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Platinum has extraordinary chemical and physical properties, and HACIHCe
Pt nanostructures have been used as sensors, molecular switches,
magnetic materials, and nanoreactb&tudies of platinum nano- /
particles, nanorods, nanowires, nanotubes, nanodendrites, and shape- """ e ‘ 4cl
controlled nanoparticles have been repoftBtinanostructures with )
hollow interiors (nanoshells) are rategven though they have
advantages over nanoparticles for some applications. For example,
metallic shell structures have reduced material costs, lower densities,

and, in some cases, special optical properties. Metal nanoshells can 4 - L f %’t.%
also be used as highly active catalysts and as capsules for other » §" i
¢ @ »
‘i ‘ *
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functional nanomateriaf®:* Emulsion droplets have long been used i

as templates for synthesizing hollow nanostructures composed of »

glass, ceramics, or semiconductdisit we are not aware of the P axf b ...‘.’ c
droplet-templated synthesis of hollow metal spheres. Herein, we Photocatalysis Autocatalysis Closed shell

describe the first synthesis of platinum nanoshells using stabilized
Y P 9 Figure 1. Structure of Sn(lV) tetraki$(-octadecyl-4-pyridyl)porphyrin

nanodroplets as templgtes. i . hexachloride (SnP18) and the proposed mechanism for formation of the Pt
The synthesis of platinum nanoshells uses & fifpoporphyrin nanoshells: porphyrins localized at the benzewater interface (a)
photocatalyst to initiate the reduction of platinum onto the surface photocatalytically grow platinum seeds and continue to grow autocatalyti-

of benzene nanodroplets in water. Fiporphyrin photocatalysts  cally (b) to form Pt dendrites that join to form a nanoshell (c).
have previously been used by our group to synthesize nanostruc-
tured platinum metal using micelles or liposomes as tempfdtes.
The structure of the lipoporphyrin, Sn(IV) tetrakisoctadecyl-4-
pyridyl)porphyrin hexachloride (SnP18), used in the synthesis is
given in Figure 1. The porphyrin ring acts as the hydrophilic
headgroup due to the charged pyridinium groups surrounding the
macrocycle, and it is expected to localize at the benzevaer
interface while the alkyl tails reside within the benzene droplet
(Figure 1a). These surfactant-like properties are found to be essential |
for the formation of the stable nanodroplets that serve as the
nanoshell templates. Remarkably, the-tiipoporphyrin stabilizes
the benzene droplets even as the benzene concentration is lowered e
below the solubility limit in water. The net result is nanoscale b 1
benzene droplets with reproducible droplet number, size distribution, : :
and thus total surface area. i G Y - ® “Shell Diameter (nmy 27

In the presence of a sacrificial electron donor (ascorbic acid), ] ) )
SnP18 acts as a photocatalys that s capable of reducing a PN 2. S5V Bages o P nanesnels smbesied s ierer,
complex to platinum metal (Figure 1a). When irradiated with visible ' g 5504 and 1 mM Pt complex, (c) 0.125% and 0.5 mM Pt complex. Size
light, Pt nanoparticles deposit evenly over the surface of the distribution of the Pt nanoshells (d) obtained from four independent
nanodroplets, as illustrated in a proposed mechanism shown inpreparations of (c) by measuring 300 shells in each TEM image.
Figure 1, which is based on earlier studies of Pt growth on micelles reaction, 2 mL of the diluted emulsion is transferredat 4 mL
and liposomesdd The Pt seeds subsequently grow autocatalytically reaction vial, and aged RtCl, solutior?® (20 mM) is added to
(Figure 1b) and ultimately complete the coverage of the benzenegiVe final Pt concentrations of 0.024.00 mM (depending upon

nanodroplets to form the Pt nanoshells (Figure 1c). Because theq gesired coverage). Freshly prepared ascorbic acid (AA) solution
total surface area is constant below the solubility limit, the thickness (151 mM) is then added to produce an AA:Pt ratio of 7.5:1, and

of the Pt deposited onto the droplets can be controlled by varying he via| is sealed and irradiated with incandescent light (800

the amount of Pt complex. . nmol-cm-2-s-%) for 30 min during which time a black suspension
The preparapon of penzene nanodroplets containing the .Snplsgradually forms as the Pt(ll) complex is reduced.

