag NPs, which makes this
aqueous synthesis practical for large scale production. In fact, analogous results
obtained by other methods of synthesis of the AgQNP can be found in the literature.
For example, a similar route was used in a previous study by Mau Dang C. et al.
[2], who successfully synthesised stable silver/poly (acrylic acid) NPs by reducing
silver nitrate in aqueous solution with the presence of ethanolamine (mEA) as the
reducing agent. The acquired Ag NPs showed an average size about 22 nm in
water. Their suspension ink, which contained 10%wt. of Ag NPS was stored for

three months, showing a great stability with no aggregation.

Similarly, Shen W. et al. [3] synthesized a highly stable PAA-coated silver
NP by a simple and environmentally friendly wet chemistry method in an aqueous
medium. The fully aqueous phase contained silver nitrate, PAA as the capping
agent and monoethanolamine (MEA) as the reducing agent. The main major
particle size distribution of the Ag NPs was in the range of 30-50 nm with a narrow
size distribution. That is relatively bigger compared with the nanoparticle that we
have achieved with similar chemicals and slight differences in the synthesis
process. The Ag NP ink was prepared simply by dispersing the as-synthesised

silver NP powder in water and showed a highly stable /homogenous dispersion
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of silver NP ink. The inks were printed on paper and PET substrate using a
common colour printer. The printed pattern showed a resistivity about
3.7x10® Q.m, which is close to twice that of bulk silver, when heat-treated at
180 °C. In the study reported in this thesis, the electric resistivity reached around
2 times RBS (2.918x10® Q.m) with room temperature sintering (see results

below).

In our approach, for synthesis of the Ag NPs we have followed Mavuri A.
et al. [4] routes, which involved silver nitrate, triethanolamine (TEA) serving as
reducing agent (the hydroxy groups are the key to reduce silver ion), and PAA as
the capping agent, in order to produce particles with a nano range size, which
helps in achieving our goal to formulate a silver conductive ink for inkjet printing.
Also, it implies that Ag NPs with a reasonably narrow size dispersity can be
typically obtained by this reduction method. Figure 3.1 shows the mechanism of

polymer protection and the synthesis of silver nanoparticles from silver nitrate.
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Figure 3.1. Schematic sketch of the mechanism of polymer protection.

After adding TEA to a silver nitrate solution and PAA solution, the mixture
goes through a gradual change in colour from colourless to dark black solution,
which concurs with the nucleation and growth of silver nanoparticles. At the time
of nucleation, some Ag’ species convert to nuclei and some Ag* are reduced
continuously to Ag’ leading to both deposition on existing nuclei and creation of
new ones. The nucleation stage extends for a while, after which growth
predominates. Generally, a short nucleation phase leads to more monodisperse
particles, but unlike in hot injection methods (where sudden injection of a
component initiates a large number of nuclei in a very short time), this temporal
aspect is not well controlled in these aqueous syntheses. Finally, the mixture
colour gradually becomes dark as the Ag NPs grow in size. After a 24 h period,

the colour changing stops, which clearly marks the termination of nanoparticle
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growth. After the reaction, EtOH is added to induce rapid particle coagulation,

which then precipitates the NPs more easily.

The prepared AgPAA NPs were dispersed in water at 25 °C to measure
the particle size distribution with DLS. The determined size was obtained from
the average of three sequential runs to be about 4 nm without any filtration as
illustrated in Figure 3.2 (number averaged data). The value of the polydispersity

index (PDI) indicated a good range of particle size distribution about 0.4.

Size (d.n... % Number: St Dev (d.n...
Z-Average (d.nm): 82.40 Peak 1: 4.142 100.0 1.112
Pdl: 0.484 Peak 2: 0.000 0.0 0.000
Intercept: 0.822 Peak 3: 0.000 0.0 0.000

Result quality

Size Distribution by Number

Number (Percent)

100 1000 10000
Size (d.nm)

Figure 3.2. The DLS graphs of as-synthesised Ag-PAA NPs.

