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Abstract: We successfully prepared Au nanoparticles using the modified polyol methods and design
of experiments. The desirable crystal structure and particle size of Au nanoparticles with various
kinds of polyhedral and spherical shapes as well as various kinds of their morphologies or complete
and rough spherical crystal surfaces were experimentally predicted in TEM and XRD measurements
according to the theoretical calculation and data. The fine crystal formation of Au nanostructures
by modified polyol methods with EG, PVP, and NaBHj is of great importance to their practical
applications. Our research shows that the critical nucleation, growth, and formation of sizes, shapes,
and morphologies of Au nanoparticles were experimentally discussed in modified polyol methods
and design of experiments. In this context, our particle size calculation can hold the greatest attraction
for researchers in the field of nanoparticles.

Keywords: gold nanoparticles; modified polyol methods; crystal; surface plasmon resonance;
biomedical applications; assembly; collision

1. Introduction

So far, metal nanoparticles have been widely studied because of their practical appli-
cations in electronics and telecommunications, catalysis, energy and environment, health
and clinic applications [1-7]. The unique optical properties of Au, Ag, and Cu single-metal
nanoparticles (electron clouds) under suitable light excitation (formation of an electric
dipole) are the key foundation of nanoscale electronics and telecommunications [4,5]. In
their controlled synthesis, modified polyol methods have been previously discussed in the
relationship of Au precursors, reducing agents, protective, and structure-controlling agents
in ethylene glycol (EG) or polyEG (PEG) [1-7]. Their promising applications of functional
nanoparticles are used in catalysis and nanobiomedicine [7,8]. The common synthetic
methods of metal nanoparticles suggest that Au or gold nanoparticles can be effectively
synthesized by modified polyol methods [1-7]. Recently, Au and Au-based nanoparticles
have been potentially used for catalysis, energy, and environment, Au nanoparticles in
the diagnosis and treatment of melanoma cancer [9], and fluorescence-based assays in
cancer and non-cancerous cells. Therefore, many researchers have proposed methods of
controlling the nanosize ranges and the definite shapes of Au nanoparticles by changing
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the experimental conditions [7,8]. In biomedical applications, Au nanoparticles are used
as an antigen carrier and an immunological agent in immunization to prepare antibodies
in vivo [9]. However, the highest biocompatibility is silver nanoparticles for plants, ani-
mals, and humans [9]. In comparison with the traditional sol-gel method for the synthesis
of nanomaterials in alcohol, the polyol method is used to synthesize nanomaterials with
typical industrial solvents such alcohols, ethylene glycol (EG), and polyethylene glycol
(PEG) [2-10]. Both sol-gel and polyol methods can lead to homogeneous nanomaterials and
nanoparticles because homogeneous industrial solvents and polymers are under mixing
continuously. In the controlled synthesis of nanoparticles, EG and PEG are commonly uti-
lized for the effective synthesis of metal nanomaterials and nanoparticles [11]. Both EG and
PEG solvents are effectively used with the addition of a diversity of various reductants to
Au precursors, and the addition of a diversity of various protective polymers as a stabilizer
for nanoparticles such as poly(vinylpyrrolidone) (i.e., PVP) or hexadecyltrimethylammo-
nium bromide (i.e., CTAB), and tetradodecylammonium bromide (i.e., TCAB) in various
solvents such as EG or PEG or various polyols or various kinds of water (i.e., HO) [12].
The synthetic methods, structures, properties, and applications of Au nanoparticles have
been discussed in various works [13-21]. Among the promising applications, the very
interesting phenomena and optical properties of surface plasmon resonance (SPR) and
surface-enhanced Raman scattering (SER) have been utilized in biomedicine [1-6]. In the
present research, we synthesized Au nanoparticles by modified polyol processes with the
addition of NaBHy in EG and PVP solvents according to suitable time and temperature.
We used two measurements (i.e., a combination of XRD and TEM methods), in order to
characterize the as-prepared Au nanoparticles. The critical issues of the particle size, the
particle shape, and the face-centered cubic (FCC) crystal structure of the as-prepared Au
nanoparticles are clearly underlined in detailed discussion.

