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The aim of this article was an explanation of the gold nanoparticle (AuNP) formation mechanisms which
take place in a redesigned Ultrasonic Spray Pyrolysis (USP). Depending on the synthesis parameters of
gold concentration in the precursor solution, gas flow and reaction temperature, we have previously
obtained a combination of spherical, irregular and cylindrical AuNPs. Two parameters (gold concentra-
tion and gas flow) were determined to be the most influential on the shapes and sizes of the produced
AuNPs. The effects of these two influential synthesis parameters were evaluated on controlling the for-
mation mechanisms: Gold concentration (2.5 and 0.5 g/l Au) in the precursor solution of HAuCl, dis-
solved in water and gas flows of (i) aerosol carrier gas N, (1.5, 3.0 and 4.5 1/min) and (ii) reduction gas
H, (1.0, 1.5 and 2.0 1/min). Depending on the parameter conditions, the AuNPs are formed from a com-
bination of the liquid/solid phase (Droplet-to-Particle mechanism, DTP), the gas phase (Gas-to-Particle
mechanism, GTP) and from intermediate secondary droplets, formed from primary droplet explosions.
Increasing the gas flow affected the evaporation of the solvent (water) and diffusion of the solute
([AuCly] ™) in the aerosol droplets, which resulted in the formation of more uniformly shaped AuNPs
and with narrower size distributions than before. With favorable parameter conditions increased control
over AuNP synthesis with USP has been achieved.
© 2016 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
Technology Japan. All rights reserved.

1. Introduction

cine, in tissue or tumor imaging, drug delivery, photothermal
therapy and immunochromatographic identification of pathogens

Spray pyrolysis is a known method for synthesis of fine powders
and nanoparticles, capable of synthesizing spherical, hollow, core-
shell, porous and other structures, of various materials such as
metals and ceramics, with high elemental and phase purity
[1-5]. Even though this is a relatively known process of powder
production of a wide selection of materials, the specifics for
nanoparticle formation are not known for a lot of them.

Gold nanoparticles (AuNPs'), along with silver and copper, are
the most common nanoparticles used to obtain the surface plasmon
effect [6]. The AuNPs’ unique properties make them useful in the
fields of Biotechnology, Energy, Chemistry and Information Technol-
ogy [1,7], while the main current markets for AuNPs are in Biomedi-

* Corresponding author. Fax: +386 2 220 7990.
E-mail addresses: peter.majeric@um.si (P. Majeric¢), darja.jenko@imt.si (D. Jenko),
bfriedrich@ime-aachen.de (B. Friedrich), rebeka.rudolf@um.si (R. Rudolf).
T AuNPs - gold nanoparticles.

http://dx.doi.org/10.1016/j.apt.2016.12.013

in clinical specimens [8,9]. The physical and chemical properties of
AuNPs are determined by their size, morphology, surface structure
and purity. Although there are several methods for producing AuNPs,
controlling their synthesis with a uniform size and morphology still
remains a challenge. Several studies have been devoted to accom-
plish this [6,7,10-13]. Generally, the synthesis of AuNPs involves
the Sodium Citrate reduction method, phase transfer method, tem-
plating method, seed-mediated method or chemical radiation. Syn-
thesis via aerosol routes like Ultrasonic Spray Pyrolysis (USP?)
enables production of various nanoscaled materials, including gold.
It is relatively simple, flexible and can also be used for film process-
ing. Control of nanoparticle properties can be achieved with careful
selection and modification of the USP process parameters [4,5].
With USP, nanoparticles are synthesized from micron-sized
droplets of a starting solution. These are created via atomization

2 USP - Ultrasonic Spray Pyrolysis.
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Fig. 1. Modular redesign of USP.

