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Abstract

High-yield monodispersed silver (Ag) nanospheres were modeled, designed, and synthesized
by microwave-assisted (MW-assisted) polyol method from AgNOs3, polyvinyl pyrrolidone
(PVP), and ethylene glycol (EG), as precursors, at 145°C within a short reaction time of 2
min, and the results were compared to those of conventional polyol method. Maintaining the
PVP:AgNO3; molar ratio, the effect of increasing the amounts of AgNO3; and PVP at a
constant amount of EG (40 mL) on the final product was evaluated. The synthesized
nanoparticles (NPs) were characterized by SEM, UV-Vis spectroscopy, FTIR and DLS
analysis. The results showed that with increasing the amount of AgNO3 to 0.5 and 1 g,
monodispersed Ag nanoparticles (Ag NPs) with particle sizes of 54 and 61 nm were formed,
as per the plasmon absorption peaks at 436 and 442 nm, respectively. Moreover, using 40 mL
of the EG solution, we could obtain a high yield of the NPs (~90%). The sub-gram yield was
excellently high, offering great opportunities for commercializing the procedure. Also, the
proposed study paves a new way for Ag NPs realization for different practical applications
ranging from MW to optics.
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1. Introduction

The development of plasmonic nanostructures have largely evolved the optics during the past
couple of decades to the point where the design of optoelectronic sub-diffraction devices is
now possible [1], opening new horizons for convenient manufacturing of metamaterials for
various applications. The metamaterials are engineered composite materials that are made up
of sub-wavelength particles called meta-atoms. Although such material could be used to
adjust the electromagnetic response of a medium and hence gave birth to a complete new
class of phenomena [2], their complicated architecture calls for complex nanofabrication
methods including electron/ion beam lithography, which not only is costly and time-intensive
but also suffers from fabrication limitations. The approach that has been recently
investigated, both theoretically and experimentally, to overcome these limitations is the use
of metallic NPs as meta atoms — the particles that exhibit plasmon resonance property and
their size is small enough to act under a sub-wavelength regime [3]. Interaction of light with
metallic NPs can lead to surprising effects that are significant in the context of technology.
Excellent optical responsiveness of the metals roots in the forces generated as the incident
light field reaches the almost free electrons of a metal and results in collective oscillation of
electrons — photons. Strictly attached to the surface of the metallic NPs, these oscillations can
induce sub-wavelength localization of the incident electromagnetic fields, which contributes
to the formation of high-intensity regions around the plasmonic NPs and thus provides for
conducting and controlling the light in the sub-diffraction range [4]. Localized surface
plasmon (LSP) refers to the oscillation of free electrons within a metal particle, and the
resonance frequency is the regulated plasma frequency by the particle size and shape. The
LSPs can be found in engineered nanostructures and nanoparticle clusters and aggregates [5].
Technologically speaking, the plasmonic nanostructures (e.g. noble metal NPs) are very
important for a range of applications including the photonics, optoelectronics, and
biotechnology. Thanks to their size- and shape-dependent plasmonic properties, these
nanostructures have been regarded by many researchers during the last decade. Noble metal-
based plasmonic metamaterials (e.g. silver and gold NPs) exhibit extraordinary optical
properties resulted from their localized surface plasmon resonance (LSPR) [6]. Designed
logically, these structures offer excellent properties that cannot be found in naturally
occurring materials. Here a coupling occurs between the photons and the conductive
electrons of the metal, upon which the electrons go out of equilibrium state and the resultant
tendency toward redistribution of the surface charge applies a restoring force onto the
disordered electrons; the final result is an oscillation at a given frequency. When a dipole
field is developed on the external surface of the NPs, another field is generated inside the
particle. This significantly increases the adsorption and diffraction across the cross section,
which is the main reason why the plasmonic NPs have been such largely regarded [1].
Among other metal NPs, the Ag nanostructures have been widely used in both technological
and commercial research works. The Ag nanostructures constitute a primary metal element of
metamaterials, and the low levels of loss associated with these structures have made them
applied in high frequency metamaterials and a variety of applications including the near-field



