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Abstract

This paper reports the generation and characterization of monometallic (palladium (Pd), platinum (Pt), gold (Au), and silver (Ag)
from electrodes of the same material) and bimetallic (Pd—Pt, Pd—Au, and Pd-Ag from electrodes of different materials) aerosol
particles produced using a spark discharge. The Ag, Pd, Pt, and Au monometallic particles were agglomerates with a mean diameter
of 14.9, 26.7, 37.7, and 48.8 nm, respectively. The agglomerates consisted of primary particles ranging in size from 2 to 4nm
(Ag <Pd <Pt < Au). The corresponding rates of particle generation were 0.12, 1.68, 16.00, and 40.30 pg/min. A hypothesis was
suggested that there is a correlation between the generation rate and the ionization potential of a metal (Ag <Pd <Pt < Au). The
bimetallic particles were found to be binary mixtures (not alloys) of two individual monometallic particles. The compositions of the
bimetallic particles were measured at different combinations of materials and polarity of the spark electrode. When the ionization
potential of an anode material was higher than that of a cathode material, the hypothesis that there is a correlation between the
ionization potential and the generation rate was valid. Even if the ionization potential of the anode material was lower than that of the
cathode material, the generation rate of the anode metal particles was higher than that of the cathode metal particles. This might be
caused by higher temperature channel formed near the anode and thus higher evaporation and subsequent nucleation/condensation
near the anode.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The generation of metallic nanoparticles has mainly been carried out in liquid solutions containing metal ions,
reductants, and some polymers (protecting agents) (Devarajan, Bera, & Sampath, 2005). Recently, considerable attention
has been focused on the characteristics of “naked” metal nanoparticles (Harada, Toshima, Yoshida, & Isoda, 2005),
which are believed to be appropriate for examining the effect of surface structure and geometry. However, the addition of
both reducing and protecting agents highlights the complexity of their generation (Yang, Wan, & Wang, 2004). Other
methods for generating naked metallic nanoparticles include pyrolysis, chemical vapor deposition, and sputtering.
However, these processes demand either high temperatures or a high vacuum environment, which are expensive to
operate (Lu & Lin, 2000).

Spark generation has been used to generate monometallic particles of a wide range of conducting materials with
particles sizes ranging from several nanometers up to ~ 100 m in an aerosol state because spark generation is simple,
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easily deliverable, and environmental friendly (Borra, 2006; Evans, Harrison, & Ayres, 2003; Horvath & Gangl, 2003;
Kim & Chang, 2005; Schwyn, Garwin, & Schmidt-Ott, 1988; Simonin, Lafont, Tabrizi, Schmidt-Ott, & Kelder, 2007,
Watters, Jr., DeVoe, Shen, Small, & Marinenko, 1989). While most of these studies introduced specific metal particles
by spark generation for particular applications, few studies have discussed the aerosol behavior of these particles with
the exception of Evans et al. (2003), Horvath and Gangl (2003), Kim and Chang (2005), and Schwyn et al. (1988), who
measured the particle size distribution using a scanning mobility particle sizer (SMPS). However, the mechanisms of
particle synthesis are not completely understood.

This paper reports the production of monometallic (palladium (Pd), platinum (Pt), gold (Au), and silver (Ag)) and
bimetallic (Pd-Pt, Pd—Au, and Pd—Ag) aerosol particles using homogeneous and heterogeneous spark generation,
respectively. The size distribution, rate of generation, morphology, and structure of the particles were characterized
by SMPS, scanning electron microscopy (SEM)—energy dispersive X-ray spectroscopy (EDX), transmission elec-
tron microscopy (TEM)—selected area electron diffraction (SAED), inductively coupled plasma atomic emission
spectroscopy (ICPAES), and X-ray diffraction (XRD) methods. The synthesis mechanisms of the monometallic and
bimetallic particles are also discussed.

