2. Nanoparticle synthesis by spark generation (SG)

2.1 Introduction

2.1.1SGs of aerosol monometallic and bimetallic nanopaidles

Transition metals, due to their conspicuous physiemical properties, have received
considerable attention in many fielfshen et al., 2003; Mizsei et al., 1998; Sun et2004]
and furthermore, the activity and selectivity oé timetal particles can be improved by adding
the second and/or the third component to the niPiki et al., 1999; Lambert et al., 2006;
Toshima et al., 1989, 1991 & 1998imetallic nanopatrticles of transition elementsstitute
an extensive class for size-dependent electride@mécal, and optical properties that have
attracted considerable interest in both acadentairadustry[Cadenas & Oliva, 2003; Liu et
al.,, 1992; Patel et al., 2005; Tai et al., 2005nyat al., 2004] They are particularly
important in the field of catalysis since they aoftexhibit better properties than their
monometallic counterpari®evarajan et al., 2005; Karski et al., 2005].

There are many investigations of generations of aliiet nanoparticles, most
generations were performed in liquid solution contey metal ions, reductants and some
polymers (protecting agents), so generations haa&lynbeen limited to the colloid particles.
Moreover, adding both reducing and protecting agatgo highlights the complexity of the
generation[Yang et al., 2004] Recently, investigations have focused much atterio the
characters of the “naked” transition metal nandplag because a strong metal-polymer
interaction such as metal-support interaction (SMS&Shot formedHarada et al., 2005]The
naked transition metal particles are anticipatedaggropriate materials to investigate their
surface structures and geometries. Other genesatibrthe metallic nanoparticles, as an

applicable method for naked particle generatiorrewsocessed by pyrolysis, flame, chemical
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vapor deposition, and sputtering. However, thesegases demand either high temperatures
or a highly vacuumed environment, which are expentd operat¢lLu & Lin, 2000].

Spark generation has been used to generate thelgmfor a wide range of conductive
materials with particles sizes ranging from sevesiometers up to ~1Q0n in aerosol state
[Horvath & Gangl, 2003; Kim & Chang, 2005; Schwynhat., 1088; Simonin et al., 2007;
DeVoe et al., 1989]Spark generation of particles in aerosol state dtane advantages for
simple, high purity, easily deliverable, and enmitentally friend, however, the characteristics

of the spark generation of metallic nanoparticleseararely reported in the literature.

In this section, the generations of monometalligllgaium (Pd), platinum (Pt), gold
(Au) and silver (Ag)) and bimetallic (Pd-Pt, Pd-Aamd Pd-Ag) aerosol nanoparticles were
reported by homogeneous (spark between two idémtiaterial electrodes) and heterogeneous
(spark between two different material electrodg®rk generation sets, respectively. Size
distribution, generation rate, morphology, and ctite of the obtained particles were
characterized by scanning mobility particle siZzéMPS), SEM, EDX, TEM, ICP-AES, and
XRD methods. Finally, mechanisms for spark genenatiof the monometallic and bimetallic

particles were proposed.

2.1.2 SGs of aerosol carbon nanoparticles

Even though conventional activated carbon has hégsly used for removal of VOC,
problems associated with its short and unpredietéifdd spans need to be solved. The present
study first introduces an idea of removing BTX gasa controllable way through carbon
aerosol particles produced by a spark generatoremada laboratory A commercially
available spark generator developedHmslsper et al. (1999)Palas GFG 1000, has recently

been used for production of the heterogeneous cignaif reactive gasg&amm et al., 1999]
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and has been used for production of the role obresl water in reactivitfKalberer et al.,
1999; Kuznetsov et al., 2003However, there have been no published studiegQ@T gas

removal by carbon airborne particles generatednigytype of spark generator.

2.1.3 SGs of aerosol carbon-encapsulated metal nanopahts

(CEMNS)

Nanocrystalline metal particles have the disadgmtaf being prone to rapid
environmental degradation, on account of their tsghface area to volume ratio and high
reactivity. This tends to limit the potential priael applications and even scientific evaluation
of the nanocrystalline propertigblost et al., 1998b; Hwang et al., 1997; Lu et aD05;
Xiaomin et al., 2006]The encapsulation of nanocrystal metal partieligs chemically stable
species, such as graphite carbon layers, has besemt breakthrough in this regdkthyashi
et al., 1996; Hwang et al., 1997; Jiao & Seraph898 & 2000; Saito et al., 1994; Teng et al.,
2007; Xiaomin et al., 2006]Carbon encapsulated metal nanoparticles (CEMNs) have
applications in ferrofluids, sensor devices, hy@mgtorage, xerography, micro-machinery,
recording media, and biomedical applicatipAag et al., 2004; Flahaut et al., 2002; Host et
al., 1997 & 1998a; Huo et al., 2007; Hwang et H997; Seo et al., 2006; Setlur et al., 1998;
Wang et al., 2003JAmong the many types of CEMNs with various cor&emals, those with
iron group metals (nickel, cobalt, and iron) argafticular interest, not only because of their
ferromagnetic properties, but also because thegdalsneave a unique catalyzing ability to
transform carbon into graphif®ing et al., 2006; Dravid et al., 1995; Little, @) Lu et al.,
2005; Saito et al., 1993a, 1993b & 1994; Seraphiml.e 1996; Setlur et al., 1998; Tomita et

al., 2000; Wang et al., 20Q7]
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The arc synthesis of CEMNANg et al., 2004; Flahaut et al., 2002; Host et 2997,
1998a & 1998b; Hwang et al., 1997; Jiao and Semgd898 & 2000; Saito et al., 1993a &
1994; Teng et al., 2007; Tomita et al., 2Q0@hich involves the evaporation of a metal-
inserted graphite anode in an inert atmospherayines) high power exceeding 1 kW and
expensive vacuum systems to generate the plapfuss et al., 1997 & 1998b; Huo et al.,
2007; Hwang et al., 1997; Jiao & Seraphin, 1998et.al., 2005; Saito et al., 1994; Sano et al.,
2002; Sergiienko et al.,, 2006; Wang et al., 200Mpreover, the arc method produces
unwanted byproducts, such as carbon nanotubes amafilbers, due to the harsh synthetic
conditions arising from high energy generated dytive process. Here we present the aerosol
synthesis of CEMNs at ambient condition in a cardgus manner through a nickel-graphite
spark without the use of vacuum or special opegationditions. The morphology and
structure of the synthesized particles were exagninsing high resolution transmission
microscopy (HRTEM), selected area electron diffitact(SAED), energy dispersive X-ray
spectroscopy (EDX), X-ray diffraction (XRD), and iRan spectroscopy. The particles were
sampled on a porous carbon-coated copper gridddaat a polyamide membrane filter (for

use in HRTEM, SAED, and EDX) or on a glass plate (fse in XRD and Raman).
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2.2 Materials and Methods
2.2.1 Preparations and characterizations of aerosol mometallic

and bimetallic nanoparticles

The schematic setup for the spark generation isctdgbin Figure 24. A spark was
generated between two identical (homogeneous spadijferent (heterogeneous spark) metal
rods (diameter: 3 mm, length: 100 mm, Nilaco, Jaj@aside a generator (volume: 42.8%m
under a pure nitrogen environment (less thaf ibfpurities) at STRByeon et al., 2006]The
flow rate of the nitrogen gas, which was controltlgda mass flow controller (MKS, US), was
set to 3 L/min. The electrical circuit specificatfowere as follows: reistance of 0.50M
capacitance of 10 nF, loading current of 2 mA; egbloltage of 3.0 kV; and frequency of
667 Hz. The gas temperature inside the spark chavasincreased beyond a critical value
[Berkowitz & Walter, 1987] which was sufficient to sublimate some partshaf €lectrodes.
Since the duration of each spark was very short5(+iilliseconds) and the vapors were
rapidly cooled after spark was generated, supeetain was achieved and the nanoparticles
were formed by nucleation/condensation. The geeénaarticles carried by a flow of nitrogen
and then sampled on a carbon-coated copper gnidu¢® in TEM and SEM analyses) and a
glass fiber (for use in XRD analyses) located gmobtetrafluoroethylene (PTFE, for use in
EDX and ICP-AES analyses) membrane filter in a damp0 cm downstream of the spark
generator. The spark generator was periodicallgndd up with compressed dry particle-free
air to eliminate the residual particles. Effluefream the sampler were passed through a high
efficiency particulate air (HEPA) filter to removeotential non-sampled particles before

releasing them into the laboratory hood via theaesh system.
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Figure 24. Schematic setup of spark generation.