optical probes, chemical and biological sensors, energy harvesting, SERS-based hyperbolic
metamaterials for sensing (by which even singular molecules can be detected), imaging, and
Raman scattering improvement for sensing applications [7-14]. Thanks to their wide
spectrum of applications, these structures have been a major focus for the research works in
the nanotechnology. These applications are highly dependent on the SPR, which is known to
be controlled by the particle size and shape of the silver nanostructures [15]. Any tiny change
in the synthesis condition can impose major impacts on the formation of NPs. Moreover, any
alteration in the properties of the NPs can change the oscillation pattern of the free electrons
and hence the resonance frequency. In this respect, a great deal of attention has been paid to
various methods for synthesizing the AgNPs, leading to the emergence of numerous physical
and chemical procedures for the synthesis of such NPs [7, 8, 16]. Among other methods, the
most popular procedure for preparing the Ag NPs has been the chemical reduction of Ag ions
by means of a reductive agent usually in presence of a stabilizer agent. As discussed in our
previous work [17], the polyol process is one of the best and most convenient methods for
reducing the Ag ions. However, since the electronic and optical characteristics and,
especially, the LSPR of the Ag NPs is highly dependent on the particle size and shape, the
need for stabilization and size distribution/dispersion of the NPs in the host matrix has given
rise to a number of novel synthesis strategies that affect the dispersity of the NPs [18, 19].
Therefore, the necessity of modifying the polyol method to achieve uniformly distributed
monodispersed particles is pretty obvious. Form another point of view, the development of
the NPs from the laboratory to the market is progressing at a low pace. This requires that the
method for producing the NPs be well scalable and repeatable [20]. The conventional heating
method adopted in many synthesis procedures results in a nonuniform out-of-control
nucleation stage that ends up with a relatively wide range of particle sizes and morphologies,
i.e. nonuniform growth of the NPs [21].

The microwave (MW) technology has been rapidly developed during the past years [22]. It
has been because of the unique effects of the MW that could trigger interactions in chemical
media to achieve a wide range of results [23]. Compared to conventional heating methods,
the MW-assisted heating provides for a higher reaction rate, significantly shortens the
crystallization time, and contributes to homogeneous nucleation, higher yields, and economic
efficiency [24, 25]. As of present, many synthesis methods, including the green synthesis
method, have utilized the power of MW for synthesizing Ag NPs. The use of MW energy in
the polyol synthesis method has made it possible to obtain Ag NPs of various shapes,
including nanowires, nanoplates, and nanoprisms [26-29]. In all of such research works, the
researchers were seeking to achieve uniform Ag NPs at the highest possible yield [30-32].
The MW-assisted synthesis can be scaled up to accelerate the commercialization of the NPs.
Using the MW-assisted polyol method, Torras and Roig [20] could improve the yield of NP
production to 61%, obtaining 1 mg of silver per batch. Following a similar approach,
Helmlinger et al. [31] obtained 20 mg of Ag per batch, corresponding to a yield beyond 98%.
Kumar et al. [33] presented a MW-assisted synthesis route for Ag NPs, < 10 nm, using starch
and sugar as capping and reducing agents. They used a reaction time of 4.5 min and reported
almost complete conversion.



In the present work, a new circuit modeling approach for NPs had been proposed, and the
MW-assisted polyol method was used to obtain Ag NPs at a significantly higher yield than
previous works. Moreover, with increasing the amount of the silver precursor to 1 g, we
extracted some 0.6 g of silver per a 40mL batch of EG, corresponding to a yield of about
90%. The obtained yield corresponded to a significant fraction of a gram, which was very
large compared to similar works and definitely unprecedented. Moreover, compared to other
research works, the obtained NPs enjoyed higher degrees of monodispersity and more
uniform particle size distribution.

2. Modeling and design of AgNPs

An incident electromagnetic/thermal wave can impinge on a nanosphere with radius r,
electric permittivity &, and thermal conductivity k, that immersed in a homogeneous medium
(&, k). A schematic is shown in figure S1. The electromagnetic/ thermal fields inside and
outside the nanosphere can affect on the nanosphere polarizability [34]. In this work, we
consider single particles, and electric/thermal polarizability is expressed as follow:

V68, = 8)
8o + L(61 — &)

(1

Where ais polarizability, V is the particle volume, Lis the particle depolarization factor
(L= § for sphere), 8;is the thermal conductivity (or the electric permittivity &; ); =0, 1 for
environment and NP, respectively.

If there is more than one NPs, with radii rjand 75, electric permittivity €;and &,, thermal
conductivity k, and k,, and with a certain distance d, one can consider a coupled-circuits,
each depicting one of the NPs. Each circuit include a dependent voltage indicating the
influence of the electric/thermal field of the other particle(s); and hence, the interaction
among the particles can be modeled, as shown in figure S1.

We evaluated the electromagnetic wave components starting from the Ag NP polarizability
expressions inside and outside the structure according to the sphere geometry. Figure 1 shows
the electric and thermal field distribution for the single sphere and across the spheres. More
information about the design and modeling is available in the supplementary file.
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Figure 1. a) Electric and thermal field distribution for the single sphere: field arrows
(analytical results) and colors (full-wave simulations) represent the fringe dipolar
electric/thermal field, b) electric and thermal field distribution across the spheres: field
arrows (analytical results) and colors (full-wave simulations) represent the dipolar
electric/thermal coupling field.