with ultrasound. After the droplets are created they begin to evap-
orate immediately [14]. After evaporation, a dried nanoparticle is
left, which needs to be decomposed or otherwise altered chemi-
cally with reduction or oxidation. The final nanoparticle is then
formed and collected in a suitable form, as a dried powder, or in
a suspension in a suitable medium. These mediums are used to
prevent further reactions, such as oxidation, or to stabilize the
nanoparticles and prevent agglomeration, where stabilizing agents,
such as Sodium Citrate, can be used. The final nanoparticle size is
affected heavily by the solids concentration in dilute solutions
(1-5 wt.%), but remains roughly unchanged in more concentrated
solutions [14]. There are two formation routes which are generally
seen in spray pyrolysis: Droplet-to-Particle (DTP?) and Gas-to-
Particle (GTP?) [4,5,15]. In DTP, a single nanoparticle is formed from
a single aerosol droplet via evaporation and chemical reactions
(decomposition, reduction, or oxidation). In GTP, nanoparticles are
formed from the gaseous phase, with formation of new nuclei and
several nanoparticles in sizes from a few nm to a few 10 nm are
formed from a single aerosol droplet.

As the main synthesis steps in USP are droplet evaporation, pre-
cursor conversion and nanoparticle formation, the redesign was
done in order to provide more control over the aerosol droplet
evaporation and solvent diffusion inside the droplet, for the forma-
tion of nanoparticles with a more uniform shape. It is postulated,
that the droplet evaporation has the most influence on determin-
ing the shape of the final nanoparticles [3,16] and can produce
solid, hollow or other shapes of nanoparticles [17]. Several exper-
iments were done in order to determine the AuNP formation mech-
anisms in the modular redesign of the USP [18,19], Fig. 1.

Previously, we have reported a bimodal size distribution
obtained by the redesigned USP system [19]. In order to determine
the formation mechanisms, the experiments on the redesigned USP
were carried out with changing only the parameters of Au concen-
tration in the precursor and temperature in the evaporation zone.
We have ascertained that the bimodal distribution was due to GTP
and DTP mechanisms occurring simultaneously in the USP process,
when synthesizing AuNPs from HAuCl,. The redesigned USP
improved the morphologies of AuNPs compared to the conven-
tional USP, as mainly spherical and some irregular nanoparticle
shapes were produced. However, a bimodal size AuNPs’ distribu-

3 DTP - Droplet To Particle.
4 GTP - Gas To Particle.

tion and both formation mechanisms were always present. In order
to eliminate bimodal size distribution, the effect of one of these
mechanisms needs to be minimized.

In this paper, control of the formation mechanisms of AuNP
synthesis with USP was approached by changing the parameters
of the precursor Au concentration and gas flows. Based on previous
rsearch, it was determined, that the reaction temperature in the
range from 300 to 500 °C has a lesser influence on the shapes
and sizes of the produced AuNPs in our USP system. It was seen
that higher temperatures significantly increase agglomeration.
For this reason, the reaction temperature should be kept below
500 °C. The parameter values were selected based on previous
experience [19] in order to produce AuNPs of a few 10 nm in size.

2. Materials and methods (experimental)

The synthesis of AuNPs was carried out on the redesigned USP
equipment at the IME Institute of Process Metallurgy and Metal
Recycling, RWTH Aachen, Germany [18,19], Fig. 1. Precursor solu-
tions of Au were prepared with dissolving hydrogen tetrachloroau-
rate (HAuCly, ~50% Au basis, Sigma-Aldrich) in deionized (DI)
water. The concentrations of Au in the precursor solutions were
0.5 and 2.5 g/1(0.05 and 0.25 wt.% respectively). The prepared solu-
tions were put into the Ultrasonic Aerosol Generator (Gapusol, RBI
France, piezoelectric transducer membrane frequency 2.5 MHz),
where they were subjected to an ultrasound to produce aerosol
droplets of diameters ranging from 1 to 15 pm, with an average
size of 5-6 um [20]. The aerosol was transported to the heating
zones with N, gas through quartz glass tubes of 2 cm diameter.
Hydrogen gas was added for reduction of gold chloride to pure gold
metal nanoparticles. The first heating zone, used for droplet evap-
oration, was set at a temperature of 100 °C whereas the second
heating zone was set at a temperature of 400 °C and was used
for reactions required for obtaining pure AuNPs (the length of each
heating zone was 28 cm). To determine the gas effects on the syn-
thesized nanoparticles’ sizes, three gas flows were used (low: 1.51/
min N, + 1.0 I/min H,, medium: 3.01/min N, + 1.5 /min H, and
high: 4.5 1/min N, + 2.0 1/min Hj). Table 1 shows the experiments
performed.