The size distribution of the spark generated padieovas measured by a SMPS system
comprising an electrostatic classifier (3085, T8§), condensation particle counter (CPC,
3025, TSI, US), and aerosol charge neutralizerAF®: The SMPS system was operated with
a sample flow of 0.3 L/min, sheath flow of 3 L/miand scan time of 180 seconds
(measurement range: 4.61-157 nm). The morphologies corresponding selected area
electron diffraction (SAED) patterns of the pae&lwere analyzed using a HRTEM (JEM-
3010, JEOL, Japan) operated at 300 kV. FESEM (JS80BB, JEOL, Japan) images and EDX
(JED-2300, JEOL, Japan) profiles were obtainednatiecelerating voltage of 15 kV. The
generation rate and metal content of the particlese determined by ICP-AES (Elan 6000,
Perkin-Elmer, US). A particles-sampled PTFE memérfiter was dissolved in concentrated
acids medium (18 mol litérH,SQO,, 22 mol lite!* HF, 14 mol litef HNOs). Metal contents

were obtained by comparison with standard solutinrike same medium. XRD studies of the
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particles were carried out on a Rigaku RINT-210fralitometer equipped with a thin-film
attachment using CKe radiation (40 kV, 40 mA). The62angles ranged from 10 to 10&t
4°/min by step scanning at an interval of 0.08he crystallite size of metal was calculated

from the XRD spectra in accordance with Scherrfersiwula.

2.2.2 Preparations and characterizations of aerosol daon

nanoparticles

A diagram of the experimental setup is shown iruFeR5. A cylindrical test duct with
a volume of 1,963 ci(5 cm (D)x100 cm (L)) with duralumin body was uded this study.
The carbon particles were stably generated fronsplagk generator. Two cylindrical graphite
rods (fine extruded, 6 mm (D) x 100 mm (L) eacha@rite Store, NC001310, US) were used
as electrodes, which were positioned in a glassnbea of 42.8 crhvolume. The spark
generator was operated at atmospheric temperahdepeessure and dry condition (< 1%
R.H.). The applied voltage of 2.5 kV caused spaidclthrge across the electrode gap,
vaporizing material from the receiving electrode gmoducing carbon particles by nucleation
of the vapor. These particles carried by a flownisfogen (purity of 99.9999%) entered the

test duct.

Carbon Aerosol Particle
Spark Generator Total VOC analyzer

Clean Air
Supply System

Test Duct

& — Exhaust

Al Plate for GIF Filter

SEM for BET
Analysis Analysis

—

MFC
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Figure 25. Experimental setup for tests of VOC ggltson-desorption.

The BTX gas with a mixing ratio of 0.47:0.45:0.09swsed as the reactant gas and
was acquired from a compressed gas cylinder atecration of 981.6 ppmv, with air as the
balanced gas. Flow rates of the BTX gas streanitangarticle free air stream were controlled
by two mass flow controllers, respectively, white tnitrogen flow rate was controlled by a
mass flow meter with a needle valve. The nitrodew tate ranged from 0.1 to 0.5 L/min, and
the total flow rate ranged from 2 to 10 L/min.

The overall removal efficiency of VOC gag) (s defined as the difference in the BTX
gas concentration between the inlet stream andutiet stream.

n1=(G-G)/G @)
where G and G are the inlet and the outlet BTX gas concentratippmv), respectively.
Concentrations of BTX gas were continuously measibiyea photoionization detection (PID)
gas analyzer (Kinsco Inc., Sniffell , lower detection limit of 0.01 ppmv), which moniso
TVOC at a sampling flow rate of 0.5 L/min.

The ratio between the supply rate of pore volumé e supply rate of BTX gas

volume (R) is

R =GQV,/CQfc 3)
where G (mg/nT) is the mass concentration of the generated capaaiicles, Q (fimin) is
the total-flow rate, Yis the pore volume () of the generated carbon particles, arid the
unit conversion factor (2.81xT0m*-BTX mole/g-BTX mole). For complete removal of BTX
gas (=1), R should be greater than 1, since all BTX gadecules are supposed to be

adsorbed on the pores of carbon particles.
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BET surface area (fty), micropore area (ffy), average pore diameter (A), micropore
volume (cn¥/g), and total pore volume (Gfg) of the particles were obtained by &sorption
at 77 K by using a micromeritics ASAP 2010. To deiee the mass concentration of the
particles (G), size distribution and number concentration &f generated carbon particles
were measured by a SMPS system at a sampling tavof 0.3 L/min. SEM of the generated

particles were obtained by using a SEM apparatasidge S250 MK2, operated at 20kV).

2.2.3 Preparations and characterizations of aerosol Q#Ns

In our spark generation apparatus, the spark wasrgted between a metal (Ni, Co, or
Fe) and graphite rod (each; 3 mm diameter, 100 emgth, Nilaco, Japan) in a chamber under
a pure nitrogen (less than 4@npurities) atmosphere at STByeon et al., 2006]The spark
was generated by a current of 2 mA; a voltage d@rop.4 kV with a frequency of 667 Hz
between the electrodes was kept stable by contsiytnanslating the graphite rod to the metal
rod to keep a constant distance (1 mm). The sphaknel increased the gas temperature
within the channel to above a critical va[Berkowitz & Walter, 1987ufficient to sublimate
parts of the electrodes. Since the duration of espetk was quite short (~1.5 milliseconds)
and the vapors cooled rapidly after the spark,pematuration was achieved and the particles
were formed by nucleation/condensatibtorvath & Gangl, 2003] These thermal processes
[Artamonov et al., 2001; Krasik et al., 20Q6ually occur near the anode, which is heated as a
result of the fast collisions of energetic electoresulting in a relatively strong spark channel
near the anode. Particles are also generatedmeaathode through thermal processes similar
to those occurring near the anode in addition tdtegng by ionic bombardmefBorra et al.,

1998] The nitrogen gas flow carried the spark genergimdicles as they exited the spark
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chamber. The nitrogen gas flow rate was 0.5 L/rfiime chamber was cleaned periodically

with compressed dry particle-free air to elimintite residual particles.

The non-purified spark generated particles werdyaad using various methods. High
resolution transmission electron microscopy (HRTEHEM-3010, JEOL, Japan) was operated
at 300 kV with electron diffraction and energy disgive X-ray spectroscopy (EDX, Oxford).
The selected area electron diffraction (SAED) patef the particles were used to determine
the crystalline phase. The interlayer spacing & particles was calculated using digital
micrograph software and TEM. The EDX patterns & #elected local areas were used to
determine the elemental composition of the padickeray diffraction (XRD, Rigaku D/max-
2100, Japan) operated with Culkadiation £=154.178 pm) at a step size of 0.0&s used to
analyze the phases. Raman spectroscopy (T64000)AB2RJobin Yvon, France) was used
to determine the level of graphitization in thetmdes. The laser excitation wavelength was

514.5 nm.
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2.3 Results and discussion

2.3.1 Properties and mechanisms of SGs aerosol monometatnd

bimetallic nanoparticles

Figure 26 shows the particle size distributionsdrk generated monometallic aerosol
nanoparticles. The geometric mean diameters aatlriatnber concentrations for Pd, Pt, Au,
and Ag homogeneous sparks were 26.7 and 3.36,3Z07 and 5.60 x £048.8 and 7.75 x
10°, and 14.9 nm and 9.45 x °l@articles/cry respectively, and the order of particle

concentrations was Au > Pt > Pd > Ag although ajmraonditions of each spark were same.
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Figure 26. Particle size distributions of monometaianoparticles.
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Figure 27. Morphological, chemical and structurabults of Pd and Au monometallic
nanoparticles. (a) SEM micrographs and EDX profilgy TEM micrographs and SAED

patterns.

Figure 27 shows the morphological, chemical, anducsitral results of the
monometallic nanoparticles. Here, the results émiythe Pd and Au particles by reason of no
remarkable morphological differences were shownramihe Pd, Pt, Au, and Ag particles.
Both SEM micrographs (inset of Figure 27(a)) foe dd and Au show that the particles are
existed as a form of agglomerate consisted of abyeimary particles. The mean sizes of the