The new circuit modeling approach had been proposed in this study, permits to have full
control of the electromagnetic and thermal properties of AgNPs for required applications. We
will use our modeling coupling effect across Ag NPs at different distances for a fixed Ag NP
and will use these properties to compare with experimental results that will be presented in
our future work. In the following, we have tried to synthesize uniform and monodisperse
AgNPs with size under 100 nm by a MW-assisted polyol process.

3. Experimental
3.1. Materials and instrumentation

Silver nitrate (AgNQOg, crystal extra pure, Merck, Sweden), polyvinyl pyrrolidone -PVP (K30,
PanReacAppliChem), and ethylene glycol-EG (C,HgO,, Sigma Aldrich, Sweden) were used
as Ag precursor, capping agent, and reducing solvent, respectively.

The synthesis of AgNPs was performed via MW-assisted heating process (flexiWAVE-
Milestone, 1800 Watt; equipped with multivessel high pressure rotor). Morphology of AgNPs
was characterized using scanning electron microscopy (SEM- FEI Nova200, Hillsboro, OR,
USA). Average size of AgNPs was determined using Imagel software, based on the
calculated area of minimum 100 particles per sample. Particle size distribution was calculated
by fitting a Gaussian function to the data in Origin software (version 8.6.0.70). Also, the
hydrodynamic size of AgNPs were measured by dynamic light scattering (DLS-
MalvernZetasizer Nano ZS90). UV-Vis spectrophotometry (ImplenNanoPhotometer, NP80)
was performed to obtain SPR spectra of colloidal AgNPs. Fourier-transform infrared
spectroscopy (FT-IR, Thermo Scientific Nicolet iS20) was used to obtain FT-IR spectra in
transmission mode on KBr pellets, by drying a drop of Ag NP colloid in ethanol on the pellet,
in the spectral range of 4000 - 400 cm™.



3.2. Synthesis of Ag NPs

Inspired by our previous work on the synthesis of Ag NPs through the conventional polyol
method [17], a novel MW-assisted polyol method is herein proposed for synthesizing Ag
NPs. Table 1 lists the concentrations of the precursors in the synthesized samples. For the
sample N1, firstly, PVP was added to 40 mL EG at 70°C under stirring to obtain a clear
solution, which was left at room temperature for cooling. Next, AgNO; was added to the
solution under stirring to have it well dissolved in the solution. When it came to the samples
N2 and N3, a different dissolution method was used for dissolving the PVP and AgNOs in the
EG due to the high concentrations of the precursors, as the precursors could not be dissolved
under normal stirring at 70°C. For the two latter samples, appropriate amounts of PVP and
AgNOs; (Table 1) were simultaneously added to 40 mL of EG and then completely dissolved
using an ultrasound probe in a couple of minutes.

The prepared solutions were transferred to the vial of the MW apparatus. The program for
MW-assisted heating under stirring was as follows. The solution was subjected to MW-
assisted heating to achieve 145°C in 1 min. Then, the temperature was held for 2 min before
the solution was cooled down to the room temperature. The obtained solution was then
centrifuged at 12000 rpm for 30 min. The obtained NPs were three-times washed with
ethanol and then precipitated by centrifuging at 12000 rpm for 10 min. They were then
dispersed in ethanol for subsequent characterization.

Table 1. Precursors concentrations used for the synthesis of various AgQNP samples.

Sample AgNO; (9) PVP (9) EG (mL) F()r:q/sllf\ Eal\tlifn))3
N1 01 0.4 40 6
N2 0.5 2 40 °
N3 1 4 40 6

4. Results and discussion
4.1. MW-assisted synthesis and comparison with conventional polyol process

In our previous work, we designed a synthesis method by means of conventional polyol
method using the RSM-BBD to achieve spherical AgNPs of desired particle size [17]. Using
the formulated design, the optimal ranges of the parameters affecting the final product were
also determined. Results of the design methodology, some of which are demonstrated in
Figure 2 and which were thoroughly interpreted in the previous work [17], showed that the
PVP surfactant concentration affects the size and shape of the Ag NPs significantly.
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Figure 2. 3D plot of combined effect of PVP concentration and reaction time on the percent
of spherical AgNPs at temperature of 145°C and 40mL EG using conventional polyol
synthesis route.