The nanoparticles were collected in 0.1% solution of Na-citrate
with DI water for stabilization purposes [21]. No subsequent use
and testing of the produced nanoparticles were intended, for
instance biocompatibility testing, for which different stabilizing

Powder Technology (2017), http://dx.doi.org/10.1016/j.apt.2016.12.013

Please cite this article in press as: P. MajeriC et al., Formation mechanisms for gold nanoparticles in a redesigned Ultrasonic Spray Pyrolysis, Advanced




P. Majeric et al./Advanced Powder Technology xxx (2017) XxX—-xxx 3

Table 1
List of experiments performed.
Experiment Ultrasound Au concentration in Nitrogen N, gas Hydrogen H, gas First furnace Second
frequency precursor flow flow temperature furnace
solution temperature
Low gas flow, low Au concentration 2.5 MHz 0.5 g/l Au Low: 1.5 1/min Low: 1.0 I/min 100 °C 400 °C
Low gas flow, high Au concentration 2.5¢g/l Au Low: 1.5 I/min Low: 1.0 I/min
Medium gas flow, low Au 0.5 g/l Au Medium: 3.0 [/min Medium: 1.5 I/min
concentration
Medium gas flow, high Au 2.5¢g/l Au Medium: 3.0 I/min Medium: 1.5 I/min
concentration
High gas flow, low Au concentration 0.5 g/l Au High: 4.5 I/min High: 2.0 l/min
High gas flow, high Au concentration 2.5g/l Au High: 4.5 1/min High: 2.0 I/min

agents would have been selected, such as bi-functional polyethy-
lene glycols (PEGs — with a thiol group and amine, carboxylic,
etc. group at each end of the polymer [22]).

2.1. TGA of HAuCly

Thermogravimetric analyze (TGA) of HAuCl, was performed
with inert gas N, at a heating rate of 10°C/min, from 40 to
600 °C. The parameters were chosen so as to simulate the condi-
tions in the redesigned USP equipment. The thermal decomposi-
tion and mass loss are presented in Fig. 2.

2.2. TEM/HRTEM characterization

Conventional Transmission Electron Microscopy (CTEM; JEOL
2100), High-Resolution Transmission Electron Microscopy
(HRTEM; JEOL 2100), Electron Diffraction (ED/TEM; JEOL 2100)
and Energy Dispersive Spectroscopy (EDS/TEM; JED-2300) investi-
gations were conducted on the prepared AuNPs. A drop of colloidal
suspension of AuNPs (in 0.1% solution of Na-citrate with DI water)
was pipetted onto a formvar film coated with a layer of carbon or a
lacey formvar film enforced by a heavy coating of carbon TEM cop-
per grid of 200 mesh and dried at room temperature. The grid was
then observed directly in a TEM once the medium had evaporated.

2.3. Size measurements

The AuNPs’ size distributions were measured from 10 to 15 TEM
micrographs of each sample. Measurement of sizes and shape
determination was done with Image] software [23]. The roundness
number is calculated from a best fitting ellipse, where 1.0 is equal
to a perfect circle, while numbers closer to 0.0 indicate an increas-
ingly elongated shape. The number of nanoparticles for size mea-
surements ranged from 300 to 600 nanoparticles for each
particle size distribution. A few TEM micrographs were selected
for sample representation purposes. Measurements were per-
formed following measurement protocols in [24].

2.4. DLS size and zeta potential measurements

DLS size measurements were done with Malvern ZetaSizer
Nano ZS, for comparison with manually measured sizes from
TEM micrographs. Samples were prepared by pipetting 1 ml of
AuNP suspensions into disposable sizing cuvettes. A check for
any air bubbles in the cuvette was performed before measuring
was carried out.

