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This paper describes a new strategy for fabricating a gold (Au) island film based on a silver (Ag) aerosol surface activation onto
a porous polytetrafluoroethylene (PTFE) substrate, followed by electroless deposition (ELD). Spark produced Ag aerosol nano-
particles (~12.3 nm in diameter) were physically captured (8.7 pg Ag/cm® PTFE in activation intensity) onto the surface of the
substrate. After annealing (240°C) in nitrogen atmosphere, the activated substrate was placed into a solution for Au ELD (at
90°C). Successive Au deposition introduced an island film having the thickness of ~3.1 pm (the lateral dimensional and mass
growth rates of 17.2 nm/min and 9.2 wg Au/cm? PTFE-min, respectively), which was similar to the diameter of the island films
at 180 min of deposition. X-ray diffraction certified the uniformity of the films with the Au (111) crystallographic orientation as
the predominant one. The corresponding crystallite sizes ranged from 14 to 62 nm for 60-180 min of deposition. Island Au
growth was also achieved using the present method for a different porous substrate (polyamide). Through these results, the Ag
aerosol activation on a substrate with an uneven surface structure might preferably introduce an island electroless growth of the

Au.
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The unique physical properties of gold (Au) fine particles,
whether involving single particle ensembles or films, continue to
interest a variety of scientists and engmeers Au film/substrate
structured materials have been widely exploited for use in selective
chemical syntheses catalytic eliminations of environmental
pollutants biological appllcatlons4 in situ polymerizations,5 and
optoelectronic alppllcatlons.6 In particular, Au island films on
substrates’ ! are interesting systems manifesting electron and light
emissions as well as nonlinear, and sometimes nonmonotonic, con-
duction current-voltage curves.'? Regarding the Au metallization of
a substrate, there are several possible approaches including vacuum
evaporation-deposition- sputtermg, electrochemical, and electroless
deposition (ELD) methods.'® Methods such as evaporation or sput-
tering present good alternatives for Au metallization on substrates,
but they are expensive to operate and need specialized conditions for
uniform Au deposition on the desired surface. The ELD technique
enables metallic Au films easily and uniformly to deposit on the
surfaces even with complex configurations, = without an external
electric current, via oxidation-reduction reactions."” As a starting
point for developing methodologies, several groups have carried out
ELD of Au on a variety of substrates and by a variety of
methodologles.161 Martin and co-workers'*?' have successfully
applied ELD techniques to the Au particles and tubes in templates
by the chemical reduction of a commercial Au ELD solution by
formaldehyde.

Recent attention has been g1ven to Au ELD by galvanic displace-
ment of less noble metals by Au, 13,19-28 focusing on the deposition
of the Au structures such as island (discontinuous) and land (con-
tinuous) thin films. The procedure used for Au ELD consists of
several steps. First, tin ion (Sn**) must be adsorbed onto the depo-
sition surface which is then immersed in an aqueous solution of
ammoniacal silver nitrate so that the surface becomes coated with
nanoscopic silver (Ag) particles. The Ag activated substrate is im-
mersed in a Au ELD solution for several hours to achieve a good
deposition. In this step, the Ag particles are galvanically displaced
by Au because Au is a more noble metal, and the resulting Au
particles are excellent sites for the oxidation of reducmg agents and
the concurrent reduction of Au ions to Au atoms.’ Flnally, the Au
deposited substrate is immersed in nitric acid to dissolve residual Sn
that might be strongly adsorbed on the surface. Even though a cheap
Ag activation could be performed on Au ELD, it was still necessary
to use wet chemical steps for the activation and post-treatment
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which might create environmental pollution problems and could
need expensive and time-consuming recycling processes and thus
methods to avoid their use should be pursued.

There are_some reports on ELD of Au using Au(l) cyanide
compounds ! for the reason that Au(I) cyanide is stable in an
alkali solution and is easily obtained. But cyanide compounds have
a heavy tox1e1ty, % thus, they are not convenient in experiments and
do great harm to the environment. Recently, Jing et al.” used the
complex ions of [AuCl,]™ as the main salt for Au ELD. Compared
with other cyano complexes of Au (i.e., sodium gold cyanide, po-
tassium gold cyanide, and ammonium gold cyanide), [ AuCl,]™ has
little toxicity, so it is safer to the environment.” The ELD solution
containing [ AuCl,]™ is more stable when a stabilizer (ethylenedi-
amine) is added and the pH range is 9.0-9.5.