Despite the good results in terms of the control over the size and shape of the Ag NPs using
the conventional polyol method, the methodology suffered from major drawbacks including
low yield and agglomeration of NPs mainly due to the heating method adopted for warming
up the reaction mixture. In order to address this problem, we modified the heating technique
for the polyol method to MW-assisted heating (MW-assisted polyol method). Accordingly,
for comparison purposes, from our previous work the S19 sample (5min/145°C/0.4g
PVP/0.1g AgNO3/40mL EG) [17] was selected for the synthesis of NPs through the MW-
assisted polyol method. Therefore, a solution composed of 0.1g of AgNO3, 0.4g of PVP, and
40 mL of EG was selected for heating at 145°C, just like the S19 sample, with the only
difference being the MW-assisted heating time that was herein set to 2 min. Figure 3 shows
the heating profiles of various solutions during the course of the synthesis of Ag NPs via the
MW-assisted and conventional polyol methods.
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Figure 3. The schematic of heating profile of solutions during the synthesis of AgNPs by
polyol method using a) MW heating, and b) conventional heating (hot plate). Dotted regions
are likely representative of nucleation and growth process.

According to figure 3, the solution temperature reached 145°C within 1 min of the MW
irradiation, while the conventional method required about 10 min to raise the solution
temperature to the desired point. This is because the heat was initially transferred to the walls
of the reaction plate rather than the core of the solution in the conventional heating. This was
while the MW-assisted heating tended to directly heat those precursors of the reaction mix
that were susceptible to MW polarization. This direct heating method boosted the kinetics of
the reaction and increased the sample temperature at a much faster pace than the conventional
method. Therefore, a major advantage of the MW-assisted method was its ability to increase
the heating rate of the reaction mixture significantly. Depending on the types of reactor and
the precursor molecules, the heating rate could be as high as 30°C/s thanks to high energy
absorption by the reaction mixture as the MW could penetrate into the volume of the solution
and generate heat by means of direct interactions with the matter [35-37]. In the course of
these interactions, the heat production occurred inside the material by means of the MW-
developed electromagnetic fields at atomic level. As the material was hit by the MW, its
rotational modes were excited and energy absorption occurred via the resonance
phenomenon. Moreover, knowing that the rotational — vibrational excitations are principally
specific to chemical reactions, the MW played an important role in the chemical reaction [38-
40]. The ability of the reaction mixture to effectively absorb the MW energy determines the
behavior of MW-assisted chemical reactions. This energy absorption is a result of the
interaction between the electrical component of the MW and the charged dipoles or particles
in the solution, largely depending on the choice of solvent for the reaction [36, 41]. The
response of the solvent to oscillating MW fields are described by the dielectric constant, ¢*,
as follows:

e =¢ —je (2)



Where ¢’ is the polarizability and £'is a measure of the material’s ability to dispose, absorb,
and convert the MW energy into the heat. These are basic parameters for expressing the

dielectric heating, and their ratio is called the loss factor,tand = % an important metric for

comparing the efficiency of different materials for converting the MW energy into heat.
Accordingly, higher values of tandindicate larger capacity of the solvent for absorbing the
MW energy. In this respect, a solvent with a tand > 0.5 provides a good MW absorber [41].
Before the solvent molecules can convert the MW energy into the heat, the molecules must
not only align with the oscillating electromagnetic field, but also rapidly recover their
irregular state before a new field is applied. The molecular friction occurred under such
circumstances represents a principle step along the path to generate heat. Called relaxation
(z), this capability determines the loss factor (tand) [42, 43]. In the MW-assisted chemistry,
the best solvents are bipolar molecule-bearing liquids. Thanks to their high viscosity, the
alcohols containing OH groups attached to carbon backbones can form hydrogen bonds,
contributing to the generation of group moments and long relaxations (z). The high value of
tané for these solvents is very significant [36, 43, 44]. With a tand beyond 1 (i.e., 1.35) at
2.5 GHz, ethylene glycol (EG) is an excellent reducing solvent for the synthesis of metal NPs
through the MW-assisted polyol route.Results of previous studies have shown that dielectric
loss of EG is maximal in the frequency range of 1.28 — 4 GHz. Sengwa et al. [45]
investigated the effect of chain length of ethylene glycols on their dielectric properties at
different temperatures from 25°C to 55°C. They measured the dielectric loss ¢ of EG using a
vector network analyser and they plotted the values of € versus frequency. Their experiments
results show a maximum of ¢ at the frequencies of 1.64 GHz, 2 GHz, 3 GHz, and 4 GHz at
temperatures of 25°C, 35°C, 45°C, and 55°C, respectively. Also, Undre et al. [46] measured
the dielectric properties of EG at 20°C. We can see the dielectric loss peak for EG in the
frequency range from approximately 1.2 to 2 GHz.