Pd and Au agglomerated particles are ~25 and ~45respectively, and the sizes are well
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corresponded to the results in Figure 26. Figural2@ shows EDX profiles of the Pd and Au
particles. From the EDX profiles, it was found thedch case contained Pd and Au,
respectively. Figure 27(b) shows the TEM microgsaphthich clearly reveal the spherical-
shaped primary particles for the Pd and Au in agglate. Size distributions of each primary
particle also depicted in the TEM micrographs, tiean diameters of Pd and Au particles are
2.6 and 3.5nm, respectively. Both SAED patternso(@hown in Figure 27(b)) of the Pd and
Au particles have clear diffraction Debye-Schemniegs showing [111] and [200] reflections
and weak diffraction ring shown [200] of the fcttiges of metallic Pd and Au. This indicates

that spark generated patrticles are pure crystllite
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Figure 28. X-ray diffractograms of monometallic oparticles.
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To clearly distinguish the crystalline phase of thenometallic particles, further
measurements the X-ray diffractions (Figure 28)tted Pd, Pt, Au and Ag particles were
performed. Four characteristic peaks for P@l $240.1, 46.7, 68.1, and 82)1Pt (® = 39.8,
46.2, 67.4, and 81°8 Au (20 = 38.2, 44.4, 64.6, and 77)5and Ag (® = 38.1, 44.3, 64.4,
and 77.8) marked by their indices of [111], [200], [220hca[311] were observed. These also
revealed that the spark generated particles aefparmetals. The sharpness (Au > Pt > Pd >
Ag) of the peak is the highest for Au because @f ldrgest amount of the Au particles.
Furthermore, the average crystallite sizes werdéuated according to Scherrer’s formula and
the results are also shown in Figure 28. The aees&#es were slightly smaller than those in
TEM results. This might be due to an interferendeglass fiber (containing silica and

impurities) during the measurement.
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Figure 29. Mechanism of spark generated monometadinoparticles.
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A proposed mechanism of the monometallic particlesng the spark generation is
depicted in Figure 29. The mechanism can be bedtratand by proceeding along the two
routes for metal atom (to be condensed to solitigh@y generation during the process. One is
the electrostatic atom generation via reductiormetal ion and sputtering of material; the
other is the thermal atom generation. The certpipli@d voltage caused spark generation
across the electrode gap, and the energetic etectitision (near the anod@irtamonov et
al.,, 2001; Holland, 1956; Krasik et al.,, 2006; Msina & Filimonenko, 1984Jand ion
bombardment (sputtering, near the cathd8eyra et al., 1998hre performed, and thus high
temperature spark channel can be formed. The textyperprofile (as shown in Figure 29) of
the spark generator was calculated for an assuemeplerature (5,000 K) of the spark channel
using a commercial computational fluid dynamics DEFcode (Fluent 6.3) with a finite
volume grid containing approximately 9,000 celleaN the spark channel, vapor containing
highly ionized (metal ion) and neutral (metal atongtal speciefKrasik et al., 2006gxists in
direct spatial coincidence with the channel. Wiiile vapor is transported by nitrogen gas to
exit of the spark generator, where cluster growalicleation) having magic number of metal
atom to be formed the primary partigldarada et al., 2005; Oleshko, 20G&jcurs under a
condition of high supersaturation, and follows hgeeous condensation. When the vapor
temperature reaches at the certain low point bpgen flow, the cluster condensed to primary
metal particle while residual ionized species amoima may also flow out of the spark
generator. The concentration of primary particlesild be determined by amount of
condensed clusters during the condensation prg@éssg et al., 2001]As discussed earlier
(Figure 26), the amount of the particles is in orafeAu > Pt > Pd > Ag. This corresponds that
the highest amount of clusters existed for the parls. According to known mechanism

[Artamonov et al., 2001; Krasik et al., 2008 spark generation, this ordering may be due to
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several parameters, such as melting (thermodynapoicy}, ionization potentigdiNeogrady et
al., 1997] and sputtering ratpMizsei et al., 1998Jof materials. Table 6 displays the above
parameters relating to the results for the partygeeration. From either thermodynamic or
sputtering point of view, Ag particle enrichmentutth be foreseeable but this expectation
mismatched to results of the particle generatiofss indicates that particle generation
characteristics (or rates) depended on neitheringetioint nor sputtering rate of electrode
material. On the other hand, ionization potentidlthe electrode materials are well matched to
the generations. The ionization potential of anmats the energy required to remove of
electrons from isolated gaseous atoms, and sulalgnthe higher ionization potential of the
material favors to the particle enrichment in thar& generatiofHarada et al., 2005; Wang et
al., 2006] The ionization potential of Ag atom (7.58 eV)kisown to be the lowest in the
experiments (Au: 9.22 eV, Pt: 9.00 eV, Pd: 8.23.éWis means that Ag spark has the highest
concentration of highly ionized silver ions due its low ionization potential, so atom
formation (reduction of Ag ion) rate was the slotvasthe experiments, subsequently, the
lowest concentration of clusters (multi-atom stouetwith a magic number to be condensed)
were formed at the early period of the condensatimr the Au case, having the highest
ionization potential in the experiments, the atarmation rate of Au ion is the fastest, and
subsequently, the highest amount of Au atoms imdor before the formation of cluster.
Finally, different cluster concentrations of theeatode materials possibly followed the
different particle generation rates (Au > Pt > PdAg). To verify this description, ion
concentration in effluents of the spark generatioras also checked, and the data also
displayed in Table 6. Unfortunately, we could nourdd a correlation between particle
generation and residual ion concentration undeizétion potential point of view, by this

approach, the highest particle generation ratedcdnd followed the lowest residual ion
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concentration. One possible reason for this mismascan unconsidered coincidence of
residual metal ions and thermally generated ifhang et al., 2007; Maricq, 200%].e.

nitrogen ions) during the spark generation, this@dence might be redistributed the residual
ion concentration. Correspondingly, the spark gateer particles were electrically charged
with the Boltzmann charge distribution (or eledtig neutral state); this result is a general

phenomenon for particle generation under high teatpee environment.

Table 6 Generation rates of monometallic nanogasgtiwith relating parameters

. L Particle Residual ion
. . Relative lonization . .
Element Melting point (Kg . . generation rat concentration
puttering ratepotential (eV) : . P
(mg/min) (ions/nT)
Pd 1828.0 0.85 8.33 1.68xi0  1.2x10*
Pt 2041.4 0.60 9.00 1.60xt0  2.2x1d*
Au 1337.3 1.00 9.22 4.03xt0 1.6x10*
Ag 1234.9 1.20 7.58 1.22x10 1.0x10*
1.8E+07
Pd:Pt Pt:Pd Pd:Au Au:Pd Pd:Ag Ag:Pd
Leksor S;‘:n":g‘;man 28.42 32.32 29.15 31.65 22.07 19.01
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Figure 30. Particle size distributions of bimetattienoparticles.
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Figure 30 shows the particle size distributionsspérk generated bimetallic aerosol
nanoparticles. The geometric mean diameters aatrtoimber concentrations for Pd:Pt, Pt:Pd,
Pd:Au, Au:Pd, Pd:Ag, and Ag:Pd (denoted the anadkode of spark set) heterogeneous
sparks were 28.4, 32.3, 29.2, 31.7, 22.1, and &aQand 4.41, 4.76, 4.45, 5.20, 2.20, and
1.78 x 16 particles/cm} respectively. The size distributions are locasedbetween each
monometallic particle size distribution as showrFigure 26. These locations originated from
a simple mixing of high and low amounts generaspgrk electrode materials. Furthermore,
the diameters and concentrations of the partidesmged by switching the electrode polarity
because of a work difference between arf@ddamonov et al., 2001; Holland, 1956; Krasik et
al., 2006; Marusina & Filimonenko, 1984dhd cathod¢Borra et al., 1998]A thermal process
preferentially occur near the anode where was Hedtee to fast collisions of energetic
electrons, resulting in relatively strong spark rofel near the anode. Corresponding mass
fractions and generation rates are displayed iner@b For Pd-Pt and Pd-Au sparks, mass
fractions of anode materials are higher than tlodsmthode materials. On the other hand, for
Pd-Ag sparks (Pd:Ag and Ag:Pd), Pd has higheristadhan Ag (although Ag fraction was
slightly changed from 0.15 to 0.25) regardlessletteode polarity. This may be due to a great

difference of particle generation rate between il Ag.
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Figure 31. Morphological, chemical and structuedults of Pd:Au bimetallic nanoparticles.

(a) SEM micrograph and EDX profile. (b) TEM micragh and SAED pattern.

Table 7 Metal fractions and generation rates ofe@ltic nanoparticles

Element Mass Traction Particle generation rate (mg/min)
(M1:M2) (M1:M2)

Pd:Pt 0.52:0.47 2.64x10

Pt:Pd 0.68:0.32 6.28xT0

Pd:Au 0.59:0.41 3.78x10

Au:Pd 0.70:0.30 6.88x10

Pd:Ag 0.85:0.15 6.62x10

Ag:Pd 0.25:0.75 2.81x10

Figure 31 shows the morphological, chemical, amdctiral results of the bimetallic
Pd:Au nanopatrticles, which followed the resultsnadnometallic Pd and Au monometallic
nanoparticles. The SEM micrograph (Figure 31(apwshthe agglomerate particles, and its
result is not considerably different from monomigbarticles as shown in Figure 27(a). The

mean size of the Pd:Au agglomerate particles isaqipately 34 nm, and the size is well
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corresponded to the results in Figure 30. CorredipgnEDX profile suggested that both Pd
and Au particles are contained in the agglomeraigigles. The TEM micrograph (Figure

31(b)) demonstrates that the bimetallic particles @mposed of ultrafine spherical particles
of almost uniform size (2-4 nm) although an acaidéentification whether binary mixture or

alloy is difficult. Figure 31(b) also shows the wmsponding SAED pattern to the TEM

micrograph, this pattern consists of overlappingg rdots of the individual monometallic

particles of Pd and Au, showing [111], [200], arkR(Q] reflections of the fcc lattice of

monometallic Pd and Au. This indicates that theltast Pd:Au particles are not alloyed, and
have a structure similar to the physical mixing gathering of monometallic Pd and Au
particles prepared separately.