photocatalyst is described beléwkor the Pt nanoshell forming Figure 2a-c shows SEM images of Pt shells made using the
t Sandia National Laboratories. SnP18-containing nanodroplets prepared with 0.5, 0.25, and 0.125%

* University of Georgia. vlv benzene in water.With 0.5% v/v benzene in water as the
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containing suspended 5 nm diameteg@gparticles (see details

in the Supporting Information). Figure 3d shows an STEM image
of the FgO4-containing Pt nanoshells. The edge of the spheres
appears brighter than their center region in these dark field images,
consistent with an encasing electron-dense Pt shell. EDS analysis
of the shell edge area (Figure S6) confirms that it is mainly Pt
(Pt:Fe, 93:7), and EDS of the center area indicates that it is mainly
Fe (Pt:Fe, 33:67). The magnetite-filled shells are clearly magnetic,
as shown by their attraction to a magnetic stirring bar placed on
the sidewall of the vial (Figure 3e).

In conclusion, we have developed a method for using lipopor-
phyrin-stabilized nanodroplets of an organic solvent in water as
templates to synthesize dendritic Pt nanoshells. A key feature of
the method is the use of a tiporphyrin complex both as a
surfactant that stabilizes the nanoscale benzene droplets and as a

Figure 3. TEM images of Pt nanoshells prepared using SnP18 in 0.125% Photocatalyst to initiate Pt reduction onto the surfaces of the
benzene in water and various concentrations of Pt complex: (a) 1 mM, (b) nanodroplets. At benzene concentrations below its solubility limit
0.5 mM (same as Figure 2c), (c) 0.25 mM. Panel (d) is an STEM dark 5 water, the thicknesses of the Pt nanoshells can be controlled

i g =

field image of Pt nanoshells prepared using 0.25% benzene/SnP18 containin
~5 nm FgO,4 nanopatrticles. Panel (e) is a photograph showing a magnetic
stirring bar attracting the nanoshells to the side of the reaction vessel.

g{:ontinuously fron~5 to over 50 nm by varying the amount of the

Pt complex. The organic phase can also be used as a medium for
placing functional hanomaterials inside the nanoshells. The pho-
template, the product consists of hollow Pt structures with a wide tocatalytic interfacial synthesis of nanoshells composed of other
range of sizes with a significant quantity of micron-sized structures metals is currently being studied in our laboratory.

present (Figure 2a). At 0.25%, relatively few micron-scale structures

are seen, mostly consisting of spherical Pt shells in the range of Acknowledgment. Sandia is a multiprogram laboratory operated
100-400 nm (Figure 2b). Finally, at 0.125% (Figure 2c), the size by Sandia Corporation, a Lockheed Martin Company, for the United
of the Pt spheres is further reduced and most are less than 100 nntates Department of Energy’s National Nuclear Security Admin-
in diameter (Figure 2d). The reduction to a restricted size range istration under Contract DEAC04-94AL85000. Research partially
upon dilution below the solubility of benzene in water (0.22%) supported by the DOE Division of Chemical Sciences, Geosciences

indicates a limited loss of benzene from the droplets with SnP18
behaving as an unexpectedly good surfactant for stabilizing the
nanodroplets. The size distribution of the nanodroplets is reproduc-
ible at concentrations below 0.22% (see Figure S2), giving a

and Biosciences (DE-FG02-02ER15369).

Supporting Information Available: Synthesis details, U¥visible
spectra, XRD spectra, EDS and TEM data. This material is available

repeatable surface area. Consequently, the Pt concentration can b€ of charge via the Internet at http://pubs.acs.org.

varied to produce the desired thickness of the Pt nanoshells.
TEM images (Figure 3b) show that the surfaces of the shells

have a “furry” appearance consistent with dendritic Pt groifith.

In addition, XRD spectra (Figure S3) show peaks characteristic of

nanocrystalline platinum in agreement with the nanoscale structural

features of Pt dendrites. Since the total surface area of the

nanodroplets is nearly the same for similarly prepared 0.125% v/v
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