The behavior of the EG under MW irradiation depends on not only the dipole moments, but
also short-range interactions such as intermolecular hydrogen bonding, also known as
Kirkwood factor (g). When a group of molecules tend to get aligned with parallel dipole
moments, the value of g will exceed 1. That is, the molecules have their freedom reduced for
re-orientation and the value of z increases [41, 45], which means that the solvent performs
better. For EG at 25°C, the values of g and 7 are 2.37 and 92.4 ps (i.e., within the allowed
range for effective coupling at MW frequency; 51.5 — 800 ps), respectively [43, 47]. These
findings show that EG is an excellent solvent for dielectric heating. Decomposition of silver
nitrate and reduction of Ag® occur under MW irradiation in EG. Accordingly, upon
dehydration of EG, through which it converts to its acetaldehyde form, the Ag® ions are
altered to atomic Ag, and the primary product of the oxidation of EG via the following
reaction is the diacetyl [48, 49]:

AgNOs) = Ag* + NO3

HO — (CH,), — OH - CH;CHO + H,0



Ag* + 2CH,CHO - CH;, —C —C — CH, + H, + Ag
ol
(I -

These reactions occur because of the increased temperature of EG upon the MW irradiation.
The MW irradiation possesses energy levels in the range of 1 J/mol, which is inadequate for
breaking chemical bonds (e.g., hydrogen bonds require 4 — 42 kJ/mol of energy to break
apart). Therefore, the MW energy is nonionizing, meaning that it can act at molecular level
only rather than changing the material structure [50, 51]. According to the methodology
proposed by Kumar et al. [33], the energy applied to the solution in the present work was
calculated as 54 kJ considering the MW power (here 1800 W), number of reaction vessels,
volume of reaction mix per vessel. This was while the free energy of activation of the dipole
relaxation process with EG was as low as about 16 kJ/mol. The torques experienced by the
dipoles at the MW-range frequencies make them physically spin and continuously change as
a result of the resultant thermal agitation, so that they can respond to a reverse field for up to
10° times per second. The loss tangent of this organic solvent, which exhibits a relaxation
time beyond the 65 ps at a frequency of 2.45 GHz, increases with temperature [43,45], so that
the solvent can convert greater than expected amounts of the MW energy into heat energy,
and the molecules do not turn randomly oriented immediately upon turning the field off. This
can be a reason to the increase in temperature from 145°C to 155°C in figure 3a. Fast spinning
of a molecule can increase the inductive energy transfer to adjacent molecules, resembling
some impact into the adjacent molecules. Therefore, according to the Arrhenius equation for
a rate constant k:

k=Aexp <— 2—?) 3)

It is believed that the electrical field component of the MW irradiation can increase the rate of
contact between the reaction molecules (A) [36]. Thus, the activity of a chemical reaction
under a given thermal condition can go beyond the expectation. For the EG, in addition to the
dipole spinning mechanism, the ionic conductivity can also serve as an interaction process
that contributes to the MW-assisted heating process. The ionic conductivity is known to
increase with temperature, making the temperature an important parameter determining the
relative contribution of this mechanism. At 25°C, the relaxation time of the ionic conductivity
of the EG (z,) was about 1.99 us [47, 50], while the corresponding relaxation time to the
dipoles was 92.4 ps. Therefore, in the beginning of the reaction, the spinning of the dipoles
was the dominant driver of the heating process. Moreover, knowing that the temperature
reached 145°C during the tests, which was not enough to activate the reductive function of
EG, then it can be stipulated that the dominant mechanism of heating the solution was the
dipole spinning. In this respect, the heating process was uniform and beyond the conventional
heating method, as demonstrated in figure 3, leading to rapid decomposition of the AgNO3
molecules and formation of a high monomeric super saturation for triggering the
homogeneous nucleation of Ag NPs; this is the most important effect of the MW-assisted
heating for the synthesis of Ag NPs. The MW irradiation tends to heat the reaction solution
homogeneously, which results in uniform nucleation followed by a rapid crystal growth. The
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performance of the EG as a reducing agent is maximized at temperatures near its boiling
point (> 170°C), leaving it reportedly ineffective for reducing the Ag® ion at lower
temperatures, even in the range of 100°C [52].