In this study, a fabrication of the Au island films on porous
polymeric substrates [polytetrafluoroethylene (PTFE) and polya-
mide (PA)] with a novel activation process was developed. Aerosol
activation>*¢ using Ag nanoparticles was used to catalytically acti-
vate each of the substrates in a simple manner, and thus to introduce
metallic Ag sites onto the substrate surface for Au ELD. A subse-
quent noncyanide Au ELD was introduced to generate Au island
films by the galvanic displacement and autocatalysis during the
deposition in an environmentally friendly manner.

Experimental

Our catalytic surface activation (Fig. 1a) involved the spark pro-
duction of Ag aerosol nanoparticles and their capture by commercial
porous polymeric substrates (47 mm in diameter and 0.2 wm in pore
size, 11807-47-N for PTFE and 25007-047 N for PA, Sartorius,
Goettingen, Germany). The porous substrates were used to enhance
the formation of the Au island films as well. A spark was formed
between two identical Ag rods (diameter: 3 mm, length: 100 mm,
Nilaco, Tokyo, Japan) inside a reactor under a pure nitrogen envi-
ronment at standard temperature and pressure.” The spark discharge
is a kind of atmospheric nonequilibrium plasmas While the colli-
sion rate of electrons, ions, and neutrals is high, the discharge does
not reach thermal equilibrium because it is short-lived, being inter-
rupted before an arc d1scharge ° The flow rate of the nitrogen gas,
which was controlled by a mass flow controller, was set to 6 1/min.
The electrical circuit specifications were as follows: resistance of
0.5 M Q, capacitance of 10 nF, loading current of 3.0 mA, applied
voltage of 3.6 kV, and a frequency of 860 Hz. For reference, metal
nanoparticles can also be produced at rates of several milligrams per
hour by an arc discharge under h1gh power, about 1 kW (several
tens of amperes at several volts) Thus, the arc method occasion-
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ally induces a large proportion of unwanted products (e.g., large
agglomerates) due to the harsh production condition arising from the
high energy generated during the process.41 In order to prevent the
detachment of the nanoparticles from the surface of the substrates,
the substrates were separated from the holder and annealed in nitro-
gen gas at 240°C (PTFE) and 160°C (PA) for 10 min after separa-
tion. Once the substrates were activated by the aerosol surface acti-
vation, the substrates were immersed (Fig. 1a) in ELD solutions
(80 mL) for the deposition of Au onto the surface of the activated
substrates. The bath temperature was maintained at 80°C. The sub-
strates were vigorously rinsed with Milli-Q water (Millipore
182 M Q cm™) after the ELD to remove the residual and then set
aside to be dried.

0.025 mol/1 [ AuCl,]™ stock solution was prepared by dissolving
0.1 g Au (99.99%) in 10 mL concentrated nitro-hydrochloric acid in
a temperature controlled water bath at 95°C. The corresponding
dissolving reaction is as follows

Au + 4HCI + HNO; — HAuCI, + NO + 2H,0 (1]

Then 0.1 g KCI and 40 mL HCI1 (36%) were added. The solution
was finally diluted to 100 mL with chlorine-saturated water. The
composition of the Au ELD solution was 0.025 mol/l [ AuCl,]”
(stock solution), 0.05 mol/l NaH,PO, (reducing agent), and
0.3 mol/l NH,CH,CH,NH, (stabilizer), which was a slight modifi-
cation of that reported by Jing et al.* KOH was used to adjust the
pH (~9) of the solution. In Fig. 1b, Ag aerosol activation produced
a seed layer on the substrate surface and followed Au deposition on
the Ag sites. The Au ELD step, referred to as displacement deposi-
tion, consisted of replacing the Ag on the substrate surface with Au.
Since Au is a more noble metal than Ag, the Au** ions will displace
the Ag on the surface, leaving Au and returning the Ag* to
solution,”® and the reaction is as follows