3. Results and discussion

Fig. 2 shows the mass loss of HAuCl, with TGA. It is seen that
the first thermal decomposition begins at 79.88 °C, with a peak
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Fig. 2. TGA analysis of HAuCly, heating rate of 10 °C/min.
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Fig. 3. Representative TEM/HRTEM micrographs with typical EDS analyze and electron diffraction of obtained AuNPs with varied gas flows and concentrations by the

redesigned USP, *Au in the precursor solution is in the form of gold chloride, [AuCl,]".

decomposition temperature of 148.43 °C. The mass loss is 11.218%,
which can be attributed to dechlorination and formation of gold
(1) chloride AuClsz (HAuCl, — HCI + AuCls) (theoretical mass loss
of 10.7%). The second decomposition peak temperature of
233.82 °C yields a mass loss of 29.46%, which corresponds to the
formation of AuCl (theoretically the mass loss is 23.4%). The third
decomposition at a peak temperature of 296.56 °C yields Au
(49.95% of HAuCly, theoretically 57.97% of HAuCl, is Au). These
results suggest that thermal composition may begin in the evapo-
ration zone of the USP during aerosol droplet shrinking and drying,
while the formation of pure gold is not possible. The gas flow and
fast heating rates in USP mean that the first decomposition starts at
somewhat higher temperatures than those measured by TGA and
is carried out at a faster rate. Even though TGA shows that HAuCl,
decomposes into pure Au, the reaction times in USP are very short,
and a reduction gas H, is needed for obtaining pure AuNPs. This
was also confirmed experimentally, where no AuNPs were formed
without the use of H; gas.

Fig. 3 shows TEM/HRTEM micrographs with visible sizes and
morphology of the obtained AuNPs. EDS analyzes of the nanoparti-
cles show a high purity content of 99.99 wt.% Au. High Au concen-
tration in the precursor solution produced nanoparticles of larger
sizes than low Au concentration, as was expected. It is seen, that
higher gas flows produce more uniform, spherical shapes of
nanoparticles (for 0.5 g/l Au, roundness is 0.924 with a minimum
value of 0.694, Table 2), while there are more irregular shapes pre-
sent when using lower gas flows (for 0.5 g/l Au, roundness is 0.833
with a minimum value of 0.394, Table 2). The expected theoretical
sizes for 2.5 and 0.5 g/l Au in the precursor solution are 210 nm

and 123 nm for a mean aerosol droplet size of 5 pum. The obtained
sizes are much smaller than the calculated ones, so the theoretical
approach was not pursued further. Size distributions have been
quoted as the mean nanoparticle diameter + the Standard Devia-
tion (SD), as shown in Table 2. Two means are quoted in samples
where two distributions were found. Although bimodal size distri-
butions of the AuNPs were still present, especially with using low
gas flows, the number of larger nanoparticles was decreased dra-
matically with the use of higher gas flows in the USP system.

3.1. Low gas flow

With the precursor solution concentration of 2.5 g/l Au, the
obtained nanoparticles had a bimodal size distribution with smal-
ler nanoparticles (a mean size of 39.4 nm, 66.0% of total AuNPs and
larger particles (a mean size of 207.9 nm, 34.0% of AuNPs) (Table 2,
Fig. 4). When using a concentration of 0.5 g/l Au, the bimodal dis-
tribution is not as apparent. However, in the distribution, two
peaks are visible (Fig. 4), indicating two size ranges (a mean size
of 38.9 nm for GTP, 63.3% of AuNPs and a mean size of 91.3 nm
for DTP, 36.7%, Table 2). As such, we can identify a bimodal size dis-
tribution present in the USP synthesis of AuNPs when using low
gas flows (Reynolds number in evaporation zone, Re = 87.5).

3.2. Medium gas flow
When using medium gas flows (Re=174.9) the obtained

nanoparticles had a mean size of 26.7 nm for 2.5 g/l Au and
17.7 nm for 0.5 g/l Au in the precursor solution. Larger particles
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Aerosol residence time, mean AuNP sizes with SD calculated from measured sizes (with bimodal size distribution, where apparent) and roundness, obtained with TEM images.