According to our experiments, no Ag NP was observed at temperatures below 130°C; this
made us consider 130°C as the starting temperature for nucleation process (Figure 3). Due to
reasons mentioned earlier, most frequently, the active sites for reducing the Ag* through MW
irradiation are activated at the same time; this makes the reduction process well controllable
and contributes to the formation of Ag nuclei at high density. Based on figure 3a, the
temperature raised from 130°C to 145°C in less than a minute, in which temperature region
many nucleation sites were developed simultaneously followed by fast-pace growth of the Ag
NPs. This is while the nucleation process through the conventional synthesis method (Figure
3b) takes a couple of minutes to reach a temperature of 145°C as the heating is done at a
limited thermal gradient; moreover, in the conventional approach, the solution in contact with
the vessel wall is heated sooner than the solution in the middle of the vessel. This nonuniform
heating profile then leads to continuous and nonuniform nucleation of the Ag NPs in the
solution. The fact that the reaction vessel wall is usually ended up silver coated when the
conventional synthesis method is applied confirms the non-uniform nature of the nucleation
process. In a research on the effect of the MW irradiation on the nucleation and crystal
growth, Jhung et al. [35] proved that the effect of the MW energy is more emphasized on the
nucleation stage rather than the crystal growth. Indeed, simultaneous activation of the
nucleation sites contributes to the uniform occurrence of the nucleation in less than a second,
while the conventional synthesis method leads to a situation where nucleation process
continues as long as the EG temperature is appropriate for the chemical activity. According to
figure 3b, such condition may continue to hold even during the cooling stage of the solution,
eventually leading to nonuniform distribution of Ag NPs. Figure 4 shows the SEM
micrographs of the synthesized Ag NPs through both MW-assisted and conventional
methods.
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Figure 4. SEM micrographs of AgNPs synthesized by a) MW-assisted polyol process (under
conditions 2min/145°C/0.4g PVP/0.1g AgNO3/40mL EG), and b) conventional polyol
process (under conditions 5min/145°C/0.4g PVVP/0.1g AgNO3/40mL EG).

As observed in figure 4a, with the MW-assisted synthesis method, the Ag NPs were near
spherical in shape and well dispersed through the solution with a uniform distribution. The
conventional synthesis method (Figure 4b) led to a mass of agglomerated NPs as a result of
the nonuniform nucleation of Ag NPs in EG, with the quantity of synthesized NPs being
generally very small. Moreover, the fact that the amorphous regions were far from the crystal
nuclei, and the number of nuclei was generally low, led to agglomeration of the NPs and the
massive growth of them. The conventional synthesis method led to Ag NPs with a primary
particle size of about 50 nm, while some giant particles in the order of 500 nm were observed
that is ascribed to significant particle growth. In the MW-assisted technique NP size was
about 30 nm Ag NPs. In addition, given that the synthesis process time is very short with the
MW-assisted technigue, it seemed that no significant change was occurred into the NP size
and shape throughout the whole process, with the only changes being the significantly higher
yield and monodispersity of the particles, as was confirmed by comparing the UV-Vis spectra
of the colloids made via both methods (Figure 5). Indeed, the symmetric and narrow
spectrum observed for the Ag NPs synthesized via the MW-assisted method indicated the
uniform nucleation and growth of the Ag NPs and their uniform particle size distribution. The
symmetric peak observed at 422 nm highlighted the presence of uniform Ag NPs with an
average particle size of 30 nm. This was while the conventional synthesis method led to two
peaks at 442 nm and 694 nm (see supplementary Material figure S3), indicating the larger
size and extensive agglomeration, or large Ag nanocrystals.
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Figure 5. UV-Vis spectra of AgNPs synthesized by MW-assisted and conventional polyol
processes (The max intensity is normalized to make the comparison easier).

4.2. Scaling up the amount of Ag NPs with MW-assisted synthesis method

Considering the previous section and taking the conventional reactions as a baseline, the
reaction engineering and technical parameters are seen to play a greater role in the MW-
assisted reactions [51], providing for scale-up of the process to achieve larger amounts of the
products. For this purpose, a conventional reaction was repeated under MW irradiation under
a known set of conditions, and acknowledging the acceptable results in terms of shorter
reaction time and higher yield and quality of the synthesized NPs, it was decided to increase
the amount of the precursor without changing the amount of solvent. According to Table 1,
preserving the PVP/AgNO; molar ratio, the amount of AgNO; was increased to 5 and 10
times as large as the original amount (0.5 and 1 g, respectively). Solving such large amounts
of the nitrate and PVP in the EG was found to be impractical using the conventional hot-plate
method and only became possible when an ultrasonic nozzle was utilized. Upon dissolving
the precursors, a large amount of Ag NPs was produced within only 2 min. Figure 6 shows
the SEM micrographs of the synthesized Ag NPs and their particle size distributions for the
synthesized samples. The yield of the MW-assisted synthesis reaction was calculated as 90%
for Ag NPs studied herein. This means obtaining 0.3g and 0.6g AgNPs per 40 mL of solution
with different concentration of AgNO3, while Kumar et al. [33] reported a yield of > 99,
synthesizing about 0.026g of AgNPs per 20 mL batch. The typical batch in our process yields
about 20 times higher quantity of Ag NPs. This combined with the rather short reaction time
shows the promise of our approach in terms of energy efficiency.
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Figure 6. a) SEM micrograph, and b) particle size distribution by DLS and ImageJ (inset) of
AgNPs for sample N1; ¢) SEM micrograph, and d) particle size distribution by DLS and
ImageJ (inset) of AgNPs for sample N2; e) SEM micrograph, and f) particle size distribution
by DLS and ImageJ (inset) of AgNPs for sample N3. For sample designations see table 1.