Au(HI)aq + 3Ag(0)qurf - Au(o)surf + 3Ag(I)aq [2]

(The subscripts aq and surf denote species dissolved in solution and
species attached to the substrate surface, respectively.) These
surface-bound Au particles are autocatalysts for the reduction of
Au(II) to Au(0) using NaH,PO, as the reducing agent. For the
autocatalytic deposition of Au, the following electrochemical reac-
tions are considered

AuCl; + 3e — Au + 4CI™ (E° = 1.00 V) [3]

Aerosol activated
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Figure 1. (Color online) (a) Diagram of
the experimental procedure. (b) Scheme of
the Ag aerosol activation and Au ELD.
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HPO3™ + 2H,0 + 2¢ — H,PO; + 30H™ (E° = - 1.65 V) [4]

where E° is the standard reduction potential. Therefore, we could
infer that the redox reaction between AuCl; and H,PO3, as indi-
cated in Reaction 5 below, is thermodynamically possible by com-
paring its E° value to that of Reactions 3 and 4. The electrons re-
quired for the Au deposition are supplied by the oxidation of H,PO;

2AuCl; + 3H,PO; + 9OH™ — 2Au + 8CI™ + 3HPO3™ + 6H,0

[5]

The size distribution of the Ag aerosol nanoparticles was mea-
sured using a scanning mobility particle sizer (SMPS) consisting of
an electrostatic classifier (3085, TSI, MN, US), ultrafine condensa-
tion particle counter (3025, TSI, MN, US), and aerosol charge neu-
tralizer (2U500, NRD, NY, US). The SMPS system, which measures
the mobility equivalent diameter, was operated at a sample flow of
0.3 1/min, a sheath flow of 3 1/min, and a scan time of 180 s (mea-
surement range: 4.61-157 nm). The overall number, area, and mass
concentration of the spark produced particles suspended in nitrogen
gas were also measured using the SMPS system, both upstream and
downstream from the substrates. The morphology and microstruc-
ture of the spark generated Ag nanoparticles were analyzed by high
resolution transmission electron microscopy (HRTEM, JEM-3010,
JEOL, Tokyo, Japan) operated at 300 kV. X-ray photoelectron spec-
troscopy (XPS) measurements of the activated substrates were per-
formed using a Axis HIS spectrometer (Kratos Analytical, Manches-
ter, UK) with a monochromatized Al Ka X-ray source (1486.6 eV
photons). All binding energies (BEs) were referenced to the Cls
hydrocarbon peak at 284.6 eV. Field-emission scanning electron mi-
croscope (FESEM, JSM-6500F, JEOL, Tokyo, Japan) images and
energy dispersive X-ray (EDX, JED-2300, JEOL, Tokyo, Japan)
profiles were obtained at an accelerating voltage of 15 kV. The
amount of deposited Au on the substrates was determined by induc-
tively coupled plasma atomic emission spectroscopy (ICPAES, Elan
6000, Perkin-Elmer, MA, US). Atomic force microscopy (AFM)
was used for the topography of the electroless Au deposited sub-
strate. Topographic images of the substrate were recorded under
ambient conditions using a multimode scanning probe microscope
(SPM) connected to a controller (NanoScope Illa, Veeco, NY, US).
The SPM was operated in tapping mode which allowed topography
and phase contrast images to be recorded. The drive frequency was

Downloaded 04 Nov 2011 to 128.210.187.232. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Journal of The Electrochemical Society, 158 (1) D15-D20 (2011)

D17

Figure 2. (Color online) Characteriza-
tions of the aerosol activation. (a) Particle
size distribution and capture performance
of the PTFE substrate, with (inset) the
HRTEM micrograph and the ED pattern.
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(b) High- and low-magnitude FESEM mi-
crographs and EDX spectra of pristine and
aerosol activated substrates. (c) Wide and
Ag 3d XPS profiles of the aerosol acti-
vated substrate.
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330 kHz and the voltage ranged from 3.0 to 4.0 V. The drive am-
plitude was approximately 300 mV and the scan rate was
0.5-1.0 Hz. X-ray diffraction (XRD) studies of the deposited Au
were carried out on a Rigaku RINT-2100 diffractometer equipped
with a thin-film attachment using Cu-Ka radiation (40 kV, 40 mA).
The 26 angles ranged from 10 to 90° at 4°/min by step scanning at
an interval of 0.08°.