In order to clearly examine whether the bimetgligcticles are a binary mixture or are
an alloy, further measurements the X-ray diffratsidFigure 32) of the Pd:Pt, Pd:Au, and
Pd:Ag particles were performed. The diffraction tpats of all the bimetallic particles
consisted of two consecutive peaks at [111], [2@0Jd [220] planes for two individual
materials while the diffractograms obtained for éiallic particles do not show any other
additional peak, indicating the formation of simplenetallic mixture, not alloy phase. A lack
of thermal energy during the particle formationdgdo a mixing of monometallic particles.
Therefore, it could be concluded that particlessiably existed as monometallic phase during
the heterogeneous spark generations and then agglted each other. Peak broadening
analyses on [111] peaks of all the bimetallic géet indicated an average crystal size ranging
from 2 to 4 nm (from Ag:Pd to Au:Pd), indicatingaththe crystal sizes are comparable with
those TEM results. Furthermores, for Pd(-) hetemegeas sparks, having different metal

fractions from Pd(+) heterogeneous sparks, as showigure 32, locations of their peaks
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were same with the Pd(+) sparks but their intessithanged due to the different metal

fractions (not shown in Figure 32).

Crystal Size (by Scherrer’s Eq.)

Pd:Pt- Pd: 1.8 nm, Pt: 1.9 nm
Pd:Au- Pd: 1.1 nm Au: 2.3 nm

Pd:Ag- Pd: 1.6 nm Ag: 0.7 nm
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Figure 32. X-ray diffractograms of bimetallic naaoticles.

Based on the results, a mechanism of the bimetaiooparticles during the
heterogeneous spark generation (Figure 33) waopeap General mechanism is similar to the
previous description (Figure 29), so in this dgsan focused on the formation of mixture
(not alloy) bimetallic nanoparticles. Before consaiion, two metal atoms were co-existed as
gas phase in spark channel, and, subsequently(itig higher melting point) are separated
(or expelled) from M1s+M2s atom cloud due to a mhephoretic effect at early period of

condensation, indicating the no diffusion of M1oif12 matrix. The expulsion is a common
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phenomenon in alloy systems, and might be drivera lmumber of factors, such as surface
energy, affinity of gases, heat of melt (or subliot® and strain enerdgyVang et al., 2006]In

the experiments, different melting point betweenegisted two materials might drive the
expulsion by existing Ngas flow. When is subjected to condensing (or goieig) the metal
atoms, since the melting point of M1 is higher tid@, M1s will migrate from M1s+M2s
atom cloud to outer region due to thermophoretiectf The separated atoms (M1 and M2)
with each magic humber then subsequently condetasedch monometallic primary particle
at low temperature region. Two monometallic pagschre then agglomerate together to form

larger particles.

M, : Metal-1 ion

M, : Metal-2 ion

n: Number of elementary charges

e : Electron

M, : Electrostatically generated metal-1 atom
M, : Electrostatically generated metal-2 atom
M, : Thermally generated metal-1 atom

M, : Thermally generated metal-2 atom

M, Sputtered metal atom
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Figure 33. Mechanism of spark generated bimeta#ivoparticles.
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2.3.2 Textural properties and VOC removal of SG aerosalarbon

nanoparticles

The size distribution of the particles obtainedSMPS is shown in Figure 34. The
size ranged from several tens to hundreds of natewsand their geometric mean diameter
was about 95 nm, resulting in the total mass caneton of about 1.31 g/finFigure 34 also
shows a SEM micrograph (x20,000) of carbon pasiclewas expected that the aggregates,
composed of primary nanoparticles, might contrittot¢he increase of the BET surface area

and total pore volume, and thus, to higher chaf®&Qd&C adsorption onto the carbon particles.
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Figure 34. Morphology and size distribution of gexted carbon particles.
Table 8 summarizes the characteristics of the cargmphite electrode, spark

generated carbon patrticles, and conventional detivearbon. Table 9 summarizes the data of

n and R for BTX gas. The total pore volume (for <7&%f pore size) of 1.62 cify and
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micropore volume (<20.9 A) of 0.033 &m were used in the calculations of &d R, (refer

to Eq.(3)), respectively. The theoretical valueRofequired for the complete removal of BTX
gas is 1.0 if all gas molecules are assumed tadberbed in all the pores of carbon patrticles.
For R, however, the removal efficienayfor 0.983 minutes of residence time and 0.5 ppmv
of BTX gas initial concentration was 4%, even thiotige supply rate of pore volume was 4.24
times higher than the supply rate of BTX gas voluBwch a low removal efficiency might be
caused by inadequate BTX gas-to-particle collisiomhich depend on the pore size
distribution of the particles. When the residengetwas 0.483 or 0.2 minutes for 0.5 ppmv of
BTX gas concentration, the removal efficiency counlat be obtained due to the relatively
shorter particle residence time. With 1.0 ppmv Bgas, the removal efficiency could not be

obtained, regardless of residence time, due tactidtke limit of the gas analyzer.

Table 8 Properties of the graphite rod, the geedratarbon particles, and conventional

activated carbon

. Average . Total
BET Micropore Microporosity Pore Micropore Pore
Samples Surface Area (m?g, < '2/ Di t Volume Volume
Area (m?g) 20.94) (%) |a(r:1£ er (cm®g) (cmig, <
769A)
Carbon
Graphite 6.66 0.24 3.54 118 ~0 0.012
Electrodes
Spark
Generated 639 29 451 104 0.033 1.62
arbon
Particles
Conventional
Activated 800-1,500 300-1,000 20-60 ~20 0.3-1.4 0.5-2.0
Carbon

The values of R were obtained with Eq.(3) based on micropore velurather than
the total pore volume, and are also listed in T&blall the values of R are much lower than

1.0. Therefore, such a low removal efficiency of afight be caused by the insufficient supply
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of micropore volume of carbon particles, even thotige total pore volume and the BET
surface area of the particles were similar to thoseonventional activated carbon. One
possible reason for this problem is the ineffecpeee size distribution of the carbon particles
for BTX gas adsorption as a result of ineffectiveeerstitial behavior among the primary

carbon particles.

Table 9 Data) and R based on pore volume

Residence Time (min) 0.5ppmv 1.0ppmv
[Total-Flow Rate
(L/min)] N Rr | Ru 1 Rr | R
?-28]3’ 0.04 4.24 | 0.086 ND 2.12 | 0.043
?-38]3’ ND 4.09 | 0.083 ND 2.07 | 0.042
[0-12(;3% ND 4.03 | 0.082 ND 2.01 | 0.040

* ND: Not Detected

The pore size distribution of the carbon partidlest were collected on a glass fiber
filter is shown in Figure 35. As discussed with TeaB, the micropore volume of the carbon
particles was very small compared to that of a eatienal activated carbon. Much higher

micropore volume of the particles would result igher removal efficiency.

Conclusively, the use of the spark generator sdligiihanced the removal of the BTX
gas (4% of removal efficiency) because the sparlegdor produced insufficient micropore
volume of the generated carbon particles compardtidt of conventional activated carbon.

To increase the micropore volume would require ¢thange of characteristics of carbon
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aerosol particles, including size distribution anwbrphology, by modifying the spark
generation system.
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Figure 35. Pore size distribution of generated @anbarticles.

2.3.3 Properties and mechanisms of SGs aerosol CEMNs

Figure 36(a) shows a TEM image of the spark geeadrparticles from nickel (anode)
and graphite (cathode) electrodes. The inset inrBi§6(a) shows the local EDX information,
indicating the presence of nickel and carbon. Tiheropeak around 8.00 keV corresponds to
the copper grid used to support the sample. Twadtash particles in Figure 36(a) were
selected and their sizes were measured from the ihieldes. The sizes ranged from 10 to 390
nm in diameter (geometric mean diameter = 86 nmy,aae shown in the inset of Figure 36(b).

