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Abstract

Silver nitrate in the solution was reduced in the presence of the dispersants by
ascorbic acid, and silver particles were generated. The main goal was to examine the
influence of different dispersants. The purpose was to improve the production process of
the micro-sized silver powder for thick film silver pastes for applications in the
photovoltaic sector and the printed electronics. Relatively high concentrations of the
reagents were used to achieve a high yield of silver particles. It was a strict request for
highly economic production. This paper shows the possibilities for future large-scale
synthesis and potential industrial production. The particles were analyzed by the X-ray
diffraction (XRD), scanning electron microscopy (SEM), and laser diffraction particle
size analyzer.

Keywords: chemical reduction; submicrometer particles; silver powder; thick
film.

Introduction

Silver is used extensively through history as precious metal value, for coins and
art, and in the modern times in numerous industrial and commercial applications. It has
notable characteristics such as the highest electrical and thermal conductivity of all metals
and optical reflectivity near the best in infrared and most of the visible spectrum [1]. It is
used for soldering, brazing, jewelry, and dental alloys and additionally for electrical
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contacts, and many applications in optics, electronics industry, energy sector, and
medicine [2-5].

Nanoparticles (NPs) have attracted a lot of attention recently due to their
exceptional characteristics. These are the particles with the dimensions in the range from
1 nm to 100 nm. Their properties are related to very high surface to volume ratio and
quantum size effects. For nanoparticle synthesis, the most used pure metals are copper,
silver, and precious metals (gold, platinum, and palladium) [6-8], with silver being the
dominant one [9], due to their general properties, as well as chemical stability, ease of
obtaining, and favorably priced compared with others [10]. For some purposes, the benefit
of the unique properties of AgNPs has been exploited for nanocomposite powders
production based on mixed metals or their oxides [11]. As a result, AgNPs and colloidal
silver are widely used in the high-tech chemical industry (catalysis, sensors, water
treatment) [12-15], physic (photonics, optics) [16], electronics industry, renewable
energy production and storage (photovoltaic solar cells, biofuels, lithium batteries) [17-
20], biotechnology (biosensing, botanics, advanced agriculture, pest control) [21-25],
medicine and biomedical sciences, and pharmaceutical industry [26-29].

This variety of applications had led to a large number of methods for AgNPs
synthesis. High requirements for each of them often include the strictly defined properties
of the particles. Thus every of the method should be controlled in every detail. The
synthesis techniques are numerous, but the most prominent are chemical reduction in the
aqueous and non-aqueous solutions (including use of autoclave), use of microemulsions,
thermal decomposition of silver compounds, radiation-assisted (gamma-ray, laser,
microwave) processes, electrochemical, photochemical and sonochemical reduction,
template method, and biosynthesis [30-35]. The prevalence of environmentally friendly
technologies, among all mentioned is high [36].

Along with the AgNPs, the ultrafine metallic powders (near 1 um of average size)
are commonly used in electrically conductive pastes, solid oxide fuel cells, and chemical
catalysts, etc [37]. Wet-chemical methods are commonly used for the preparation of the
micro-sized spherical Ag powders. However, methods for this purpose are not well
developed [38], as most of them focused on the synthesis of nano-Ag particles. Only a
few teams reported their research about these topics. Consequently, but unexpectedly,
obtaining the powder with a narrow range of size distribution around and bellow one
micrometer (500-1000 nm) could be an even harder task [39] compared to the nano-sized
powder. Controlled aggregation of nanoparticles is the usual route for the formation of
uniform spherical aggregates, and the larger sizes are thus more challenged to obtain [40-
43].

This paper is sequent to the previous researches [44-45] and is focused on
obtaining micron- or sub-micron sized near-spherical silver particles, with the narrow size
distribution, in the aim to use them in the production of silver pastes for thick films
applied in solar cells.