2. Materials and Methods

Chemicals for synthesis were poly(vinylpyrrolidone) (PVP), HAuCly-3H,0, NaBHy,
and ethylene glycol (EG). All chemicals are available from Aldrich or Sigma-Aldrich and
meet the synthetic requirements. The addition of NaBH, was used for the fast crystal
formation of Au nanoparticles from HAuCly. EG was the homogeneous solvent that
was used as both a solvent and weak reducing agent. Ethanol, acetone, and hexane
were appropriately used for cleaning the very thin layers of PVP covering the surfaces of
PVP-protected Au nanoparticles [6-10]. Here, all chemicals were used without any further
purification. In one typical process, an amount of EG, an amount of 0.375 M PVP, an amount
of 0.0625 M HAuCly, and NaBHy were added in a three-neck flask or multineck flask with a
reflux system [6]. In the synthetic methodology, the addition of Au, PVP, NaBHy4, and other
precursors was carried out until all their amounts were completely used with continuous
stirring (Scheme 1). The good reduction of HAuCly by both EG and NaBH, occurred
according to our design processes, which depended on the technique and experience
of the experimenter [10-13]. In order to remove PVP that existed on the surfaces of as-
prepared Au nanoparticles, they were cleaned with an acetone and ethanol /hexane mixture.
Finally, clean Au nanoparticles were successfully obtained by the centrifugation procedure.
For a successful synthesis of the modified polyol method, the ratios of the volumes and
concentrations of the reagents (Au precursors for crystal formation of Au nanoparticles,
EG solvent, PVP polymer for the protection of Au nanoparticles, NaBHy, etc.) need to be
selected suitably according to the process used. In the study of crystal formation, both
XRD and TEM methods were effectively used for the investigation of the crystal structure
of as-prepared Au nanoparticles by the polyol process. It is ensured that the final products
of Au nanoparticles were studied by TEM and XRD measurements after the removal of
PVP. Here, the X-ray diffraction (XRD) method was used for structural information by
identifying the crystalline phases of Au nanoparticles within the prepared samples. Here,
the Au nanoparticles with the removal of PVP were set on a glass substrate. We used an
X-ray diffractometer that was Rigaku D (max 2550 V) operating at 40 kV /200 mA, and
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Cu-Kal radiation at 1.54056 A. In this study, the FCC crystal structure of Au nanoparticles
was proven. In the surface analysis, the JEM-2100F analytical electron microscope was used
with standard magnification up to 1,500,000 times, ultra-high image quality and resolution
operating at 200 kV, around a 0.1 nm lattice resolution, and around 0.19 nm point resolution.
The images of Au nanoparticles by JEM-2100F were used to investigate the interesting
properties of the size and the shape of Au nanoparticles.

(b) )
Au metal complexes i
PVP
i decomposition 0.0625 M HAuCls
HAuCl,
(HAuCl4*nH,0)
gregation — assembly of stage
Metal clusters [Au,]
ths
Final products
(PVP protected Au nanoparticles) (PVP protected Au nanoparticles)
Multineck flask

Scheme 1. Experimentally synthetic models and controlled synthesis of as-prepared Au nanoparticles by modified polyol
methods. (a) The formation of Au nanoparticles. (b) Multineck flask model. (c) The final products of PVP-Au nanoparticles in EG.