Figure 36(b) shows a TEM image of one of the plasicFigure 36(b) clearly shows the
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particle to consist of a core and shells. The SAtetern for the particle shown in Figure
36(c) demonstrates that the particle consists of pickel and carbon. Since the TEM image
reveals the core to be darker than that of thd,she clear that the particle has a nickel core
with a graphitic shell. The diffraction patternasuperposition of the two sets of patterns: one
is a set of annular rings originating from turbastr carbon (diffraction from a two-
dimensional lattice), and the other spots fromralsi nickel crystal (arranged in rectangular
lattice). The diffraction rings corresponding tdager distance of approximately 0.34, 0.18,
and 0.17 nm are considered to be the [002], [1883 [004] planes of hexagonal graphite,
respectively. On the other hand, the layer distaméeapproximately 0.11, 0.08, and 0.06 nm
were assigned to the [311], [420], and [440] planésface-centered cubic (fcc) nickel
crystalline, respectively. The parallel fringestie shell (Figure 36(d)) show that they are
ordered graphitic nanostructures. These contigwamson fringes around a nickel core are
evidence for the complete encapsulation by a gtiapsinell. Previous studiggiost et al.,
1998a & 1998b; Little, 2003; Saito et al., 1993baotin et al., 2006teported that these
graphite-metal nanostructures are formed as atrefstiie catalytic effect of a metal on carbon.
In this system (Figure 36(e)), when a spark chanved formed between the nickel and
graphite electrodes, parts of the electrodes weaparated due to the high temperature of the
spark. The condensation temperature of carbongisehithan that of nickel. Therefore, the
condensation of carbon vapor to liquid progressesemapidly than nickel when the vapors
are swept out from the spark channel by the nitmagges flow. In this progress, liquid carbon
was pushed from the vapor nickel toward the interfahere the vapor nickel was surrounded
by nitrogen gas due to the temperature gradiemh fitwe vapor nickel to the nitrogen gas.
Simultaneously, the vapor nickel near the interfaegan to condense into a liquid during the

carbon movemeniBaker, 1989; Holstein, 1995nd the liquid carbon was prevented from
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moving away from the interface due to its highraffi to nickel. The catalytic ability of nickel
then caused carbon graphitization. Further cooling nitrogen gas flow induced the
solidification of liquid nickel. Eventually, the gphitization ceased when the leading solid
nickel surface was encapsulated by formerly forgephitic shells, which prevented further
graphitization. During graphitization, the remampitiquid nickel was completely solidified
and its volume decreased. Hence, an empty zondonasd between the graphitic shells and
the solid nickel core. Figure 36(f) shows the numbk graphitic shells and the nickel-to-
carbon mass fraction as function of the CEMN di@metr nickel core diameter. Both the
number of graphitic shells and the nickel-to-carbmass fraction increased with increasing the
nickel core diameter, as observed in other masditdst et al., 1997; Hwang et al., 1997; Jiao
& Seraphin, 2000; Wang et al., 2008Yhen the amount of nickel vapor was insufficighg
unreacted liquid carbon escaped from the interfamd become solid carbon in the nitrogen
gas flow. Figure 36(g) shows that the debris plagién Figure 36(a) were aggregates. The
inset in Figure 36(g) revealed the debris to berdisred graphitic nanostructures. The XRD
profile (Figure 36(h)) indicates that the corestloé particles shown in Figure 36(a) are
element nickel. There is a relatively broad peaRdat 26.F, which is close to@= 26.4 for
graphite with ad value of 0.341 nm and slightly larger than the36.8im ¢lyy,) for graphite.
The broad diffraction peak indicates that the git@pdiso has a disordered structure. The large
intershell distance suggests a reduction in thershell interaction compared with perfect
graphite. The two subsidiary peaks at=244.3 and 54.3 correspond to the [110] and [004]
crystal planes of graphite, respectively. Anothealpat B = 44.5 (with d value is 0.2022 nm,
which is almost consistent with thaéy,; (0.2034 nm) of nickel), 5198 and 76.34 were
respectively attributed to the [111], [200], and2(2 crystal planes of fcc-nickel metal,

respectively. The Raman spectrum (Figure 36(i)wshthat the G band (stretching vibrations
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in the basal plane of crystalline graphite) is elés 1582 cri, with a similar shape to that
reported elsewhefElahaut et al., 2002; Lu et al., 2005; Seo et24lQ6; Xiaomin et al., 2006]
suggesting that the structure of the sample was evinted, and had a chemical structure
similar to that of a graphite layer. In additiohetD band (1343 cf indicating the level of
defects in the graphitic material) might have avéged from the disordered or defective parts
of the CEMNSs (corners and edg@dpst et al., 1997; Hwang et al., 1997; Saito gti93a &

1993b; Sano et al., 200ahd debris around the CEMNSs.
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Figure 36. Spark generated particles (anode: Nhocke: C) and their characterization. (a)
TEM image with local EDX information of the sparkrgerated particles. Scale bar, 200nm.
(b) TEM image of a single core-shell shaped partwith the size distribution. Scale bar, 20
nm. (c) SAED pattern of the particle in Figure 1(fj) High magnitude TEM image of the
particle. Scale bar, 5 nm. (e) Formation mecharo$rthe CEMNSs. (f) Number of graphitic
shells and the nickel-to-carbon mass fraction faBMDIs. (g) High magnitude TEM images of
the debris. Scale bars, 10 nm and 5 nm (inset).X@RD pattern of the spark generated

particles. (i) Raman spectrum of the spark genenaéeticles.

The experiments were also carried out for the goméition of the nickel (cathode)-
graphite (anode) electrodes. In this configurattbe,nickel-to-carbon mass fraction was 6.4%,
while the mass fraction for the configuration ofkel (anode)-graphite (cathode) electrodes
was 18.7%. Likewise, the yield of CEMN from the ket (anode)-graphite (cathode)
electrodes was higher (54%) than that of nicketh@ae)-graphite (anode) electrodes (18%).
The yield was determined from the area fractio@BMNs-to-all particles in the TEM image.
If insufficient nickel is present, the unreactedbza would form debris and co-exist with the

CEMNSs in the aerosol state as they are forced vy the spark channel by the gas flow.

More experiments with other metal particles, suglt@balt and iron, were carried out.
Although these cobalt and iron cases were prepanelér the same processing conditions as
that for nickel, the properties of the particlesrevslightly different from those in the nickel
case. Information on the details is available orer8® Online. This method for preparing
CEMNSs was simple, continuous, and practical congbavéh conventional methodologies,

and can be applied to the production of nanocrgstehpsulates.
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2.4 Summaries and conclusions

The generation and characterization of monometgtiailadium, platinum, gold and
silver from homogeneous spark sets) and bimetgkdladium-platinum, palladium-gold and
palladium-silver from heterogeneous spark setspparticles dispersed in nitrogen gas by
spark generation method were reported. Morphologg structure of the particles were
spherical-shaped and fcc crystallite, respectivalyd the primary sizes of most particles
ranged from 2 to 4 nm (silver < palladium < platm« gold) in diameter and their sizes
increased up to several tens of nanometer due taggtomertion occurrence among the
primary particles. For monometallic particles, therticle size-generation rate of palladium,
platinum, gold, and silver homogeneous sparks 26ér&-1.68 x 18, 37.7-1.60 x 18, 48.8-
4.03 x 10* and 14.9 nm-1.22 x 0mg/min, respectively. The ionization potentialsl¢h 9.22
> platinum: 9.00 > palladium: 8.33 > silver: 7.58)ef the metals were well matched with the
generation rates. For bimetallic particles by tegeneous sparks, the resultant bimetallic
particles were characterized to be mixtures (rloyg) of different metal particles with a face-
centered cubic structure. By changing the spark $®m Pd(+):Pt(-), Pd(+):Au(-) and
Pd(+):Ag(-) to Pd(-):Pt(+), Pd(-):Au(+) and Pd(-g&), the particle generation rate-metal
fraction varied from 2.64 x 190.52:0.48, 3.78 x 180.59:0.41 and 6.62 x TOmg/min-
0.85:0.15 to 6.28 x 180.32:0.68, 6.88 x 180.30:0.70 and 2.81 x TOmg/min-0.75:0.25,

respectively.

All the values of the ratio between the supply @tenicropore volume and the supply
rate of BTX gas volume are much lower than 1.0.réfege, such a low removal efficiency of
4% might be caused by the insufficient supply ofnmpore volume of carbon particles, even
though the total pore volume and the BET surfaea af the particles were similar to those of

conventional activated carbon. One possible re&mothis problem is the ineffective pore size
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distribution of the carbon particles for BTX gasaxption as a result of ineffective interstitial

behavior among the primary carbon patrticles.

