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Bulk gold is considered catalytically inactive; however, isolated
gold nanoparticles <10 nm) have demonstrated high catalytic
activity for both oxidation and reduction reaction$.The synthesis
of nanoparticulate gold films on various supports has been
accomplished by numerous techniques, including precipitation,
physical vapor deposition (PVD), chemical vapor deposition (CVD),
and organic encapsulatiént® The latter technique, using block
copolymer micelles to encapsulate the Au precursors, is a particu-
larly attractive method for synthesis of Au-nanoparticle catalysts
for several reasons: (1) quasi-hexagonal ordering of the Au clusters
giving rise to high dispersions, (2) control of the intercluster spacing
(surface density) by changing the length of the block copolymer
tail,'3 (3) control of the cluster size distribution by the concentration
of Au in solution and/or by selection of the appropriate length block
copolymer head? 15 and (4) practicality of the dip-coating method
which can be applied to most substrates. In this Communication, ;
we report the size-dependent electro-oxidation of carbon monoxide a !
as the first example of catalytic activity from Au nanoparticles e 5%‘1 o Sﬂ

synthesized by micelle encapsulation. ) - )
For the synthesis, 25 mg of the diblock copolymer [polysty- Figure 1. Micrographs of Au nanoparticles. (a) AFM of ITO-coated glass
Y ’ g poly poly substrate; observed clusters argdg—SnG,. (b) AFM of Au nanopatrticles

reng; oooblock-poly(2-vinylpyridine)s 2od (from Polymer Source) on ITO-coated glass (after ;Oplasma treatment). (c,d) TEM of Au
was solvated in 5 mL of toluent€-1> The polymers form spherical ~ nanoparticles on copper grid before (c) and after (d) plasma.