The SEM micrographs evidently show the large population of the synthesized NPs, their
uniform particle size distribution, and mono dispersity across the solution, confirming the
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accelerated nucleation and crystal growth under the effect of MW irradiation. Physical
properties of the synthesized NPs are listed in table 2.

Table 2. Physical properties of synthesized AgNPs including the position of the surface
plasmon resonance (SPR) peak, average NP size estimated from SEM, UV-Vis and DLS
techniques, along with the polydispersity index (PDI) for DLS measurements.

SEM, ImageJ DLS
Sarny SPR peak Size (UV-Vis) 5%
ample Size PD [nm] Size
[nm] PDI
[nm] [%] [nm]
N1 422 30 11 40 33 0.176
N2 436 54 15 58 68 0.153
N3 442 61 12 61 79 0.15

Based on the SEM micrographs, average size of the NPs was 54 and 61 nm in N2 and N3
samples, respectively. SPR peak position is sensitive to the size of plasmonic NPs, where red
shift indicates larger NPs. Comparing N2 and N3 one can see a small shift of the SPR, about
6 nm, going from N2 to N3. This indicates slightly larger particles for N3, which is estimated
as 61 nm as compared to 54 nm for N2. Shortly, the scale up process has not affected the NP
size significantly. DLS analyses resulted in hydrodynamic particle sizes of 68 and 79 nm,
respectively. This was because the DLS analysis measures the hydrodynamic/solvodynamic
diameter, which is known to be affected by the PVP coating around the Ag NPs and the
interactions between this polymeric coating and ethanol. One important parameter in DLS
size estimate is the polydispersity index (PDI), as it reveals the goodness of size distribution
where a value less than 0.3 relates to homogeneous population. Obtained PDI values, in the
order of 0.15, for samples N2 and N3 show the success of the process for both obtaining
similar size NPs with a narrow size distribution. Despite the fact that the amount of the
precursor in the N3 sample was twice as large as that in the N2 sample, no significant change
was observed in the size and shape of the Ag NPs while larger amount of Ag NPs was
synthesized in the N3 sample. Moreover, knowing that the particle size is basically
determined by the balance between the nucleation and growth rate, then one may expect that
any increase in the amount of AgNOsfor a given amount of EG increases the number of
nucleation sites. In contrast to Fievet et al. [48] who suggested that, at a given temperature,
the precursor-to-polyol ratio imposes no impact on the number of formed nuclei so that the
number of synthesized particles remains unchanged with increasing the ratio and such an
increase contributes only into the larger size of the synthesized particles, we found that the
count of synthesized particles improves with increasing the amount of the precursor, rejecting
the Fievet’s findings. This can be attributed to the higher PVP-to-EG ratio. The PVP can, in
fact, affect the performance of EG under MW irradiation because the relaxation time for a
spinning EG molecule with a radius of r is expressed as follows [43]:
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Therefore, = depends on the medium viscosity #, and knowing that the rate constant, k, is
determined by the reaction molecules contact rate, then z is strongly associated with the
intermolecular forces; PVP can affect both of these parameters. The PVP has N-methyl
pyrrolidone (NMP) units, and the oxygen atoms on the polar imide group of the NMP can
establish strong affinity toward the Ag® and facilitate the reduction of Ag® by electron
transfer. The NMP exhibits a large dipole moment at 25°C, so that one may expect a large
dielectric loss under the effect of the MW irradiation [49]. Therefore, considering the
participative spinning of the molecules and the fact that the energy transfer is not attributed to
a specific molecule but rather occurs as a collective phenomenon, one may consider a mean ¢
value that is controlled by total viscosity. Based on this explanation, the PVVP offers a gradual
reductive power under the MW irradiation and the EG as a strong reductive agent, and cannot
reduce the number of nucleation sites and even inhibits the charge localization and hot spot
formation that are known to otherwise provide preferred sites for the Ag. Moreover, upon
coordination bonding between the oxygen on the carbonyl group and the Ag atoms, the N-
C=0 molecules are adsorbed on the surface of Ag NPs [54] and prevent the anisotropic
growth. Thus, an increase in the PVP-to-EG ratio improves the number of active nucleation
sites, and this can be the cause behind the formation of more spherical particles with
negligible different in particle size upon the synthesis of the sample N3, as compared to the
sample N2, in the tested temperature condition.