As shown, there was some variability of the replicate measurements and
this is most likely due to the presence of a small amount of aggregated material
in the (unfiltered) sample (hinted at by the Z-average size, compared with the
number averaged size), coupled with the size distribution making the data a bit
unstable. Lots of different size distributions give almost identically good fits to the
function within the DLS software under these conditions, which makes accurate
and reproducible measurements difficult by this technique. Despite this slight
uncertainty, the mean particle size distribution of about 4 nm means most of the
particles are within the appropriate size range, and not 100s of nm, which might

cause problems with nozzle clogging during printing.

It is useful to compare these results with the study by Milardovic S. et
al. [5], who have synthesised silver nanoparticles by a similar chemical reduction
method using hydrazine monohydrate as the reducing agent and PAA as the
protecting agent in an aqueous solution. The obtained silver NPs were
approximately between 1.6-3.2 nm, which is much smaller than the Ag NPs
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intended for inkjet printing found in other literature. In contrast, our approach to
reducing silver nitrate was carried out with a nontoxic reducing agent
(triethanolamine) and we have produced a similar particle size (4 nm). In their
study, hydrazine is a highly toxic and explosive chemical that needs much care
in a large scale. These results confirmed that such small particle sizes do not

seem to compromise the quality of printed patterns.

The stability of the PAA-Ag NPs conductive ink has been confirmed by a
measurement of the electrokinetic potential. The zeta potential measured value
was -38 = 8.2 mV, and this suggests ink stability. Typically, particles with zeta
potentials more positive than +30 mV or more negative than -30 mV are normally
considered stable. This result also confirmed that it has a negative charge, which
by assumption must come from carboxylate ionisation (that would be the COO-

facing outwards into solution most likely).

In this study, the pH was ca. 7 and this caused the electrolytic dissociation
of the carboxylic groups to form carboxylate anions and hence a negative electric
charge on the Ag NPs surface. Thus, the Ag NPs become highly dispersed
without aggregation due to the electrostatic repulsion between the Ag NPs [6]
which will be enhanced by the steric (wrapped polymer backbones) stabilisation

of the polymer.

Some evidence to support these results is provided by a study done by
Huang Q. et al. [6]. They investigated the effect of pH on the zeta potential of the
silver ink and its effect on the stability of silver nanoparticle-based ink. At a pH
above 5, the layer of polymeric dispersant molecules absorbed on the surface of
the particles acted as an effective layer for steric stabilization to prevent them
from agglomerating. In contrast, at a pH below 5, the silver nanoparticles undergo
aggregation, due to the surface being electrostatically neutral and the repulsive

force for dispersion of particles being lost [6].

For comprehensive study, the particle size distribution was measured by
TEM, as shown in Figure 3.3, indicating the formation of nonuniform Ag NPs with
the size distribution mainly between 5 nm and 27 nm. It is clear that the variability
of measurements is most likely due to the presence of clustering NPs in the
sample and that is caused by the tendency of the small size particles in the

solution to agglomerate, especially as the particles dry and concentrate on the
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grids during the TEM sample preparation. The DLS data suggest that the particles
are much better dispersed in dilute solution.
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Figure 3.3. TEM image of an Ag-PAA NPs.

It is important to be mindful of the fact that the DLS size distribution tends
to present as an overestimate of size comparing with TEM results. This is for the
reason that the DLS measurements were done in a fully solvated liquid
environment, and thus give a measurement for the hydrodynamic radius and not
the physical radius of the core particles, as given by the TEM images. The TEM
tends to show the inorganic core crystal size only, since this is the electron- dense
material. The organic ligands usually show up only faintly, unless specifically

stained.

The SEM image (Figure 3.4) shows a near complete monolayer of Ag NPs
and the majority were approximately spherical in shape with a relatively narrow
size distribution. The image shows some areas of rather smaller particles, as well
as the (mostly larger) particles that have been measured, which highlights the
difficulty of obtaining objective size measurements from limited numbers of
particles in single (or maybe a few) images. These results were in reasonable
agreement with the size distribution estimated by DLS, however.
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