3. Results and Discussion
3.1. Determination of Crystal Structure

The exact determination of the crystal structure of Au nanoparticles needs to be under-
taken in any experiment. The Au crystal structure of a typical XRD pattern was described
by the positions, intensities, and shapes of Bragg reflections from 32.5° to 95° correspond-
ing to the experiment, and from 0° to 120° corresponding to the theory (Figure 1). The
crystal structure of the as-prepared Au nanoparticles was very good, which was found in
the crystal formation in high crystallization in EG solvent in this polyol method. Therefore,
XRD was effectively used to determine the crystal structure of the clean Au nanoparticle
PVP formed in EG with the removal of PVP. The results have shown the formation of the
crystal structure of the as-prepared Au nanoparticles with high crystallization (Figure 1a).
It indicates that all the as-synthesized Au nanoparticles have a crystal structure in high
crystallization. In analysis and investigation, we showed the crystal structure of one of the
most typical samples prepared by modified polyol methods with the use of a controlling
agent (i.e., NaBHy (reducing agents), AgNOjs (i.e., crystal structure-controlling agents), PVP
(i.e., protecting agents) [6,10]). It is known that the crystal formation of Au nanoparticles
was confirmed in various homogeneous polyol liquids (i.e., EG, polyEG ... ). It is certain
that Au nanoparticles have a FCC crystal structure from experimental observations and
theory [6,13-21]. There is a comparison between one sample by XRD where the diffraction
peaks at 20 angles of the prepared Au nanoparticles with the fcc structure were similar to
other studies [6,14-17]. Obviously, Au nanoparticles were determined by the positions of
the important diffraction peaks that were shown with the 26 angles at 38.20°, 44.40°, 64.60°,
77.54°, and 81.72°, corresponding to the fine crystal planes at (111), (200), (220), (311),
and (222) or more Miller indices. However, the intensities of their diffraction angles and
peaks were very different. In addition, their similar crystal parameters were listed in the
PDF-04-0784 standard sample of Au as well as the powder diffraction pattern from the Au
crystal model of ten-unit cells. For the determination of crystal structure, the typical values
of the distances between atomic planes of Au nanoparticles were about 2.35, 2.03, 1.44, 1.23,
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and 1.17 A, corresponding to the (111), (200), (220), (311), and (222) planes, respectively.
It is important to note that the intensity of the strongest line, as shown in Figure 1, is the
so-called (111) plane. In addition, high crystallization of Au nanoparticles coincided with
previous works [15-17]. Therefore, the fine crystal phase of as-prepared Au nanoparticles
by our polyol process with the addition of NaBH4 was experimentally confirmed because
a mixture of EG and PVP was very highly homogeneously mixed in the crystal formation
of Au nanoparticles. In Figure 1, the typical crystal parameters such as the values of (h k1),
d, 6, 26, and I are measured or calculated by nanostructures of Au nanoparticles show very
good agreement between the theory and experiment.
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Figure 1. (a,b) Experimental XRD pattern of as-prepared Au nanoparticles, crystal structure, and
crystallographic and unit cells by using Jade 6.0 version (Materials Data, Inc., Livermore, CA, USA),
and Vesta software (two models of the fcc ten-unit cells of gold atoms) [22-24].

Recently, authors have successfully synthesized Au nanoparticles by seeded growth
methods [1-6]. In general, they have used various kinds of capping agents [12] that
are different from the use of PVP as a capping agent [1-12]. Recently, NaBH4 has been
used in a different way for the controlled synthesis of Au nanoparticles (i.e., fast, mod-
erate, and slow reduction of Au precursor into Au nanoparticles [1-6]). In important
considerations, researchers have used the NaBH, reducing agent for the synthesis of Au
nanoparticles [2,3,6,12]. TEM and high resolution (HR) TEM results in typical works of



Crystals 2021, 11, 1297

50f11

Au nanoparticles were compared to our present results. In addition, SPR and SER optical
properties of the Au nanoparticles in solvents and solutions are very crucial in promising
applications for plasmonic and Raman sensing [4-6]. In size and shape analysis, we only
used one of the most typical samples for TEM investigation.