2. Experimental

Fig. 1 shows a schematic of the spark generation process. A spark was generated between two either identical
(homogeneous spark) or different (heterogeneous spark) metal rods (diameter: 3 mm, length: 100 mm, Nilaco, Japan)
inside a reactor (volume: 42.8 cm?) under a pure nitrogen environment (less than 1074 impurities) at STP (Byeon
et al., 2006). The flow rate of nitrogen gas, which was controlled using a mass flow controller (MKS, USA), was
set to 3 L/min. The electrical circuit specifications are as follows: a resistance of 0.5 M£Q, a capacitance of 10nF, a
loading current of 2mA, an applied voltage of 3.0kV, and a frequency of 667 Hz. The gas temperature inside the
spark channel was increased beyond a critical value (Berkowitz & Walter, 1987; Borra, 2006), which was sufficient to
sublimate parts of the electrodes. The duration of each spark was very short (~1.5 ms) and the vapors cooled rapidly
downstream of the spark. This formed a supersaturation resulting particle formation through nucleation/condensation.
The generated particles were carried using a flow of nitrogen gas and then sampled on a carbon-coated copper grid (for
use in TEM-SAED and SEM-EDX analyses), a glass fiber (for use in XRD analyses), or a polytetrafluoroethylene
(PTFE) membrane filter (for use in ICPAES analyses) at 20 cm downstream of the spark generator. The spark generator
was cleaned periodically with compressed dry particle-free air to eliminate the residual particles. The effluents from
the sampler were passed through a high efficiency particulate air (HEPA) filter to remove the non-sampled particles
before releasing them into the laboratory hood through an exhaust system.

The size distribution of the spark generated particles was measured using a SMPS system consisting of an electrostatic
classifier (3085, TSI, USA), condensation particle counter (CPC, 3025, TSI, USA), and aerosol charge neutralizer
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Fig. 1. Schematic of experimental setup.
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(Po-210, NRD, USA). The SMPS system was operated with a sample flow of 0.3 L/min, a sheath flow of 3 L/min,
and a scan time of 180 s (measurement range: 4.61-157 nm). The morphology and corresponding SAED patterns of
the particles were analyzed by high-resolution TEM (HRTEM, JEM-3010, JEOL, Japan) operated at 300kV. The
field-emission SEM (FESEM, JSM-6500F, JEOL, Japan) images and EDX (JED-2300, JEOL, Japan) profiles were
obtained at an accelerating voltage of 15 kV. The rate of generation and metal content of the particles were determined
by ICPAES (Elan 6000, Perkin-Elmer, USA). A particle-sampled PTFE membrane filter was dipped in a concentrated
acid medium (18 M H>SOy4, 22 M HF, 16 M HNO3). The metal content was obtained by a comparison with standard
solutions in the same medium. XRD of the particles were carried out on a Rigaku RINT-2100 diffractometer equipped
with a thin-film attachment using Cu-Ko radiation (40kV, 40 mA). The 260angles ranged from 10° to 100° with a scan
rate of 4°/min by step scanning at an interval of 0.08°. The particle size of the metal was calculated from the XRD
spectra in accordance with Scherrer’s formula (r = 0.94/(B cos 0)).

3. Results and discussion

Fig. 2 shows the size distribution of the spark generated monometallic (Pd, Pt, Au, and Ag) aerosol particles. The
particle concentrations were different(Au > Pt > Pd > Ag), even though the electric power was constant as 6 wt for
spark at 667 Hz. Detail parameters of the size distributions are summarized in Table 1. The generation rates of Ag, Pd,
Pt, and Au particles were 0.12, 1.68, 16.00, and 40.30 pg/min, respectively.

Fig. 3 shows the morphology, composition, and structure of the Pd and Au monometallic particles. Both SEM
micrographs (Fig. 3a) show the mean sizes of the Pd and Au particles to be ~25 and ~45nm, respectively, which
agrees well with the SMPS data shown in Fig. 2. Fig. 3a also shows the EDX profiles of the particles, which contained
peaks for Pd and Au, respectively. Fig. 3b shows TEM micrographs, from which the white spots in the SEM micrographs
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Fig. 2. Particle size distribution of monometallic particles.