Gas flow

Aerosol
residence time

AuNP mean sizes + SD, at
2.5 g/l Au®

AuNP mean sizes + SD, at
0.5 g/l Au®

AuNP roundness + SD, at
2.5¢g/l Au®

AuNP roundness + SD, at
0.5 g/l Au®

Low: 1.51/min N, + 1.01/ Evaporation: 39.4 +20.6 nm 38.9+15.1 nm 0.846 +0.103 0.833+0.132
min H, 3.52s 207.9 £38.3 nm 91.3+£15.2nm
Reaction: 2.11 s min: 10 nm min: 14 nm min: 0.425 min: 0.394
Total: 5.62 s max: 293 nm max: 168 nm max: 0.991 max: 0.986
Medium: 3.0 I/min Evaporation: 26.7£13.1 nm 17.7 £6.9 nm 0.879 +0.089 0.853+0.104
N3 + 1.5 /min H, 1.76s
Reaction: 1.17 s min: 8 nm min: 4 nm min: 0.611 min: 0.547
Total: 2.93 s max: 68 nm max: 34 nm max: 0.990 max: 0.988
High: 4.51/min N, +2.01/ Evaporation: 45.5+12.5nm 37.0+5.5nm 0.889 +0.069 0.924 +0.053
min H, 117 s
Reaction: 0.81 s min: 15 nm min: 18 nm min: 0.674 min: 0.694
Total: 1.98 s max: 93 nm max: 67 nm max: 0.995 max: 0.998
2 Au concentration in precursor solution.
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Fig. 4. Size distributions of AuNPs measured from TEM micrographs with accompanying DLS size measurements for comparison, accuracy of measured AuNP sizes from TEM
images is estimated at +2 nm.
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were characterized as agglomerates of these nanoparticles. There
was no apparent bimodal size distribution. For higher Au concen-
trations in the precursor solution, bigger nanoparticles were
obtained than for lower concentrations, which was to be expected,
according to literature and previous results. A large number of
nanoparticles were in the narrow size range from 10 to 30 nm
(69.0%) for 2.5g/l Au and in the size range from 10 to 20 nm
(55.6%) for 0.5 g/I Au in the precursor solution.

3.3. High gas flow

With higher gas flows (Re = 262.4) the nanoparticle sizes were
increased somewhat in comparison to medium gas flows, with a
mean size of 45.5 nm for 2.5 g/l Au and 37.0 nm for 0.5 g/l Au in
the precursor solution. When using higher gas flows there is more
turbulence in the USP system compared with medium gas flow,
causing more collisions of aerosol droplets, precursor vapors and
nanoparticles. The increased number of eddies in the gas flow,
especially due to the inlet of the reduction gas H, between the fur-
naces, may also be the cause of the increase of nanoparticle sizes.
High gas flow thus causes the formation of larger nanoparticles
than medium gas flow, as is visible when comparing the his-
tograms from medium and high gas flows in Fig. 4. A large number
of nanoparticles were in the narrow size range from 40 to 60 nm
(64.2%) for 2.5 g/l Au and in the size range from 30 to 40 nm
(69.1%) for 0.5 g/I Au in the precursor solution.

3.4. Formation mechanisms

Medium and high gas flows provided a narrower AuNP size dis-
tribution compared to a low gas flow, as is apparent from the lower
SDs in Table 2 and narrower size distributions from the histograms
in Fig. 4. The bimodal distribution of nanoparticles is also not as
apparent with medium and high gas flows, while the nanoparticle
diameters are only a few 10 nm in size.

Previously, we have assumed the bimodal distribution to be a
result of two formation mechanisms taking place in the USP -
the DTP and GTP mechanisms, which are based on the formation
of precursor vapors. The TGA shows decomposition of HAuCly, with
the release of HCl and Cl,, without a gas phase change at temper-
atures below 400 °C. However, gold (IIl) chloride was reported to
sublimate when subjected to temperatures slightly above 100 °C
for an extended period of time. When subjected to 280 °C, sublima-
tion is more rapid [25]. Palgrave and Parkin [26] used HAuCl, for
aerosol assisted CVD and reported a gas phase of the gold chloride
being present at temperatures from 400 to 600 °C. They also con-
cluded that HAuCl, has excellent CVD precursor characteristics,
apart from its low volatility. As such, the formation of precursor
vapors in USP was not excluded due to the very small particle sizes
with high curvatures (and high vapor pressures) and known gas
phase changes of gold chloride even at temperatures of 100 °C.