Figure 7 shows the UV-Vis and FTIR spectra recorded from the samples. The overall form of
the UV-Vis plots and the presence of a single peak indicate the formation of uniformly
distributed pseudo-spherical NPs. These indicate the uniform occurrence of the nucleation
and crystal growth through the reaction time. With increasing the relative amount of
precursor to solvent, a small shift occurred in the plasmon absorption peak from 436 nm to
442 nm, indicating the formation of slightly larger Ag NPs. Typical absorption bands for PVP
were observed in the spectra for Ag NPs (Figure 7b), indicating the presence of PVP on their
surface. The absorption bands of C=0 and CH,- bond stretching at 1627 cm™ and1421 cm™
and C-N bond vibration at 1287 cm™ match the typical absorption bands of PVP.
Furthermore, the absorption band of C=0O bond was shifted to shorter wave numbers,
indicating that the surface of Ag NPs most likely interact with the PVP via C=0 groups [55].
The band around 2300 cm™is attributed to asymmetric stretching mode of gas phase COs.
Thermal analysis can be used to estimate the weight ratio between the organic passivating
layer and the inorganic phase. Thermal gravimetric analysis (TGA) is used for this purpose
on a typical batch of Ag NPs via MW-assisted route and the resultant thermogram is
presented in figure S4. The organic content decomposes and is completely lost, leaving
behind only the inorganic Ag component. According to the analysis, 80% of the dried weight
of is the organic layer, while 20% is AgNP content.
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Figure 7. a) UV-Vis spectra of Ag NP samples N1-N3, and b) FTIR spectra of Ag NP along
with pure the spectrum for pure PVP.

Conclusions

In this research, a new approach for the control and manipulation of both electromagnetic and
thermal properties of Ag NPs, has been presented. The possibility to manage and tailor such
properties at will is achieved by using our enhanced MW-assisted polyol synthesis method. A
new rigorous method is developed to relate the physical (electromagnetic/thermal)
characteristics of the structure with its geometrical properties. The reliability of the proposed
approach has been evaluated through modeling, design, and manufacturing of AgNPs.
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Ag NPs were synthesized through MW-assisted polyol method rapidly within a reaction time
of only 2 min. Effects of increasing the concentration of the Ag precursor at a given amount
of EG on the rate of synthesis, particle size and shape, and yield of the Ag NPs were also
evaluated. At a constant PVP:AgNO3; molar ratio and EG amount of 40 mL, the AgNO;
concentration increased by 5 and 10 folds. The results showed that, in the MW-assisted
synthesis method, the heating could be performed within a very short time, leading to
homogeneous and rapid nucleation of the Ag NPs in the solution; this was acknowledged as
the most important advantage of the MW-assisted heating method. With increasing the
concentration of AgNO3 from 0.5 to 1 g, the particle size increased from 54 nm to 61 nm,
which was not significant considering the doubling of the AgNO3 concentration. No change
was observed in the shape of the NPs. The minor changes in the particle size indicated the
activation of more nucleation sites upon the MW irradiation. Moreover, uniform and narrow
distribution of the particle size, as seen on SEM images and UV-Vis spectra, was due to the
fast pace and homogenous nucleation of the Ag NPs upon the MW irradiation. Using 40 mL
of EG as solvent, we could synthesize about 0.3 g and 0.6 g of the Ag NPs from 0.5 gand 1 g
of AgNOg, respectively, indicating a significantly high yield (~90%). Increasing the amount
of precursor at a given amount of solvent was found to impose no significant impact on the
shape and size of the produced NPs, indicating significant differences in the chemistry of the
synthesis between the MW-assisted and conventional polyol methods.

Despite the structure being experimentally verified at optical frequencies, a technique that
allows the control of the particle size, shape and its physical properties is useful and of great
interest in many practical applications. It is worth noting that by exploiting the proposed
method we reduced the complexity in terms of synthesis process, to achieve feasible
dimensions for both unit-cells and substrate thickness.
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