Experimental

The following chemicals were used for silver solution preparation and its reduction
from the solution: silver nitrate (crystal extra pure, >99.0%, Ag content min. 63.5%;
Chimet S.p.A. ltaly), ascorbic acid (analytical grade; Merck, Germany),
polyvinylpyrrolidone (PVP K-30) (pharmaceutical grade; Ashland, Nederland), gelatin
(pharmaceutical grade; Institute Torlak, Serbia). Additionally, citric acid (pro analysis,
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99.5%; Sigma-Aldrich, Germany) and sodium hydroxide (for analysis, >99.0%; Merck,
Germany) as pH regulators and absolute ethanol (pro analysis; Zorka, Serbia) for silver
powder rinsing were used. Double distilled water, with conductivity lower than 1 uS/cm,
was used in all experiments.

A typical procedure was as follows; two solutions were made separately, the first
one (solution 1) was the solution of AgNOs, and the second one (solution 2) was the
solution of ascorbic acid (AA). The dispersant was divided into both solutions in equal
volumes. A volume of 300 ml of both solutions was used to obtain nearly 600 ml of total
solution in the laboratory glass of 1000 ml. Solution 1 was added to solution 2 with
continuous stirring. Two magnetic stirrers were used for the dissolution of both reagents
simultaneously. During the synthesis, a stirring rate of 300 min* was used, which was
near the maximum for the laminar flow in the system. The temperature for the synthesis
was 45+1 °C. In the experiments with the additional use of surfactants, the volume of
both starting solutions was decreased by 10% (to 270 ml). The missing volume of 60 ml
represents the solution with dissolved surfactant (solution 3), which was added to solution
2 at the start of the synthesis. The pH value of the ascorbic acid solution was typically
2.25, and it was adjusted to pH = 3 by a few droplets of 10% NaOH solution. That solution
was used for experiments without pH corrections for the system. Without pH intervention,
the total pH of the system was nearly 3.5, and it was just adjusted to the precise value. If
there is no indication about the pH of the synthesis, pH = 3.5 was the value. Higher pH
values were obtained by the use of 10% NaOH. Citric acid has been used only for fine-
tuning of the pH. The exact pH values in the experiments are noted in the further text.

Scanning electron microscope (SEM) images and electron diffraction spectroscopy
(EDS) analysis were taken on a JSM IT 300LV (JEOL, Japan) operated at 20 keV and an
X-max (Oxford Instruments, UK), respectively. The X-ray diffraction (XRD) patterns
were performed on an Explorer X-ray diffractometer (GNR Analytical Instruments, Italy)
using Cu Koy, radiation, A = 0.154 nm, operated at 40 kV and 30 mA. For the X-ray
analysis, the software PDXL 2 Version 2.4.2.0. were used. The resulting diffractograms
are compared to the data from the database ICDD (PDF-2 Release 2015 RDB). The
particle size distribution was measured and analyzed using a Malvern Mastersizer 2000
with 2000S Hydro liquid sampler and Mastersizer 2000 software Version 5.1 (Malvern
Instruments, UK). The pH values of the solutions were measured by InoLab pH 720
Laboratory Meter (WTW, Germany). The measurement of the solutions containing the
silver ions was performed with the use of salt bridge containing potassium nitrate.

Results and discussion

Use of PVP as the dispersant

The starting point was a standard hydrometallurgical procedure where Ag+ ions
were reduced by ascorbic acid in the presence of the PVP as the dispersant. A high
concentration of reagents were used, in the aim to get a maximal yield of the silver
powder, which is the ultimate requirement from the industry. When the silver nitrate/PVP
solution was added slowly into the ascorbic acid/PVP solution, an induction period lasting
several minutes preceded the formation of colloidal dispersion. The nucleation event was
not clearly marked, but an increase in the turbidity of the dispersion indicates it. The start
of particle growth was associated with color change after about 45 minutes. The synthesis
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was prolonged by 15 minutes and then finished by filtering the solution. The broad size
distribution and the large average size of the particles are shown in Figure 1.
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Fig. 1. Typical particle size distribution for the silver powder obtained by reduction of
AgNQOs (45 g/l) by AA (30 g/l) in the presence of PVP (10 g/l) and without pH
adjustment

Although 100% yield was achieved, particle sizes were far from the aim (about 1
um on average, and less than 3 um for the most (at least 90%, preferably 95%) of the
particles. Most of the particles were between 1.5 and 7.5 um. Additionally, a wide
distribution is clear from Figure 1. This was not a satisfying result, but it would be used
for comparison with other procedures. Additional analysis of the size distribution is given
in Table 1.