The geometric mean diameter of CEMNs from the ni¢kaode)-graphite (cathode)
spark electrodes was 86 nm. The electron and Xdifisaction patterns showed that both
nickel and graphite in the sample were pure elesnditte Raman peaks at 1582 c(-band)
and 1343 crd (D-band) demonstrated the particles to havesdp tatio of 0.81, wheregland
Ip are the intensities of the G and D peaks, respdgtiThe nickel-to-carbon mass fraction for
the spark electrodes was 18.7%, while the masgidrador the configuration of nickel
(cathode)-graphite (anode) spark electrodes wé%.a.4kewise, the yield of CEMN from the
nickel (anode)-graphite (cathode) electrodes wghdrti (54%) than that of nickel (cathode)-

graphite (anode) electrodes (18%).
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3. Nanoparticle synthesis by combining of SG and HQ

3.1 Introduction

3.1.1 Catalytic surface activation via aerosol palladm (Pd)

nanoparticles for use in Ag ELD onto ACF

The ELD of metal is a simple chemical process fepakiting metal layers onto
nonconductive or conductive materials with compédaconfigurations that are widely used in
automotives, aerospace, packaging, appliances;soptnd electronics industrifidetz et al.,
2007; Prissanaroon et al., 2005; Schaefers 2@06; Simor et al., 2003T he initiation of the
ELD process is preceded by a surface activatioprtwvide catalytic sites on the material
surface. However, conventional activations requairéong process time, intermittent water
rinsing and drying, involve the loss of expensivetah ions, and create environmental
pollution problems[Touchais-Papet et al., 1999Consequently, it is highly desirable to
develop simple and more economically and ecololyiedtractive activations prior to the ELD
process|Prissanaroon et al., 2005; Simor et al., 2003; chais-Papet et al., 1999Many
researchers have investigated methods to advae@etivation using las¢Chen et al., 2006]
ultraviolet (UV) laser or UV/VUV (vacuum ultravidleexcimer lamp$Esrom, 2000] plasma
[Kreitz et al., 2005] and ion beamBNeller et al., 2003] However, these techniques require
specialized conditions such as vacuum and thermpat palladium (Pd) compounds using
spinning-on, spraying, or dip coatifigsrom, 2000; Gray et al., 2005; Kordas et al.,9]19%0
improve the catalytic surface activation, recerByeon et al(2007c)reported a strategy for
site-selective catalytic surface activation viatiplam aerosol nanoparticles for use in silver

micropatterning. Aerosol catalysis is shown to lpowerful tool for investigating the catalytic
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properties of freshly formed nanoparticles in sihd without substrate interferen@@eber et

al., 2001]

A strategy for catalytic surface activation by tireduction of Pd aerosol nanoparticles
via spark generation (Figure 37) was introducedof@l activation involves a fewer steps than
conventional surface activation, and does not requet chemical steps. Spark generation has
been used to produce the particles of metals, sllapd compounds for a wide range of
materials with particle sizes ranging from sevesiometers up to ~1Q0n [Watters Jr. et al.,
1989] In this study, spark-generated nanoparticles veanqgtured by ACF due to fibrous
filtration [Balazy & Podgérski, 2007]After thermal curing, the ACF that were catalgtig
activated by the Pd nanoparticles were immersedsitver ELD solution to form a silver layer
on the activated ACF, and the reduction-oxidateactions occurred preferentially around the

Pd nanoparticles.

3.1.2 Site-selective catalytic surface activation viaerosol Pd ELD
onto flexible polyimide (FPI) substrate for use in Cu

micropatterning

Copper is an attractive interconnect material fse in high density packaging and
ultra-large scale integrated (ULSI) devices siriceffers the advantages of low resistivity,
high electromigration resistance and high meltioqp[Zhang et al., 1997]0One of the most
widely used techniques for the fabrication of micand nano-patterned copper structures on
substrates is the electroless deposition (EUBagberg et al.,, 2007; Lee et al.,, 20083;
Yanagimoto et al., 2005)f copper, which requires the surface activatibthe substrates with

a metal catalyst, such as palladium or platinum.
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Many researchers have investigated ways to advadineesurface activation by
combining photochemicgHozumi et al., 2005]chemical[Khoperia et al., 1997]and self-
assembled block copolymg&ugimura et al., 2001jools in order to grow site-selective
catalysts. Most of these methods are based on Ighoggraphic techniquegCho et al., 1993;
Dressick et al., 1993}ecently, methods using lagé€hen et al., 2006; Schrott et al., 1995]
ultraviolet (UV) ray[Esrom, 2000] plasmdKreitz et al., 2005]and ion beamBNeller et al.,
2003] have been reported. The use of the above mentiangeation techniques generally
involves the deposition of an inorganometallic ogyamometallic coating. However, there have
been some problems reported relating to coatingpval and incomplete decomposition of
the precursofZhang & Boyd, 1998] Furthermore, the equipment required to produser|a
UV, plasma, and ion beams are still quite expenane frequently require a high vacuum
environmen{Kordas et al., 1999; Zhang & Boyd, 1998]

Other surface activation processes include micraabiprinting ((ICP) [Geissler et al.,
2000; Hendricks & Lee, 2006; Hidber et al., 1926id inkjet printing (IJP]JCheng et al.,
2005; Shah et al., 1999fhese processes create patterned catalyst bstlgdistamping and
jetting the catalyst, respectively. The key stepbath pCP and IJP processes is the direct
transfer of the catalyst from the stamp or nozalthe substrate. However, a major challenge
in applying a site-selective surface activatiomggiCP and IJP processes is the formulation
of catalyst colloids. Two critical issues with aotls reside in the sedimentation stability of the
corresponding colloids, which typically require lstaers (binders, dispersants and adhesion
promoters), and limiting the metal concentratiorow values[Busato et al., 2007; Cheng et
al., 2005; Shah et al., 199%urthermore, there have also been other probtaros as the

ability to reproduce the colloidal pattern and thashing of the colloids. To improve the
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catalytic activation, recentlyByeon et al. (2007cyeported a strategy for site-selective
catalytic activation via platinum aerosol nanopdes for use in silver micropatterning.

In this paper we introduced a strategy for sitec®le catalytic surface activation by
production of palladium aerosol nanopatrticles yiark generation. Spark generation has been
used to produce particles of metals, alloys, anohpmunds for a wide range of materials
having particle sizes ranging from several nanoreet@ to ~10Qum [Schwyn et al., 1988;
Watters Jr. et al., 1989Dur technique does not need any special devioes a&s laser, UV,
plasma, and electron beams, nor does it requireigdpereparations such as catalyst colloid
solutions. Furthermore, employing the nanoscalesmtrparticles as catalyst caused the
effective initiation of ELD due to their large sack area. We enhanced the deposition of
palladium aerosol particles onto a substrate bytrotimg the thermophoresis, which is a
physical phenomenon in which aerosol parti§@snzalez et al., 2005; Messerer et al., 2003;
Zheng, 2002]subjected to a temperature gradient, move fragh-hio low-temperature zones

of the gas.

3.1.3 Site-selective catalytic surface activation viaaerosol

platinum (Pt) ELD onto FPI substrate for use in Ag miciopatterning

In this section, a strategy for catalytic surfacevation by producing platinum aerosol
nanoparticles via spark generation was introduddwe deposition of these metal aerosol
particles onto a flexible Pl substrate was enhatgedontrolling the thermophoresis. Without
any chemical pretreatment, reproduction of a stabteselective deposition of particles on the
Pl substrate through a “YONSEI” pattern hole wataoted. After annealing, the catalytically
activated PI substrate was immersed in a silver Baldtion that resulted in the ELD of silver

on the platinum nanoparticles of the PI substrate.
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3.2 Materials and Methods

3.2.1 Preparations and characterizations of Pd aerosalctivation

and Ag ELD onto ACF

The catalytic surface activation involved the spagkneration of Pd aerosol
nanoparticles and their filtration by a rayon-bag€tF (38 mm in diameter and 2.6 mm in
thickness, KF-1600, Toyobo). A spark was generbtdieen two identical Pd rods (diameter:
3 mm, length: 100 mm, Nilaco, Japan) inside a mraftolume: 42.8 cf) under a pure
nitrogen environment (less than 1@npurities) at STAByeon et al., 2006]The flow rate of
the nitrogen gas, which was controlled by a masw ftontroller, was set to 2 L/min. The
electrical circuit specifications were as followssistance of 0.5 B; capacitance of 10 nF;
loading current of 2 mA; applied voltage of 3 kVndafrequency of 667 Hz. The gas
temperature inside the spark channel was increbsgdnd a critical valugBerkowitz &
Walter, 1987] which was sufficient to sublimate parts of thectlodes. Since the duration of
each spark was very short (~1.5 milliseconds) dmedviapors were rapidly cooled after the
spark was generated, supersaturation was achieveédh@ nanoparticles were formed by
nucleation/condensation. In order to prevent theaatenent of the nanoparticles from the
surface of the ACF disc, the disc was separated fhe holder and cured in air at 190°C for 5

minutes.
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Conventional “two-step” activation
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Figure 37. Procedures of conventional and aerasisation.

For comparison purposes, the surface of another AGGE was activated by a
conventional “two-step” process (Figure 37), whielquires sensitization. The ACF disc was
first sensitized by immersing it in an aqueous sotucontaining SnGJ HCI (0.05 mL), and
deionized (DI) water (49.95 mL) for 2 minutes, folled by rinsing with DI water. The
subsequent activation was carried out in a RPdGlution of SnG, HCI (0.05 mL), and DI

water (49.95 mL) for 2 minutes, followed by rinsiagain with DI water. The amounts of
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SnCh and PdG] in each aqueous solution were varied between 2g@and between 1-18 mg,
respectively.

