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a b s t r a c t

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 HAuCl4 dis-
solved in water and gas flows of (i) aerosol carrier gas N2 (1.5, 3.0 and 4.5 l/min) and (ii) reduction gas
H2 (1.0, 1.5 and 2.0 l/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
([AuCl4]

�) 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

Spray pyrolysis is a knownmethod 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 (AuNPs1), 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-

cine, in tissue or tumor imaging, drug delivery, photothermal
therapy and immunochromatographic identification of pathogens
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 (USP2)
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
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bfriedrich@ime-aachen.de (B. Friedrich), rebeka.rudolf@um.si (R. Rudolf).
1 AuNPs – gold nanoparticles. 2 USP – Ultrasonic Spray Pyrolysis.

Advanced Powder Technology xxx (2017) xxx–xxx

Contents lists available at ScienceDirect

Advanced Powder Technology

journal homepage: www.elsevier .com/locate /apt
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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 (DTP3) and Gas-to-
Particle (GTP4) [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 HAuCl4. 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-

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 (HAuCl4, �50% Au basis, Sigma-Aldrich) in deionized (DI)
water. The concentrations of Au in the precursor solutions were
0.5 and 2.5 g/l (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 lm, with an average
size of 5–6 lm [20]. The aerosol was transported to the heating
zones with N2 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: 1.5 l/
min N2 + 1.0 l/min H2, medium: 3.0 l/min N2 + 1.5 l/min H2 and
high: 4.5 l/min N2 + 2.0 l/min H2). 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

Fig. 1. Modular redesign of USP.

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

2 P. Majerič et al. / Advanced Powder Technology xxx (2017) xxx–xxx
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