Table 1. Characteristics sizes from the cumulative particle size distribution curve in

Figure 1
Specific surface area, m¥g D10, um D50, um D90, um 80.30%
0.22 1.468 3.5623 9.159 —6.854 um

It should be noted that a significant share (8.31%) is even above 10 um. Even the
average size of ~3.5 um could be very useful for many other applications, the use is
limited by D90 value and the distribution that extents over a full order of the magnitude,
roughly from 1 to 20 um (for more than 98% of the particles).

Improvement could be obtained by the reduction of the reagent concentrations. In
this research, it was reduced on two thirds, except PVP, which had to be on the same level
(concentration was half of that, at the start, because it was divided between solutions 1
and 2). In the series of experiments, different synthesis time was used. In an experiment,
the time of the reaction has been shortened to 30 min and with filtering only 5 min after.
It was the attempt with the best results when PVP was dispersant since further time
reduction was not beneficial. The influence of pH value is very significant, as is well-
known from the literature [31, 46] and it was shown in our previous paper [44]. In the
experiments with PVP, we concluded that the pH around six and above contributed
stronger reduction and more favorable nucleation. However, high pH values impact
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ascorbic acid stability, which is lower than at pH=4 or less. A good compromise was
synthesis at pH=7, and the results are shown in Figure 2.
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Fig. 2. Particle size distribution for the silver powder obtained by reduction
of AgNO; (30 g/I) by AA (20 g/l) in the presence of PVP (10 g/l) at pH=7.

Much narrower size distribution can be observed in Figure 2 compared to Figure
1. The average size of the particles was around 1.2 um and 1.4 um, depending on whether
the surface mean or the volume mean diameter was calculated. The D50 value was 1.335
pum, which is more than 2.5 times smaller than in the previous methodology. Values for
D10 and D90 were 0.706 um and 2.550 um, respectively. Finally, the surface area was
4.9 m?, which was a great result.

The SEM image (Fig. 3) confirms the granulometric analysis but reveals the origin
of the final particles. At the start of the process, nanoparticles are formed, but during the
time, they become larger due to agglomeration and aggregation. Numerous secondary
particles with size ranged from 100 to 300 nm are present in the micrograph. They have
formed smaller aggregates, which are rigidly jointed, with a size of 500 to 1500 nm. The
smaller of these particles (~500 nm) are polyhedral, and the larger ones (nearly or slightly
above 1000 nm) are nearly spherical. Large agglomerates were mostly made from loosely
bonded nanoparticles and had irregular shapes, usually about 1 um wide and 2 to 3 um
long. They can be partially disintegrated by micro sieving.
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Fig. 3. The silver powder obtained by the use of PVP at pH=7, with the concentrations
of reagents as in Figure 2.

The yield was nearly 100% (98.4%), with just a little fraction of small colloidal
particles. Silver ions were not found in the solution. The method could be further
improved by lowering the reagent concentration and raising the concentration of PVP,
but it results in low yield (under 90% for just 20% lower concentration of reagents) and
high expenses of the process, which is unsatisfactory for the industry. Additionally, it is
the right method for the synthesis of the nanoparticles, but sub-micro sized are difficult
to obtain with the narrow size distribution.