Once an ACF disc was activated by aerosol processeoconventional process, the
disc was immersed in a silver ELD solution for tleposition of silver onto the surfaces of the
activated ACF disc. Reactions of silver depositiere initiated by the reaction of hydrazine
with hydroxide ions producing nitrogen gas and watigh a simultaneous release of electrons.
The electrons were transferred across the Pd isdaddused for the decomposition of Ag-
amine complexes into Ag metals, generating ammgaist as a by-product. Nitrogen and
ammonia gases evolved as bubbles during the ELDepso After the disc was removed from
the ELD solution, it was vigorously rinsed with ¥ater to remove the residual and then set
aside to dry. Two solutions were mixed and usedHerELD solution. Solution A contained 1
g of AgNG;, 60 g of Na-EDTA, 88 mL of isopropyl alcohol, 12 mL of aceticid, and 400
mL of NH,OH in 1 L of DI water. Solution B contained 3 mL lofdrazine, 2 mL of mercerine,
and 400 mL of ethyl alcohol in 1 L of DI water. fyifmilliliters of solution A and thirty
milliliters of solution B were mixed together antetactivated ACF disc was then immersed
into this mixture for 2-30 minutes at ZDso that the silver particles would be depositedhe

activated ACF disc.

The size distribution of Pd aerosol nanoparticlas measured by a SMPS system. The
SMPS system, which measures the mobility equivalkstneter, was operated at a sample
flow of 0.3 L/min, sheath flow of 3 L/min, and scame of 180 seconds (measurement range:
4.61-157 nm). The number concentration of the glagithat penetrated through the ACF disc
was also measured with the SMPS system. After tréicies were sampled on a porous
carbon-supported copper grid positioned on a palyanmembrane filter located 20 cm

downstream the spark generator, morphologies amdostructures of the Pd nanoparticles
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were analyzed using a HRTEM (JEM-3010) operated3@@ kV. X-ray photoelectron
spectroscopy (XPS) measurements were performedkoatas Axis HIS spectrometer using a
monochromatized Al K X-ray source (1486.6 eV photons) at a constantiidimee of 100
milliseconds and pass energy of 40 eV. The X-ray@was run at a power of 150 W (15 kV
and 10 mA). The pressure in the analysis chambermaintained under I0Torr during the
measurements. All binding energies (BEs) were eefegd to the Cls hydrocarbon peak at
284.6 eV. FESEM (JSM-6500F, JEOL, Japan) imagesEdd (JED-2300, JEOL, Japan)
profiles were obtained at an accelerating voltafjd5 kV. The amount of silver particles
deposited on the ACF disc was determined by ICP-AERNn 6000, Perkin-Elmer, US).
Approximately 0.1 g of the sample was dissolvedb@nmL nitric acid, and the mixture was
diluted to 100 mL with DI water. After 3 h, the sale was filtered out and a part of the
remaining mixture was delivered in a volumetricsldor ICP-AES analyses. XRD studies of
the silver particles were carried out on a RigakiR2100 diffractometer equipped with a
thin-film attachment using CHe: radiation (40 kV, 40 mA). The62angles ranged from 10 to
90° at 4°/min by step scanning at an interval @80. The crystallite size of silver was
calculated from the XRD spectra in accordance Bitherrer’'s formula (t = 0A%Bco9)).
Nitrogen adsorption isotherms of the ACF samplesevmeeasured using a porosimeter (ASAP

2010, Micromeritics Ins. Corp., US) at 77.4 K witiative pressure ranging from$@o 1.

3.2.2 Preparations and characterizations of site-selee¢ Pd

aerosol activation and Cu ELD onto FPI

Figure 38 shows an overview of our aerosol activatiThe palladium aerosol

nanoparticles were generated via spark dischardecarried by N gas to a Pl substrate

84



through a hole in pattern mask (1o width x 100um depth for line pattern, 4Q0m width x
400 pm length x 100um depth for square pattern) for a duration of 1%utgs. In the
experiments, commercially available P! fims (Kaptd, Dupont) having a 5@m thickness
were used as the substrates. A spark was gendratesen two identical palladium rods
(diameter: 3 mm, length: 100 mm) inside a reactotfume: 42.8 crf) under a pure nitrogen
environment (less than TOmpurities) at STAByeon et al., 2006] The flow rate of the
nitrogen gas, which was controlled by a mass flomtwller, was set at 60 mL/min. The
electrical circuit specifications were as followssistance of 0.5 B4, capacitance of 10 nF,
loading current of 2 mA, applied voltage of 2.8 kdhd frequency of 667 Hz. The spark
channel raised the gas temperature within the eHamipove a critical valugBerkowitz &
Walter, 1987] which is enough to sublimate part of the ele@sodince the duration of each
spark was very short (~1.5 milliseconds) and theovs were rapidly cooled after the spark,

supersaturation was achieved and nanoparticlesfaaened by nucleation/condensation.
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Figure 38. Overview of site-selective aerosol atton.

While the temperature of the particle-laden flonsvkapt at 28C, the temperatures of
the stainless steel mask and Pl substrate wereak@gC (for preventing unwanted deposition
of the particles onto the mask via thermophoresis) £C (for enhancing the deposition of the
particles onto the PI substrate via thermophordkigugh the use of a resistive heater and a
Peltier cooler, respectively. The Pl substrate thes separated from the mask and annealed at
190°C for 5 minutes in air to prevent detachment of glaeticles from the Pl substrate. After
annealing, the catalytically activated Pl substra#es immersed into a copper ELD solution
that resulted in the ELD of copper on the palladinenoparticles of the Pl substrate. The ELD
of copper at 2fC resulted in copper patterns appearing within 4@utes. The schematic of
copper ELD onto the line and square palladium padgtés shown in Figure 39. The overall
reactions are also described in Figure 39. Twotismis were mixed and used for the ELD
solution. Solution A contained 3 g of Cu$Q@4 g of sodium potassium tartrate (Rochelle salt)
and 4 g of NaOH in 100 mL of deionized water. SolutB was an aqueous formaldehyde
solution (37.2 wt%). The two solutions A and B wenixed in a 10:1 (v/v) ratio and the
activated PI substrate then immersed into the mexso that copper particles would be coated
on the activated sites. The Pl substrate was rimstddeionized water after it was removed

from the ELD solution to remove the residual arehtket aside to dry.
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Figure 39. Schematic of copper ELD onto the ling square palladium patterns.

The size distribution of aerosol nanoparticles wasasured by a SMPS system
consisting of an electrostatic classifier (TSI 3&lcondensation particle counter (TSI 3025),
and an aerosol charge neutralizer. The SMPS sysi@gnoperated with a sample flow 0.3
L/min, a sheath flow of 3 L/min, and a scan timel80 seconds (measurement range between
13.8-723 nm). After the particles were sampled oposous carbon-supported copper grid
located on a polyamide membrane filter 20 cm domeash of the spark generator,
morphologies of the particles were analyzed usingigh resolution transmission electron
microscope (HRTEM, JEM-3010) operated at 300 k\eld-iemission scanning electron
microscope (FESEM, JSM-6500F, JEOL, Japan) imagdseaergy dispersive X-ray (EDX,
JED-2300, JEOL, Japan) profiles were obtained aa@elerating voltage of 15 kV. X-ray
photoelectron spectroscopy (XPS) measurements per®rmed on a Kratos AXIS HIS
spectrometer using a monochromotized Al X-ray source (1486.6 eV photons) at a constant
dwell time of 100 milliseconds and pass energy®é¥. The X-ray source was run at a power
of 150 W (15 kV and 10 mA). The pressure in thelysisi.chamber was maintained undef10
Torr during the measurements. All binding energiB&s) were referenced to the Cls
hydrocarbon peak at 284.6 eV. X-ray diffraction @XRstudies of the copper patterns were
carried out on a Rigaku RINT-2100 diffractometetipged with a thin film attachment using
Cu-Ka radiation (40 kV, 40 mA). Thef2angles ranged between 10 td 96th 4°/min by step
scanning at an interval of 0.08The crystallite size of copper was calculatednfrine XRD
spectra in accordance with Scherrer’s formula @0Bco%®)). An atomic force microscope
(AFM) was used for the topography of the patteffpographic images were recorded under

ambient conditions using a multimode scanning praoberoscope (SPM) connected to a
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NanoScope llla controller. For the high-resolutiorages an E-scanner having a maximum
scanning size of 12Bm and a resolution of 0.2 A was used. The SPM asated in tapping
mode, which allowed topography and phase contmastyés to be recorded. The drive
frequency was 330 kHz, and the voltage was bet@e@mand 4.0 V. The drive amplitude was
about 300 mV, and the scan rate was 0.5-1.0Hz.rimgetic mean of the surface roughness
was calculated from the roughness profile deterching SPM. Resistances of the patterns
were measured using a 4-point probe (CMT-SR200Nan@min Co., Ltd., Korea).
Resistivities were calculated from the resistarares the thicknesses of the patterns that were
obtained by AFM observation. I-V measurements wgeeformed in air using an Agilent

5263A source-measure unit.