Results and Discussion

Figure 2a shows the size distribution of the spark produced Ag
aerosol nanoparticles which was obtained using the SMPS system.
The geometric mean diameter and geometric standard deviation
were 12.3 nm and 1.34, respectively. The overall number, area, and
volume concentrations were 3.55 X 10° particles/cm’, 2.01
X 10° nm?/cm?, and 5.18 X 10° nm3/cm?, respectively. Figure 2a
also shows the fractional (grade) capture performance of the sub-
strates as a function of the particle size which was calculated using
the following equation

Cid
P(dy) =1 - [f—(l’—)]
Ci(dp)
where Cj(dp) is the freestream particle concentration and Cy(d},) is
the concentration after capture by the substrate. The overall capture
performance is defined as follows

(6]

0

J P(d,)Ci(dy)dd,

P (7]

overall =

f Ci(dy)dd,
0

The Ag particle collection performance of substrate was 97.7% and
indicated that a loss proportion of spark produced Ag particles was
about 2% in number count. The HRTEM micrograph (inset of Fig.
2a) shows that single particle sizes of the spark produced nanopar-
ticles were distributed around ~3 nm in diameter which suggested
that the mean diameter from the SMPS analyses was for agglomer-
ates. The electron diffraction pattern (inset of Fig. 2a) revealed char-
acteristic rings in the polycrystalline diffraction pattern. Spacing was
observed at 2.36, 2.04, 1.44, and 1.22 A which were all within 2%

500  6.00 7.00 800  9.00 10.00

keV

of the value reported for the (111), (200), (220), and (311) face-
centered cubic (fcc) Ag reflection [Joint Committee on Powder Dif-
fraction Standards (JCPDS) no. 1-1167], respectively.

Figure 2b shows FESEM micrographs of the surfaces of the pris-
tine and activated PTFE substrates with low and high (inset) mag-
nifications. While the pristine PTFE had a clean surface, a number
of spots were observed on the activated PTFE. The spots had a
dendrite shape consisting of chains of small single particles (corre-
sponding to HRTEM micrograph). EDX results (also shown in Fig.
2b) showed small peaks of Ag (the binding energies of 2.98 and
3.18 keV belonging to Ag L,; and Ag Lg,, respectively) in the
activated PTFE, but not on the pristine PTFE (not shown). It could
be suggested that the dendrites were composed of Ag single par-
ticles. Carbon (C) and fluorine (F), which might have originated
from the PTFE, were also detected.

The wide and Ag 3d (inset) XPS profiles (Fig. 2c) of the acti-
vated substrate showed that it contained Ag. The BE doublets (inset)
of the Ag 3d;, and Ag 3ds,, peak components located at approxi-
mately 368 and 374 eV, respectively, were assigned to Ag’
species.33 The wide XPS profile revealed significant peaks of C and
F which corresponded to those in EDX. From the above results, a
mass concentration (235.7 pg/m? for overall) of Ag nanoparticles
can be estimated, and thus the activation intensity (/,) 3* is defined

as follows
I = { f n(dp)cm(dp)dde /;Qza]
0 sub

where Cm(dp) is the mass concentration of Ag nanoparticles, Q is
the flow rate of nitrogen gas, 7, is the activation time, and A, is the
flat face area of substrate. The activation intensity was approxi-
mately 8.7 pg Ag/cm® PTFE.

Figure 3a shows that FESEM micrographs of the substrate sur-
face after 60, 120, and 180 min immersion in Au ELD solution and
morphologies of island films were similar to those as described by
Blum et al.*? Initially, small nodular particles with large island films
were observed after 60 min of deposition. The size of the nodules
increased to islands and an enlargement of the island films, already
formed at 60 min of deposition, occurred after 120 min of deposi-
tion. When the deposition time increased to 180 min, a nearly uni-

(8]
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form film was observed and most surfaces of the substrate were
covered by the film. However, after 180 min of deposition, an island
(discontinuous) film character was remained; some voids were still
seen between and/or at the island films.