New results without bimodal size distributions may indicate
other processes taking place in the USP. The very small nanoparti-
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cles (Table 2) can still be attributed to the GTP mechanism, while
the nanoparticles in sizes around 50 nm can be the result of the
DTP of secondary aerosol droplets, formed after the initial droplets
explode into smaller ones. As the larger aerosol droplets are not
evaporated fully in the evaporation zone, they then heat up rapidly
in the reaction zone and burst into smaller secondary droplets
from which new, small nanoparticles are formed (Fig. 5).

The vapors ejected from the droplet then form new nuclei,
which grow into nanoparticles up to a few 10 nm in diameter.
Depending on the gas flow stability, more or less uniform nanopar-
ticles are formed from the vapors (Fig. 6). The Au concentration in
the precursor determines the sizes of the final AuNPs. When using
2.5 g/l Au, larger nanoparticles were present in the system than
with 0.5 g/l Au. Using high gas flows yielded larger nanoparticles
than with medium gas flows. This may indicate that, with medium
gas flow, the conditions were most optimal for bursting of the ini-
tial droplets into very fine secondary droplets. With high gas flows,
the primary droplets did not shrink as much as with medium gas
flows during evaporation. After bursting of the primary droplets,
this caused the secondary droplets to also be larger, as compared
to medium gas flows. Following the DTP mechanism, larger sec-
ondary droplets then also produced somewhat larger nanoparticles
with high gas flows (Fig. 4 and Table 2).

However, by using a conventional USP, the formation of small,
fairly uniform AuNPs was not reported [27]. In those experiments,
AuNPs smaller than 40 nm were not formed.

The DTP mechanism produces nanoparticles via droplet forma-
tion, transport of these droplets into a heating zone, evaporation of
the solvent and thermal conversion and reactions of the solute into
final nanoparticles. As the droplet with dissolved gold chloride
(solute) is being evaporated, it shrinks and, simultaneously,
increases the concentration of gold chloride inside the droplet.
The solute can begin to precipitate before uniform saturation is
reached across the droplet and, thus, the rates of evaporation and
nucleation determine nanoparticle morphology.

With GTP formation, a supersaturation of a gaseous species of
the solute causes nucleation and new nanoparticle formation.
The nanoparticles are formed in two modes. With nucleation-
condensation [5], a dimer of AuCls or, alternatively, Au,Clg [25] is
formed into a nuclei, which then grows by condensation of other
dimers. With nucleation-coagulation, the nanoparticles are formed
and are grown through collisions and coalescence (sintering) in
order to become spherical. In our system, we have mainly growth
by condensation, with some degree of agglomeration present in
the form of soft agglomerates. The AuNPs‘ structure was also
examined with HRTEM and electron diffraction (Fig. 3), which
has shown the grain boundaries and twins, with possible growth
directions of the formed AuNPs.

In the redesigned USP system with the precursor HAuCl,, a
combination of both DTP and GTP are present. The ratio of DTP
and GTP mechanisms depends on the evaporation (controlled by
parameters: Gold chloride concentration in the starting solution,
evaporation temperature, gas flow) of the aerosol droplet and gold
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Fig. 5. Schematic illustration of an aerosol droplet bursting into secondary droplets, and the formation of AuNPs.
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Fig. 6. Schematic illustration of proposed AuNP formation mechanisms, depending on different Au concentrations and gas flows.

chloride inside the droplet and the bursting of initial droplets into
secondary droplets. Due to solute vaporization, a mass flow and
partial vapor pressure of the gaseous gold chloride is also present
in the USP system.