micelles in which the polar poly-2-vinylpyridine (PVP) heads
constitute the center and the nonpolar polystyrene (PS) tails extendFigure 1c shows uniformly spacedé-%0 nm) regions of distinct
outward. After the solution was vigorously stirred for approximately collections ¢10—20 nm diameter) of relatively small electron-
5 h, 8.2 mg of HAuCJ-3H,O was added to the solution within a  dense particles sparsely dispersed within each region. These particle
drybox. The resulting solution was subsequently stirred for 48 h, collections are consistent with Au precipitate lining the PVP
allowing the AuCJ~ adequate time to diffuse into the core of the headgroups at the micelle core. The plasma treatment agglomerates
micelle and to complex with the pyridine groups of PVP. the Au within each core region to single particles with an average
The micelles containing the gold nanoparticle precursors were size of 4.8 nm and standard deviation of 1.3 nm, Figure 1d.
dip-coated onto indium tin oxide (ITO)-coated glass substrates (30  X-ray (Al Ka radiation) photoelectron spectroscopy (XPS) was
mm x 4 mm x 0.7 mm)Y” The ITO substrates were affixed to an  used to investigate the valence of the Au on the ITO films before
automated linear translation stage mounted in an upright position. and after @ plasma treatment, Figure 2. The emission of 4-f
The substrates were lowered into the Au-micelle solution at a speedphotoelectrons from Au is identified in four peaks of the XPS
of 100 um/s until approximately 1.5 cm was immersed, at which spectra, two of which are assigned to%A87.7 and 84.0 eV) and
time the motion was stopped for 5 s. The samples were then two to Ai**™ (90.1 and 86.4 e\316.18Before exposure to the oxygen
withdrawn at 100Qum/s. This dip-coating procedure deposited a plasma, most of the gold is observed as*A@rom the [AuCl]~
monolayer of AG™ nanoparticle-laden micelles on the surface. The complex), Figure 2a. After plasma treatment, the relative peak
No-dried samples were exposed to an oxygen plasma (110 W, 10intensities are reversed, Figure 2b, with %Aglectron intensity
min, 300 mTorr) as the final processing step. The plasma servesgreater than the A4 intensity (from AyOs).16 The Au collected
two purposes: first, to remove the PS-PVP polymer and, second, at the micelle core appears to be stabilized a%"Amtil the micelle
to agglomerate the [Augl- complex into Au nanoparticles is removed by the plasma, allowing the reduction t®,Avhich is
consisting of a Alicore and a ApO3 shell1314.16 facilitated by the hydrocarbon oxidation. Because the oxide
Figure 1 shows several micrographs of the Au nanoparticles component of the AUYAu,O3 nanoparticles may be necessary for
prepared as described. AFM images of the ITO substrate beforecatalytic activity, the particles were deliberately not fully reduced
and after Au-nanoparticle dip-coating are shown in Figure 1a and with a hydrogen plasma or other treatment. The dependency
b, respectively. Although the ITO is a rough substrate, gold between catalytic activity and Au valence will be explored in future
nanoparticles were distinguishable. To avoid the AFM tip size work. XPS was also used to verify the removal of the polymer by
limitations in determining the particle size, we coated the Au micelle oxygen plasma treatment as expected, after plasma processing,
solution onto carbon-coated copper TEM grids and imaged the the C 1s peak decreased to levels typical of any material synthesized
samples before (c) and after (d) exposure to the oxygen plasma.outside UHV (data not shown).
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Figure 2. XPS of Au nanopatrticles on ITO-coated glass before (a) and
after (b) Q plasma treatment. Apeaks are observed at binding energies
of 87.7 eV (Au-4f;) and 84.0 eV (Au-4f,), while the oxide (Ad") is
assigned to the peaks at 90.1 and 86.4°¢%8 The relative area of the
oxide peaks is larger than the zero-valence peaks in (a), but the opposite i
true for (b), demonstrating that the Plasma processing led to Adu,03
nanoparticles that were mostly, but not entirely, in reduced form.
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Figure 3. Electro-oxidation of carbon monoxide. Cyclic voltammograms
were measured in 0.5 M KOH saturated with (&,c) and CO (b,d). (a)
and (b) refer to nanoparticulate Au, while (c) and (d) pertain to bulk Au.
The nanoparticulate Au catalyzes CO oxidation-& 10 V (b); however,
bulk gold shows no such evidence of electrocatalytic activity (d).
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with N, and subsequently saturated with carbon monoxide by
bubbling with research grade CO (99.99%, Matheson Gas Products,
Inc.). After saturation, the gas was stopped, and 25 cyclic
voltammograms were measured over 15 min, several of which are
shown in Figure 3b. The Au oxidatierreduction peaks showed
small shifts as compared to the previous case (presumably due to
the pH change), now at0.40 and—0.02 V, respectively, and the
primary CO electro-oxidation peak was observed-@t10 V while
scanning in the cathodic direction. With each successive cyclic
voltammogram, the CO oxidation peak intensity decreases. This
decrease can be attributed to the decrease in concentration of CO
in solution, which results from two principal factors: (1) oxidation
to CO, and (2) evolution of CO directly to the atmosphere. Results
were reproduced upon resaturation of the solution with CO, and
thus catalyst poisoning or delamination of Au was considered
negligible in the short-term. Similar tests were conducted on bulk
gold fabricated by evaporation (50 nm thick on ITO-coated glass),
Figure 3c and d. Clearly, the adsorption and desorption of oxygen
on Au is stronger in this thick Au film as compared to the Au
nanoparticles. Nevertheless, the bulk Au film showed no activity
for CO oxidation, whereas the Au nanoparticles were highly active.
For Au nanoparticles synthesized by block copolymer micelle
encapsulation, these are the first observations of catalytic activity.
The dip-coating method of synthesis produces a highly dispersed,
quasi-regular array of Au nanoparticles (diameter #.8.3 nm)
with tight control of particle size and can be applied to practically
any substrate. Further investigation into CO oxidation as well as
other electrochemical reactions, along with the dependence on
substrate and particle size, is underway for gold nanoparticles
fabricated by this versatile method.
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