3.2.3 Preparations and characterizations of site-selee¢ Pt

aerosol activation and Ag ELD onto FPI

Figure 55(a) shows an overview of aerosol activatithe platinum nanoparticles were
generated via spark discharge and carried hgds to a Pl substrate through the pattern hole
(width: 100 pum, depth: 10Qum) of the “YONSEI” mask for a duration of 5 minutdsa the
experiments, commercially available P! fims (Kaptd, Dupont) having a 5@m thickness
were used as the substrates. While the temperattine particle-laden flow was kept at°2)
the temperatures of the stainless steel mask asdiRtrate were kept at 22 (for preventing
unwanted deposition of the particles onto the nvaskihermophoresis) and@ (for enhancing
the deposition of the particles onto the Pl sulbstvéa thermophoresis) through the use of a

resistive heater and a Peltier cooler, respectivdyshown in Figure 55(a), the particles were
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selectively deposited on the Pl substrate by thphoresis $upplementary Data) 4lue to the

temperature distribution inside the dotted are&iguyre 55(b)).

A spark was generated between two identical platimads (diameter: 3mm,; length:
100mm) inside a reactor (volume: 42.8%nmder a pure nitrogen environment (less thah 10
impurities) at STP[Byeon et al., 2006] The flow rate of the nitrogen gas, which was
controlled by a mass flow controller, was set a) 1@L/min. The electrical circuit
specifications were as follows: resistance of 0G;Mapacitance of 10nF; loading current of 2
mA,; applied voltage of 2.8 kV; and frequency of 88Z. The spark channel raised the gas
temperature within the channel above a criticalbefBerkowitz & Walter, 1987] which is
enough to sublimate part of the electrodes. Siheeduration of each spark was very short
(~1.5 milliseconds) and the vapors were rapidlyledafter the spark, supersaturation was

achieved and nanoparticles were formed by nucle@imdensation.

Solution A contained 2 g of AgND60 g of Na-EDTA, 88mL of isopropyl alcohol, 12
mL of acetic acid and 400 mL of NBH in 1L of deionized water. Solution B containadl3
of hydrazine, 2 mL of mercerine and 400 mL of ethglohol in 1 L of deionized water. 30 mL
of Solution A and 30 mL of Solution B were mixedjédher and the activated Pl substrate was
then immersed into the mixture for 10 minutes &C26o that silver particles would be coated

on the activated substrate.

3.3 Results and discussion

3.3.1 Properties of Pd aerosol activation and Ag ELDBnto ACF

Figure 40 shows the size distribution of spark gateel aerosol nanoparticles

measured using the SMPS system. The geometric mi@@meter and geometric standard
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deviation were 25.5 nm and 1.54, respectively. ffital number concentration was 8.8 ¥ 10
particles/cml Figure 40 also shows the fractional (grade) ctite efficiency of an ACF disc
as a function of particle size. The efficiency &ided by

Nacr (dp) = 1-[Cacr (dp)/Co (dy)] 4)
where G (d,) is the freestream concentration of the partiales G (dy) is the concentration
after filtration by the ACF disc. The morphologydastructure of the nanoparticles were
characterized by the HRTEM and XPS, respectivelye HRTEM micrograph (Figure 41)
shows that the nanoparticles were agglomeratesimfipy particles (each ~28 A in diameter).
The XPS profile (Figure 42) of the nanoparticleseads that they were pure Pd. The BE
doublets with the BEs of the Pds3dand Pd 3¢, peak components located at approximately
335 and 340 eV, respectively, are assigned to tflespeciegPersson et al., 2007Figure
43 shows SEM micrographs of conventionally actigaa@d aerosol activated ACF samples.
While a pristine ACF disc had a clean surface, rig activation, more number of particles
were deposited on the ACF by increasing the adtimaintensity from 0.23 to 4.25
mg-Pd/g-ACF. From the EDX analyses (Figure 44)as found that the pristine sample
contained carbon and oxygen, which may have origth&rom the ACF, while any activated
sample contained a small amount of Pd. The conweaity activated sample also contained a
small amount of tin and chlorine, which may havegioated from tin sensitization and Pd

activation.
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Figure 41. HRTEM micrograph of spark generated particles.
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Figure 42. XPS profile of spark generated aeroanbparticles.
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Figure 43. SEM micrographs of conventionally antbael activated ACF.
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Figure 44. EDX profiles of conventionally and aeosctivated ACF.

Figure 45 shows that particles on the ACF were emisntly formed after the ELD
process. The SEM micrographs of conventional anmdsaé activations were obtained by
varying the activation intensity obtained after Ef& 10 minutes. The amount of particles
was proportional to the activation intensity. Figdi6 shows the trend of particle deposition on

an aerosol activated ACF disc with ELD time at ativation intensity of 1.42 mg-Pd/g-ACF.
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From the EDX analyses (Figure 47), it was found tha coated metal was mainly comprised
of silver; however, it contained a small amountPaf. Carbon and oxygen, which may have
originated from the ACF, were also detected. Fer ¢bnventionally activated ACF, tin and
chlorine were detected in addition to silver, Patbon, and oxygen. Figure 48 summarizes the
plots of mass of silver deposited onto the ACF asation of activation intensity (for an ELD
time of 10 minutes) and ELD time (at an activatiotensity of 1.42 mg-Pd/g-ACF). The
results were obtained from the ICP-AES analyse® ass increased with time due to a
continuous reduction in silver ions on previouskgpdsited silver particles (autocatalytic
process]Gray et al., 2005; Schaefers et al., 2008je XRD profiles (Figure 49) of the silver
particles show that there exist four peaks located® = 38.2, 44.4, 54.5, and 77.5°. A
comparison of these peaks with the data from powld&action file no. 01-0783 reveals that
these peaks correspond to the [111], [200], [226% [311] planes of the face-centered cubic
phase of silver. The data imply the characterigifgsure metallic silver with good crystallinity
and without any impurity phase. The intensitieshaf silver peaks increased with increasing
ELD time (or activation intensity), which was caddsy the growth of the silver particles. The
average crystal sizes were evaluated accordinghergr’s formula and the results are shown
in Table 10. It was found that the size was prapoél to either activation intensity or ELD

time.
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Figure 45. SEM micrographs of particle deposited=AG activation intensity.

Figure 46. SEM micrographs of particle deposited=AG ELD time.
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Figure 47. EDX profiles of particle deposited ACI (min of ELD, 1.42 mg-Pd/g-ACF).
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Figure 48. Results of ICP-AES analyses of silvggadited ACF.
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Figure 49. Results of XRD analyses of silver detgolsACF.

Table 10 Crystal sizes (nm) of silver particlesagivation intensity and ELD time

ELD Activation intensity (mg-Pd/g-ACF)

time 0.23 0.69 1.42 4.25

(min) CA AA CA AA CA AA CA AA
2 2.21 3.48 7.01 10.78 12.04 13.89 26.63 28.84
5 3.55 421 9.33 10.02 17.12 1951 31.11 32.89
10 4.22 4.93 11.36 12.02 20.33 22.65 35.14 38.79
18 5.01 5.28 14.88 15.68 2325 26.01 39.18 41.24
30 5.66 6.13 16.16 16.81 31.05 33.25 46.13 48.21

CA: Conventional activation

AA: Aerosol activation
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Figure 50. Adsorption isotherms of silver deposiéti.

Table 11 Textural properties of silver depositedFAG activation intensity and ELD time

Activation intensity (mg-Pd/g-ACF)

ELD
0.23 4.25
time
(min) TSSA (nflg) / MSSA (nflg) / TPV (cnilg) / MPV (cnilg) / APD (A) (1610/ 1593/ 0.87/ 0.85/ 17.7 for gtine)
CA AA CA AA

2 139912260.720.7017.0 1532/1488/0.80/0.78/17.5 127202/0.6%0.6416.8 1359/1325/0.72/0.70/17.1
10 124212060.690.67/16.5 1382/1358/0.77/0.76/17.2 110@72/0.600.57/16.3 1286/1225/0.67/0.65/16.9
30 109110030.650.6215.9 1284/1236/0.69/0.67/16.6 98030.520.51/15.4 1201/1056/0.61/0.59/16.1

Figure 50 shows that a major uptake occurred &laively low pressure (P4 1)

and a plateau was attained at P#F0.3, implying that all the ACF samples had micnaps

characteristics (type | isotherm) according totBBAC classificatior{Brunauer et al., 1938]

The specific surface area of the pristine ACF wees largest; however, it decreased as the

amount of deposited silver increased since the siggabsilver particles could block or occupy

some pores of the pristine ACF. Detailed resulttheftextural properties of the samples are

summarized in Table 11. When either the activaiidensity or ELD time was increased in

aerosol activation, the decrease in the specifitase areas, pore volumes, and average pore

diameters was less than that in the conventioribdadion.
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