3.2. Determination of Size and Shape of As-Prepared Au Nanoparticles

Figure 2 shows the TEM images of as-prepared Au nanoparticles with the various
forms of the fascinating shapes and morphologies such as spheres, polyhedrons, plates,
rods, and other undefined shapes in the nanosize range of 60 nm. The various kinds of the
sizes of Au nanoparticles were calculated in the ranges of 60 nm, 50 nm, 40 nm, 30 nm,
20 nm, and even 10 nm, of which there was an overlap of particle size ranges according to
the smallest and largest particles in a detailed and specific TEM image with a defined bar
scale. The largest and smallest particles with the largest and smallest sizes were the limits
of the nanoparticle system fabricated in EG. In our process, we prepared a homogeneous
nanosystem of Au nanoparticles in a homogeneous mixture of EG and PVP [6,12]. Their
common shapes were experimentally found to be the most typical spherical and polyhedral
forms. The high roughness or/and flatness surfaces of the as-prepared spherical and
polyhedral Au nanoparticles were clearly observed in their morphologies. Here, many
Au nanoparticles possessed various large sizes and shapes, but were less than 100 nm. In
addition, the self-assembly, combination, and recrystallization of smaller Au nanoparticles
less than 10 nm could lead to large nanoparticles, even greater than 100 nm. The largest
particles were around 50 nm by the self-assembly of smaller particles [25,26]. Therefore, the
large particles result from the combinations of smaller particles, which would be through
mechanical motions, collisions, combination, recrystallization, and formations.

In our particle size measurement, a strictly scientific study of particle size and a large
number of Au nanoparticles fabricated by the designed polyol processes led to being
able to obtain information for any significant improvement of further synthetic processes.
To calculate the particle size of the as-prepared Au nanoparticles, it is very necessary to
calculate the maximum and minimum sizes of the largest and smallest Au particles, a group
of the Au particles seen, and all Au particles measured on that TEM image (Figure 2a).
There are many ways to calculate the average particle sizes of large particles, medium
size particles, and small particles (Figure 2a—d). Figure 2d shows the rough calculation to
arrange, in the order of size, the spherical particles, only a small amount of five Au particles
from largest to smallest size, which were about 59.00, 55.52, 42.86, 31.50, and 11.69 nm,
respectively, which corresponded roughly to the three nanosized regions of particle sizes
of Au nanoparticles based on the evidence of the original TEM image in the ranges of 60,
50, 40, and 20 nm, even the possible smallest nanosized range of 10 nm (1-10 nm) when
TEM images of Au nanoparticles were carefully calculated and analyzed in this context
(Figure 2a). The average size was calculated to be about 40 nm, corresponding to five Au
particles. It is certain that this is the simplest way to determine particle size. In addition,
Figure 2d shows mostly spherical shapes of Au nanoparticles with definite sizes. The
critical issue indicated that the crystal formation of large crystal particles, medium crystal
particles, and very small crystal particles was confirmed. The spherical and cubic particle
shapes were the best forms to calculate the particle sizes here. The average grain size (d),
standard deviation (std), and grain number (n) were calculated in Figure 3, respectively.
In Figure 3a, we obtained the average size of about 28 (£27.65 nm) when 58 particles
of various sizes from small to large particles were used to calculate the histogram. We
obtained an average size of about 56.90 &+ 11 nm after using about 82 particles of only large
particles, which indicated that there were nanosize ranges <60 nm. Figures 4 and 5 present
a special case of calculation where the average size was calculated to be about 30.20 nm
(£9.43 nm), which is relatively similar to the value (d) calculated in Figure 3a.
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Figure 2. (a) TEM original image of the as-prepared Au nanoparticles. Scale bar: 200 nm. (b,c) Selected nanoparticles of
the original TEM image for the determination of the size and the shape (the use of five particles). (b) Small, medium, and
large Au nanoparticles as well as the smallest and largest Au nanoparticles according to the colors of the scale indicators,
respectively. (c) Medium Au nanoparticles. (d) Simplification of the determination of particle sizes of the as-prepared

Au nanoparticles.