Table 1
Size distribution of monometallic particles

Ag Pd Pt Au
Geometric mean diameter (nm) 1491 26.66 37.68 48.79
Geometric standard deviation 1.38 1.43 1.53 1.48
Total concentration (cm ™) 9.45E + 05 3.36E + 06 5.60E + 06 7.75E + 06

Total surface particle area (nm?/cm?) 1.80E + 08 1.92E + 09 6.91E + 09 1.54E + 10
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Fig. 3. Morphology, composition, and structure of Pd and Au monometallic particles. (a) SEM micrographs and EDX profiles. (b) TEM micrographs
and SAED patterns.

were agglomerates consisting of primary Pd and Au particles. Fig. 3b also shows the size distribution of the primary
particles. The mean diameter of the Pd and Au primary particles were 2.6 and 3.5 nm, respectively. The SAED patterns
(also shown in Fig. 3b) of Pd and Au particles showed clear diffraction Debye—Scherrer rings of the [1 1 1] and [200]
reflections and a weak diffraction ring of the [22 0] reflection. Fig. 4 shows the X-ray diffractions of Pd, Pt, Au, and
Ag particles. Four characteristic peaks for Pd (20 =40.1, 46.7, 68.1, and 82.1°), Pt (20 = 39.8, 46.2, 67.4, and 81.3°),
Au (20 =138.2, 444, 64.6, and 77.5°), and Ag (20 =38.1, 44.3, 64.4, and 77.5°) were observed and marked by the
[111],[200],[220], and [3 1 1] planes. The SAED patterns and XRD data indicate that the spark generated Pd and Au
particles were face-centered cubic (fcc) crystallites. The peak intensity was the highest for Au on account of its largest
amount and size (refer to Fig. 2). The average particle sizes estimated from XRD line broadening of the [1 1 1] peak,
according to Scherrer’s formula, were 1.6, 2.1, 2.4, and 3.4 nm for Ag, Pd, Pt, and Au, respectively. The average sizes
were slightly smaller than those obtained by TEM, due to interference of the glass fiber containing SiO; and impurities
during the XRD measurement.

Obtaining these primary metal particles by spark generation requires the growth of clusters with a magic number
(Oleshko, 2006), N =1/ 3(10m3 +15m2+11m + 3), of metal atoms filling a layer around the central atom, where m is
the number of metal layers. A spark channel is formed when the applied voltage is beyond a critical value. This results in
the generation of energetic electrons and ions (Artamonov, Krasov, & Paperny, 2001; Holland, 1956; Krasik et al., 2006;
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Fig. 4. XRD pattern of monometallic particles.

Table 2
Parameter of monometallic particle generation

Element Melting temperature (K) Relative sputtering rate Tonization potential (eV)
Ag 1234.9 1.20 7.58
Pd 1828.0 0.85 8.33
Pt 2041.4 0.60 9.00
Au 1337.3 1.00 9.22

Marusina & Filimonenko, 1984), which collide with the anode and cathode (Borra, Goldman, Goldman, & Boulaud,
1998), respectively. Metal atoms are detached from the electrodes by ion bombardment (sputtering). Some of the atoms
can be ionized after being collided by energetic electrons. Consequently, the ionized metals with electrons and neutral
metals can co-exist in direct spatial coincidence near the channel (Krasik et al., 2006). Since a high temperature spark
channel is formed (Berkowitz & Walter, 1987; Borra, 2006), a part of the electrodes can evaporate. These gaseous
metals are transported downstream of the spark channel by the nitrogen gas flow, where the primary particles are
formed under the condition of high supersaturation and subsequent nucleation/condensation (Borra, 2006). Therefore,
the plausible parameters for metal particle generation are the melting temperature, sputtering rate (Mizsei, Sipild, &
Lantto, 1998; Quorum Technologies, 2007), and ionization potential (Neogrady, Kello, Urban, & Sadlej, 1997) of the
metals. The ionization potential of an atom is the energy required to remove of electrons from isolated gaseous atoms,
and a higher ionization potential of the material favors atom enrichment (Harada et al., 2005; Wang, Chung, & Perng,
2006) near the spark channel. Table 2 shows the parameters for Ag, Pd, Pt and Au. The highest ionization potential of
Au atom (9.22 eV) suggests that Au tends to remain in the neutral state. Therefore, the largest amount of Au atoms can
be formed before the formation of clusters and primary particles of Au. The results imply a hypothesis that there is a
correlation between the ionization potential and the generation rate.