The first image in Fig. 3b shows a different scaled micrograph
for 120 min of deposition. The following four images show the
EDX maps of the dotted area in the first image. These maps corre-
sponded to C, F, Ag, and Au, respectively. The dots in these images
indicate the positions of each element in the first image. For ex-
ample, Au was concentrated in the area corresponding to the white
islands in the first image which shows that the islands on the sub-
strate were Au. A corresponding spectrum (not shown) indicated that
the binding energies of 1.66, 2.12, 2.21, and 9.71 keV belonged to
Au M, Au M, 5, Au Mg, and Au L, respectively, which were
derived from the Au ELD. From the EDX compositions (see the
table in Fig. 3b), it is found that the activated substrate contained C
and F which might have originated from the substrate while a small
amount of Ag also existed. The mass deposition rates of Au were
obtained from the ICPAES analyses, and the rates for 60, 120, and
180 min of deposition were 6.8, 11.2, and 9.6 g Au/cm? PTFE-
min, respectively (see the table in Fig. 3b).

In looking at the distribution of island films with respect to each
of the deposition times, two interesting phenomena were observed.
First, after only 60 min of deposition, the surface of the substrate
was covered with small nodular particles and large isolated island
films. From this, it could be concluded that once displacement depo-
sition has occurred at a site between Au and Ag,25 then depositions
by galvanic displacement and autocatalysis began to compete. These
initial nucleation sites acted as autocatalysts for the oxidation of
H,PO; allowing for further Au deposition onto these sites. These
initial nucleation sites continued to grow as separate islands until
eventually the Au islands grew into one another.* The spacing be-
tween these initial nucleation sites, which was represented by the
size of these islands after they have grown into one another, was
termed the nucleation distribution distance. Consequently, pores on
the surface of the substrate might have enhanced the formation of
the spacing.

A cross-section micrograph (Fig. 3¢) shows depth morphology of
the Au deposited substrate for 180 min of deposition. From the mi-
crograph, the Au deposits were rarely distributed on the interior
surface rather than the exterior surface of the substrate and there

deposition. (d) 3D AFM image for
180 min of deposition. (e) The XRD pat-

(1) tern for 120 min of deposition.
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40 60

26 ()
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seemed to be preferential nucleation sites for the Au deposition.
Therefore, the mor[i)hologsgy of the resulting Au deposits was different
from other studies,'*>""* which synthesized cylindrically templated
Au deposits using track-etch polymeric substrates. This might be
due to the complexity of the inner structure of the substrate; a cap-
ture of the Ag aerosol particles was preferred at the exterior surface
of the substrate during the activation.*** As shown in Fig. 2b, the
activation induced dendrites to form and then grew on the upstream
side (exterior surface) rather than the interior surface of the sub-
strate. These formations could have resulted from two related
phenomena:45 one is the shadowing effect and chain formation and
the other is the random capture of individual Ag particles from the
spark production. Moreover, an exterior surface Au dominated char-
acter was in direct correlation to the diffusion behavior exhibited by
the Au* ions and was not uniform over the entire area of the inte-
rior structure of the substrate (refer to Fig. 1b); Au deposition only
can be initiated on Ag particles. Moreover, the collection of aerosol
particles using porous media normally dominated on exterior surface
of the media owing to diffusion and interception phenomena [refer
to Figs. 3¢ and 4 (the last one)].46 Correspondingly, there was a
higher deposition rate of Au on the exterior surface, resulting in
thicker island films near the pores on the surface and a similar result
was described in the study by Gilliam et al.>

Figure 3d shows the two-dimensional (left) and three-
dimensional (right) AFM images of electrolessly deposited Au film
for 180 min of deposition on the PTFE surface. The deposited Au
film shows a periodic parallel and row-like structure. Many pellets
in each row were clearly observed and had an average diameter
~ 1.6 wm, which was similar to the diameter (~2 wm) of the films
in the previous 180 min micrograph in Fig. 3a, and they were orga-
nized in a two-dimensional pattern. Because of the discontinuity of
the rows, the macrostructure of the Au film was more like an island
growth. The thickness of the film was about 3.1 wm [the estimated
lateral growth rate (film thickness per deposition time) was
17.2 nm/min].