Use of gelatin as a dispersant

The procedure was the same as previously. The concentrations of the reagents were
c(AgNOs) = 45 g/l and c(AA) = 30 g/l. Gelatin mass ratio vs. AgNO3 was 0.024. Since
pH was not regulated, with the only correction to pH=3 for the AA solution, the final
solution had pH~3.4-3.6, where ascorbic acid is very stable. The smaller portion of the
gelatine has been added to the ascorbic acid solution (40% of all gelatin). The higher
concentration was in silver nitrate solution, 60% of the gelatin. Gelatin was dispersed in
water with room temperature in the first 15 minutes, before the addition of other
components. After that, the dispersion was heated to 50 °C. For the next 45 min, it has
been mixed at that temperature. SEM analysis of synthesized Ag powder is presented in
figure 4.
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Fig. 4. Silver powder obtained by the use of gelatin, 2.4 wt.% of the AQNOs, at pH=3.5.

Figure 4 shows that most of the particles are under 1 um, although there are some
agglomerates with approximately 2 um in length. The big share (portion) of the particles
is smaller than 500 or even 300 nm. Even particles with around 0.2 um are clearly visible.

Typical particles, in the micrograph, are approximately 650 to 1250 nm. The full
range of dimensions of the silver particles could be estimated from 300 to 1500 nm in
size. Some of the nanoparticles (under 100 nm) are also visible, although particles smaller
than 200 nm are rare. Several clusters (agglomerates) indicate that some better flushing
of the powder is needed. It also implies that micro-sieving is needed (not applied here),
probably down to 5 um, or at least 10 um. Although agglomerated particles are smaller,
the vibrations should lead to their disintegration, to some extent at least. It is also an
indication that the time of the reaction should be even shorter, though it means lower
yield, as experimentally confirmed. The reaction times of 25 and 20 minutes were tested
with marginal improvements and yields of 91.3% and 87.6%, respectively. Most of the
particles are near-spherical, although agglomerates are polyhedral or even pyramidal (in
the lower-left corner). This should be considered a good result. Particle size distribution
for the synthesis is shown in Fig. 5.
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Fig. 5. Granulometric composition of the powder obtained by use of gelatin with a
higher concentration of reactants and the ratio gelatin vs. silver nitrate of 0.024.

Granulometric analysis confirms the finding from the SEM micrographs. Figure 5
shows a wide particle size distribution. It was similar, although a little bit narrower than
in the case of PVP with high concentrations of reactants. Improved PVP conditions
(Figure 2) have given much better results.

Despite D50 was under one micrometer (871 nm), and the result for D90
(2.177 um), 2.5% of particles larger than 3.311 um confirms the agglomeration, visible
from the SEM images and indicated by the shape of the curve. Some large aggregates are
also present, but only 0.1% of the particles were larger than 7.5 um. The yield was
94.57%.

Similar to the use of PVP, improvement for the method was performed by the
change of parameters. The concentrations of the reagents were reduced on two thirds.
However, the concentration of the gelatin remained the same. Consequently, the ratio
between gelatin and silver nitrate was 0.036. It was 50% higher than in the previous
experiment. The pH value was increased to seven, exactly as in the case of PVP. The rest
of the procedure was identical to the previous one. Much smaller particles than in the
previous case, are visible in Figure 6. A better particle size distribution is also clear from
the same micrograph.
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Fig. 6. Silver powder obtained by the use of gelatin, 3.6 wt.% of the silver nitrate, at
pH=7.

Smaller particles are near-spherical, which was the aim of the research. It can be
estimated that their size is far below 1 um, and a large proportion of those is about 500
nm. The aggregates are a little bit larger than a micrometer, some of them were still
spherical, but most of them were polyhedral. It was almost a rule that the smaller particles
were more spherical. A large number of particles have dimensions from 150 to 300 nm,
and the typical particles are from 400 to 900 nm. Rare agglomerates (lower left in Figure
6) are about 2 um in size.