Figure 6 clearly indicates the typical HRTEM images of three Au nanoparticles show-
ing their lattice fringes of about 0.248 nm, which were assigned to the inter-fringe distance
of the crystal planes in the FCC Au nanocrystal. The complexity of the Au atom arrange-
ment on the crystal surface of one such Au nanoparticle is of high interest to scientists and
researchers in the further investigation of TEM. In terms of size and surface investigation,
it is clear that XRD determined the Au crystal structure of the prepared products, while
HRTEM indicated the lattice fringes of Au nanoparticles. The self-assembly phenomenon
of Au nanoparticles is popular in various nanosize ranges [25,26]. It is predicted that the
large particles were formed by self-assembly via the motions, collisions, and combination
of smaller particles. Therefore, the EG-type polyol in this case can be the best environment
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for Au nanoparticles synthesized in terms of the various sizes, various shapes, and the
various morphologies. The experimental crystal formation of Au nanoparticles in the
chemical reaction was confirmed by self-attachment, self-aggregation, and self-assembly
of the much smaller nanoparticles [25-27]. The polyols or alcohols were considered as
an excellent environment for the existence of the engineered particles such as the case
of the Pd nanoparticles [28]. It is suggested that Au nanoparticles were generated in a
homogeneous mixture of EG and PVP during chemical mixing and synthetic reaction. In
potential clinical applications, the determination of particle size and crystal structure of Au
nanoparticles has become increasingly significant as they are used in virus and COVID-19
pandemic research [29], for example, human ACE2-Au-virustrap-nanostructures for test
kits in the capture of SARS-CoV-2 and single-virus SERS detection.
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Figure 3. (a,b) Determination of particle size from the TEM image of the various kinds of as-prepared Au nanoparticles

from the smallest to largest particles. The histogram of size particle distribution. Scale bar: 200 nm. (c,d) Determination of

particle size from the TEM image of the various kinds of as-prepared Au nanoparticles from the large particles (the use of

58 large particles). The histogram of the size particle distribution (using 82 particles). Scale bar: 200 nm.



8of 11

Crystals 2021, 11, 1297

ze determination of all the particles that can be observed in the original TEM image (using a large

number of Au particles, more than 1700 Au particles). Scale bar: 200 nm.

Figure 4. Particle si
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Figure 5. The histogram of size particle distribution (using all the particles, more than 1700 Au particles that could be
observed in the TEM image in Figure 4) using a large number of Au particles.

o A5

Figure 6. (a—c) High resolution TEM images of Au nanoparticles. (d) HRTEM image of a selected area of lattice fringes
with a scale bar of 5 nm. Gold atomic arrangement for a crystallographic plane is of very high interest in the Au crystal
nanostructure at the atomic level.

4. Conclusions

In this research, we presented the formation of Au nanoparticles synthesized in EG and
PVP with the addition of NaBHy4. The Au nanoparticles ranged in size up to 60 nm, with an
average size of about 30 nm. In the process of manually calculating each particle, errors can
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occur despite the careful particle-size calculation of the experimenter. However, there were
various kinds of Au nanoparticles shaped in the various ranges of 50 nm, 40 nm, 30 nm,
and even 10 nm. Typical shapes for nanosized particles in this range were spherical and
polyhedral. It is evident that the modified polyol methods can be promisingly used with
the addition of a small content of structure-controlling (i.e., NaBH,) and other chemical
reagents in any synthetic process. The spherical and cubic shapes were suggested to be the
best forms of particle size calculation in this study. In this research, it is suggested that the
TEM method is very important to calculate the parameters of particle size, number of Au
nanoparticles, and shape of the Au nanoparticles. Therefore, this research also suggests that
the experimenter must choose the experimental conditions of pH, fixed reaction volumes of
precursors in solvent (for the effective formation of nanoparticles), the solvent (EG, PEG, or
other polyols for media generating nanoparticles), surfactant (PVP, CTAB, other protective
agents for nanoparticles), reaction time (fast, moderate, or short time), and stirring speed
for synthesis.
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