Figure 3e shows sharp peaks at around 26 = 38.3, 44.5, 64.8.
77.9, and 81.9° for 120 min of deposition. A comparison of these
peaks with the data from the JCPDS file (no. 4-0784) revealed that
these peaks corresponded to the (111), (200), (220), (311), and (222)
planes of the fcc phase of Au; all the trimmings exhibited small
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Pristine

60 min

120 min

intensities compared to the Au (111) peak. The narrow (111) peak
suggested that the crystallite size at the dominant orientation was
large. The average crystallite sizes estimated from the XRD line
broadening of the (111) peak, according to Scherrer’s equation [t
= 0.9\/(B cos 0)], were 14, 41, and 62 nm for the 60, 120, and
180 min of deposition, respectively. The Au crystallite sizes were
much smaller than the films in FESEM micrograghs (Fig. 3a) which
indicated that the Au films were polycrystalline. 4

The Au deposition procedure was further conducted to a porous
PA substrate. Even though the substrate had a different structure of
the surface, the growth pattern of Au films during 180 min of depo-
sition was similar to that of the PTFE with the exterior dominated by
Au coverage of the substrate. However, a lateral mass growth rate
(8.8 wg Au/cm? PA-min) was slightly different from that
(9.6 wg Au/cm? PTFE-min) in PTFE probably due to a different
activation intensity (7.9 wg Ag/cm? PA), which induced different
values of crystallite size (11-60 nm) for 60—180 min of deposition.
A difference of the activation intensity under the same activation
operation between PTFE and PA substrates might be due to a cap-
turing action of Ag particles with a substrate packing density (a) of
diffusion and interception mechanisms, which can be estimated from
the correlations

1= 1/3
Py = 2.9( e OL) P (9]
1- N3
P = Q—R [10]
K, (1+Np"™

where Pp and P; are the performances for diffusion and intercep-
tion, respectively, K, is the Kuwabara hydraulic factor (K, =
—-0.51In o = 0.75 + a — 0.25 &?), P, is the Peclet number, Ny is the
interception parameter, and m = 2/[3(1 — «)]. Herein, the packing
densities from different substrate structures (PTFE versus PA) might
affect characteristics of discontinuous Ag deposit as island growth
templates for ELD by Au. As shown in Fig. 1b, Au deposition could
only be initiated on Ag particles, and therefore the different forma-
tion of Au island films on exterior surface of different substrates
might be induced.

Conclusions

This paper describes a new strategy for fabricating a Au island
film based on a Ag aerosol surface activation onto a porous PTFE
substrate, followed by ELD. Spark produced Ag aerosol nanopar-
ticles (~123 nm in diameter) were physically captured
(8.7 wg Ag/cm? PTFE in activation intensity) onto the surface of

1 um e——

180 min “Cross-section”

Figure 4. Growth pattern of Au films on
the PA surface.

Sum m—

the substrate. After annealing at 240°C, the activated substrate was
placed into a solution for Au ELD at 90°C. Successive Au deposi-
tion introduced an island film having the thickness of ~3.1 pm (the
lateral mass and dimensional growth rates of 9.2 wg Au/cm” PTFE-
min and 17.2 nm/min, respectively), which was similar to the diam-
eter of the island films at 180 min of deposition. X-ray diffraction
certified the uniformity of the films with the Au (111) crystallo-
graphic orientation as the predominant one. The corresponding crys-
tallite sizes ranged from 14 to 62 nm for 60—180 min of deposition.
Island Au growth was also achieved using the present method for a
different porous substrate (polyamide). Through these results, the
Ag aerosol activation on a substrate with an uneven surface structure
might preferably introduce an island electroless growth of Au. Our
ELD for layering Au may be attractive for various scientific and/or
engineering applications because the catalytic activation of the sub-
strate is simple, inexpensive, and environmentally friendly and this
can be favorably applied to interfacial applications ranging from
self-assembled monolayers to sensing and heterogeneous catalysis.

Hoseo University assisted in meeting the publication costs of this article.
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