More precise particle size distribution is shown in Figure 7.
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Fig. 7. Granulometric composition of the powder obtained by use of gelatin with a
lower concentration of reactants and the ratio gelatin vs. silver nitrate of 3.6%.
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Although D10 was similar to the previous (333 hm vs. 356 nm) smaller average
particle size, as well as narrower distribution is clear from Figure 7. Values for D50 and
D90 were 672 nm and 1426 nm, respectively. More than 99% of the particles were smaller
than 2.276 mm, and the +2.884 mm was 0.0%. Finally, about three-quarters of the
particles (75.10%) were under the micrometer. Due to that, we could doubtless say that
method for sub-micro sized silver particles was realized.

A drawback of the synthesis under these parameters was the relatively low yield,
just above 80% (82.37%). The reason for this was a very stable colloidal solution. Under
normal gravitation, this solution was stable for more than a week. Under centrifuge, it
was settled, and analysis has shown that the powder consisted mainly (~88%) of the
nanoparticles of non-uniform size. The size of these colloidal particles has been ranging
from 30 to 120 nm. The particle size distribution is shown in Figure 8.

Although the stable colloidal solution is not preferred in this kind of synthesis, it
can be benefited for the simultaneous synthesis of the nano- and sub-micro sized silver
particles.
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Fig. 8. Size distributions of colloidal silver particles

An additional problem with the procedure was the harder wash-up of the powder
compared with the procedure where PVP was used. The more ethyl alcohol has been
required to obtain a non-sticky powder.

EDS analysis has shown 100.00% or minimum 99.99% of silver, for all samples
above. It has been expected since EDS results showed only a percentage in the metallic
phase. A few tens of a percent lower concentrations of silver than full 100% could be
expected, especially in the case of gelatin as the dispersant.

Finally, XRD analysis of the obtained powders has shown almost identical results
for the use of PVP and gelatin.
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Fig. 9. XRD pattern of silver powders; synthesis with PVP and Gelatin.

The results have shown in both cases that the diffraction peaks position and their
intensity matching with diffraction data from the base. Five prominent peaks were
apparent in the patterns, which are characteristics of fcc silver. These five peaks
sequentially correspond to the (111), (200), (220), (311), and (222) planes. The
diffractograms did not contain peaks of any impurity phases. The sharp diffraction peaks
indicate a high degree of crystallization.

Conclusions

This study has presented the procedure for the production of micro and sub-micro
sized silver particles by chemical reduction method. Reduction agent was always ascorbic
acid but two types of dispersant were used. One of the main requirements for the synthesis
was the utility of environmentally acceptable products.

The synthesis that used PVP has not fully satisfied the production of the Ag
particles with an average size of one micrometer. With the high concentration of reagents,
a wide size distribution was obtained with the average particle size above 3 um. However,
with the use of one third lower concentrations of the reagents and the same concentration
of PVP, the method has shown the possibility to obtain particle size below 1.5 um with
quite a narrow size distribution. The results indicate that the method could be applied for
the synthesis of the silver nanoparticles, but with lower yield and much higher costs.

The method with the use of gelatin has shown a good result even with the high
concentrations of reagents and the amount of dispersant of 2.4% vs. AgNOsa.
Nevertheless, a wide size distribution has shown that the combination of the parameters
was not optimal. When concentrations of the reagents were reduced, with the same
addition of gelatin, a quite improvement was obtained. All the particles were under 3 um,
D90 was lower than 1.5 um, and the D50 was 672 nm. A drawback of the gelatin was the
harder rinsing of the powder.
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The SEM micrographs have confirmed the findings of the granulometric analysis.
The XRD analysis has shown well crystallization of silver particles for both used
dispersant. In the experiment with the best result, the lowest yield was achieved. It was
due to the remaining silver colloids in the solution, sized from 30 to 120 nm.

The use of synthesis with lower concentrations of reagents and the use of PVP with
the investigated parameters can be directly implemented in the industry for the production
of the silver powder with average particle sizes between one and two micrometers. The
same concentrations of the reagents and the lower concentration of the gelatin can also
be directly implemented in the industry for the ultrafine silver powder with an average
particle size of approximately one micrometer.
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