Fig. 5 shows the size distribution of spark generated bimetallic aerosol particles. Detail parameters of the size
distributions are summarized in Table 3. The size distribution for any bimetal combination was between the size
distributions of the two monometallic cases (see Fig. 2), which suggests the simple mixing of two individual spark
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Fig. 5. Particle size distribution of bimetallic particles.
Table 3
Size distribution of bimetallic particles
Anode(+) : cathode(—) Pd:Ag Ag:Pd Pd:Pt Pt:Pd Pd:Au Au:Pd
Geometric mean diameter (nm) 22.07 19.01 28.42 32.32 29.15 31.65
Geometric standard deviation 1.46 1.41 1.45 1.46 1.48 1.47
Total concentration (cm™2) 2.20E + 06 1.78E + 06 4.41E + 06 4.76E + 06 4.45E + 06 5.20E + 06
Total surface particle area (nm? /cm?) 1.01E + 09 5.21E + 08 2.19E + 10 4.09E + 09 3.12E + 09 4.31E 4+ 09

Table 4

Metal fraction and generation rate of bimetallic particles

Element (anode(+) : cathode(—))

Mass fraction

Particle generation rate ([1g/ min)

Pd:Ag
Ag:Pd
Pd:Pt
Pt:Pd
Pd:Au
Au:Pd

0.85:0.15
0.25:0.75
0.52:0.47
0.68:0.32
0.59:0.41
0.70:0.30

0.66
0.28
2.64
6.28
3.78
6.88

generated materials. The polarity of the electrodes in each bimetal combination strongly affected the size distribution.
Table 4 shows the corresponding mass fractions and generation rates. When the ionization potential of an anode material
was higher than that of a cathode material, the hypothesis that there is a correlation between the ionization potential and
the generation rate was valid. It is interesting that even if the ionization potential of the anode material was lower than
that of the cathode material, the generation rate of the anode metal particles was higher than that of the cathode metal
particles. This might be caused by higher temperature channel formed near the anode and thus higher evaporation and
subsequent nucleation/condensation near the anode (Artamonov et al., 2001; Borra et al., 1998; Krasik et al., 2006).
On the other hand, for the Pd—Ag sparks (Ag(+) : Pd(—) and Pd(+4) : Ag(—)), Pd always had a higher fraction than
Ag regardless of the electrode polarity. This might be due to the large difference in the concentrations of Ag and Pd,

as shown in Table 1.
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Fig. 6. Morphology, composition, and structure of Pd: Au bimetallic particles. (a) SEM micrograph and EDX profile. (b) TEM micrograph and SAED
pattern.
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Fig. 7. XRD pattern of bimetallic particles.