In our previous experiments with the redesigned USP, different
parameters were used in order to manipulate the evaporation pro-
cess. While the evaporation rate, solute diffusion, supersaturation
and vaporization are important factors for particle morphology,
other phenomena need to be considered. When manipulating the
rate of evaporation via changing the temperature (higher temper-
atures - faster evaporation and vice versa) with a low, steady gas
flow used in the experiments, a higher influence of the DTP mech-
anism is apparent on the nanoparticle formation [19]. Manipulat-
ing the evaporation rate via gas flow achieves different results. It
seems that by using high gas flows, the evaporation of droplets,
their bursting and vaporization of the solvent from the droplet is
more dispersed in the system, yielding more uniformly sized, smal-
ler nanoparticles.

A faster evaporation rate induced by a high gas flow favors the
GTP mechanism (rapid evaporation and flow conditions promote
precursor vaporization) and droplet bursting, while a slower evap-
oration rate by using low gas flows and low temperatures favors
the DTP mechanism (diffusion of precursor into the droplet center
and creation of the dried particle). It is important to note that the
ratio of the DTP and GTP mechanisms is difficult to determine from
the final nanoparticles, as the smaller AuNPs can also be formed by
the DTP mechanism, although their growth rate is slower. The
nanoparticles formed by GTP catch up to the nanoparticles formed
by DTP, due to their higher growth rate. Because of their similar
sizes it is then difficult to distinguish which AuNPs have been
formed by which mechanism. In theory, GTP produces smaller
sizes, matching our results; however, DTP cannot be excluded
entirely.

It is visually apparent in the TEM images that a much greater
number of spherical shapes is present when increasing gas flow
(only a few images have been included in this paper for represen-
tation purposes), while also the calculated roundness number has
increased when increasing gas flow (Table 2). For a precursor con-
centration of 2.5 g/l Au, the mean roundness number has increased
from 0.846 to 0.879 and 0.889 with increasing the gas flows. More
importantly, the minimum roundness value has increased (0.425-
0.611-0.674), indicating that even the most irregular shapes of the
nanoparticles were more spherical with high gas flows, than with
low gas flows. This is also apparent for 0.5 g/l Au, where the mean
values increased from 0.833 to 0.853 to 0.924 with increasing gas
flow (minimum values: 0.394-0.547-0.694). More work is needed
to achieve ideally spherical shapes with a roundness number of
1.0; however, this signifies good progress in the right direction.

For further studies, AuNP formation mechanisms will be exam-
ined using precursors other than HAuCl,. Additional stabilization
agents will also be used for synthesis of AuNPs in the range of
10-50 nm, intended for biocompatibility testing and potential
use in biomedical applications.

4. Conclusions

AuNPs were synthesized by varying the precursor Au concen-
tration and gas flows in the redesigned USP. Upon analyze of the
sizes and shapes of the obtained nanoparticles it was proposed that
these are the influential parameters for controlling the AuNP for-
mation mechanisms in the given USP system. Increasing the pre-
cursor Au concentration reinforces the formation of larger AuNPs
via DTP, while decreasing it weakens formation of larger AuNPs.
When using low gas flows, the AuNPs are formed by both DTP
and GTP mechanisms, indicated by the presence of very small par-
ticles and bimodal size distributions (mean sizes of 39.4 + 20.6 nm
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and 2079+383nm for 25g/l Au and mean sizes of
38.9+15.1 nm and 91.3 + 15.2 nm for 0.5 g/l Au). After increasing
the gas flows, formation of secondary droplets and the GTP mech-
anism becomes prevalent in the system, resulting in synthesis of
AuNPs a few 10 nm in size, with a narrower size distribution (mean
sizes for medium gas flow: 26.7 + 13.1 nm, 17.7 £ 6.9 nm, for high
gas flow: 45.5+12.5nm, 37.0 £5.5 nm; for both Au concentra-
tions). Favorable control of AuNP formation was achieved with
using a low Au concentration (0.5 g/1) with high gas flows (4.5 1/
min N2 and 2.0 I/min H2). This has led to relatively more uniform,
spherical AuNPs in a narrow size range (37.0 £ 5.5 nm), reaching
our desired sizes. In our future work, these formation mechanisms
will be examined on other Au precursors with the redesigned USP.
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