Fig. 6 shows the morphology, composition, and structure of the bimetallic Pd(+4) : Au(—) particles. SEM (Fig. 6a)
shows that the mean size of the particles was approximately 34 nm, which corresponds to the results shown in Table 3
(29.15 nm). The corresponding EDX profile shows that both Pd and Au particles were contained in the agglomerated
particles. TEM (Fig. 6b) showed that the bimetallic particles consisted of primary particles of almost uniform size
(24 nm) but it could not be determined if the primary particles were a binary mixture or an alloy. Fig. 6b also shows
the corresponding SAED pattern to the TEM micrograph. This pattern consists of overlapping rings of individual
monometallic particles of Pd and Au, showing [11 1], [200], and [22 0] reflections of the fcc lattice of monometallic
Pd and Au. This SAED pattern suggests that the Pd:Au particles obtained were not alloys but had a structure similar
to the combined structure of monometallic Pd and Au particles.
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In order to determine if the bimetallic particles were a binary mixture or an alloy, the XRD patterns (Fig. 7) of the
Ag(+) : Pd(—), Pt(+) : Pd(—), and Au(+) : Pd(—) particles were obtained. The diffraction patterns of all bimetallic
particles consisted of two consecutive peaks at [1 1 1], [200], and [22 0] planes for the two individual materials. The
XRD patterns did not show any other additional peaks other than those for the two mono metals, indicating that a
simple binary metal mixture had been formed instead of an alloy. Therefore, particles existed stably as a monometallic
phase during heterogeneous spark generation even though they had agglomerated. Peak broadening analyses of the
[11 1] peaks of all bimetallic particles indicated an average crystal size ranging from 1 to 3 nm (from Ag(+) : Pd(—) to
Au(+) : Pd(—)), and their crystal sizes were comparable to those obtained by TEM. Furthermore, Pd(+) heterogeneous
sparks (not shown in Fig. 7) show that the locations of their peaks were the same as the Pd(—) sparks but their intensities
were changed due to the different metal fractions, as described in Table 4.

As discussed with the generation of monometallic particles, gaseous bimetal species from metal 1 and metal 2
electrodes are generated once a high temperature spark channel is formed. If the condensation temperature of metal 1
is higher than that of metal 2, the condensation of metal 1 vapor to liquid progresses more rapidly than that of metal
2 when these metal vapors are swept out from the spark channel by the nitrogen gas flow. During this process, liquid
metal 1 can be pushed from the mixture vapor of metals 1 and 2 toward the interface, where the mixture is separated by
the nitrogen gas, due to the temperature gradient between the mixture and nitrogen gas (Zheng, 2002). Simultaneously,
metal 2 near the interface begins to condense into a liquid during the movement of metal 1. Further cooling by nitrogen
gas flow can induce the solidification of the separately remaining liquid metals into two primary monometallic particles.
These two monometallic particles then coagulate to form agglomerates (Borra, 2006).

4. Conclusions

The Ag, Pd, Pt, and Au monometallic particles were agglomerates with mean diameters of 14.9, 26.7, 37.7, and
48.8 nm, respectively, consisting of primary particles ranging in size from 2 to 4 nm (Ag < Pd < Pt < Au). The structure
of these particles was fcc. The corresponding rates of particle generation were 0.12, 1.68, 16.00, and 40.30 pg/min.
The higher ionization potential of an Au atom (9.22eV) caused larger clusters and primary particles of Au. A
hypothesis was suggested that there is a correlation between the generation rate and the ionization potential of a
metal (Ag <Pd <Pt < Au). The bimetallic particles were found to be binary mixtures (not alloys) of two individual
monometallic particles even though they had agglomerated. The composition of the bimetallic particles was mea-
sured at various combinations of materials and polarity of the spark electrode. The polarity of the electrodes in each
bimetal combination strongly affected the size distribution. The rates of particle generation (or mass fractions of Pd)
of Pd(+) : Pt(—), Pd(+) : Au(—), Pd(+) : Ag(—) were 2.64 (0.52), 3.78 (0.59), 0.66 (0.85) pg/min, respectively.
However, the rates of particle generation (or mass fractions of Pd) were 6.28 (0.32), 6.88 (0.30), 0.28 (0.75) pg/min,
respectively, when the polarity was switched. When the ionization potential of an anode material was higher than that of
a cathode material, the hypothesis that there is a correlation between the ionization potential and the generation rate was
valid. Even if the ionization potential of the anode material was lower than that of the cathode material, the generation
rate of the anode metal particles was higher than that of the cathode metal particles. This might be caused by higher
temperature channel formed near the anode and thus higher evaporation and subsequent nucleation/condensation near
the anode. For Pd—Pt and Pd—Au sparks, the mass fractions of the anode materials were higher than those of the cathode
materials. On the other hand, for the Pd—Ag sparks (Pd(+) : Ag(—) and Ag(+) : Pd(—)), Pd always had higher mass
fraction than Ag regardless of the electrode polarity.
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