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Abstract: Seeding and autocatalytic reduction of platinum salts in aqueous surfactant solution using ascorbic
acid as the reductant leads to remarkable dendritic metal nanostructures. In micellar surfactant solutions,
spherical dendritic metal nanostructures are obtained, and the smallest of these nanodendrites resemble
assemblies of joined nanoparticles and the nanodendrites are single crystals. With liposomes as the template,
dendritic platinum sheets in the form of thin circular disks or solid foamlike nanomaterials can be made.
Synthetic control over the morphology of these nanodendrites, nanosheets, and nanostructured foams is
realized by using a tin-porphyrin photocatalyst to conveniently and effectively produce a large initial population
of catalytic growth centers. The concentration of seed particles determines the ultimate average size and
uniformity of these novel two- and three-dimensional platinum nanostructures.

Introduction

other nanostructures such as wifédand sheet3! Nanostruc-
tured platinum is of particular interest for many applications,

Metal nanostructures are of considerable interest because Oﬁncluding catalysig7.25 sensor€® and other device®:27-29

their importance in catalysisphotochemistry, sensors, tag-
ging;* and opticaF electronic and magnetic devices$ Metall

While a few platinum nanostructures have been reported,
including nanoparticle¥’'® nanowire$?23 nanosheet$! and

nanostructures have been synthesized in many forms, rangingothe@,mss the synthesis of additional types of nanostructures

from conventional metal colloid$ to modern near-monodis-
persed nanoclustefsi® shape-controlled nanocrystafs2! and
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is highly desirable and potentially technologically important.
New methods for the synthesis of metal nanostructures are
important for providing the reproducibility and control over
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properties required for advanced technological applications. A Chart 1. Structures of the Porphyrin Photocatalysts and
recognized goal of these new synthetic approaches is to achieveSurfactants.

control over the composition, size, surface species, solubility,

stability, isolability, and other functional properties of the

nanostructurest For example, a mechanism consisting of CH;(CH,),,SO,Na
nanoparticle seeding followed by fast autocatalytic surface SDS
growth gives nearly monodisperse nanoclusters for a variety of

metals’~10.16,19.20.3436 Thys, nearly monodisperse nanoclusters

of iridium have been attained by ,Heduction of iridium CH,(CH,), ;(OCH,CH,),;OH
saltst>~15 Copper nanoparticles of controlled shape and size ..
. . . . SnOEP Brij-35
were prepared in solution without any capping agent or template
by seeding and subsequent reduction of copper ions by ascorbate
at the particle surface’8.Particle size was selected by varying COM o
the ratio of copper seed particles to copper ion concentration. CORH [

|
CH,~0—C—CH,(CH,),sCH;

Shape-controlled platinum nanocrysta® have been synthe- HOLG
sized using a capping polymer material, giving mixtures of
tetrahedral, cubic, irregular-prismatic, icosahedral, and cubo-
octahedral nanoparticlé$The shapes produced are determined

Il
CH,—0—C—CHy(CH,);5CH;

. . X . CH;
by interfacially directed control over the relative growth rates coH | 111 * o
of different crystalline faces. Nanosheets have been produced ? : . e }
by reduction of platinum chloride intercalation compounds HO,C CH;

confined between graphite layers’” SnUroP coH DSPC
Herein, we describe a method of synthesis that leads to novel nuro

types of fractal-shaped platinum nanostructures of controlled pptained by the photocatalytic synthetic method are functional

sizes. This synthetic method is based on a seeding and fastatalytic/photocatalytic units capable of eivolution from water.
autocatalytic growth approach in which an agueous solution of

platinum salts is reduced by ascorbic acid in the presence ofMaterials and Methods.

surfactant. The seeding/autocatalytic approach employed by us Materials. Potassium tetrachloroplatinate(ll) fRtCl; 99.99%),

in the present study produces nanodendrites, which grow by L-ascorbic acid (99%), sodium dodecyl! sulfate (SDS), polyoxyeth-
interfacially directed autocatalytic reduction of platinum onto Ylene (23) lauryl ether (Brij-35), 1,2-dioctadecansytglycero-3-

the platinum nanoparticle seeds. To our knowledge, metallic Phosphocholine (DSPC, 99%), and cholesteroH{9§ were of the
platinum nanodendrites have not been made previously byhighest purity available and were used as_recgived from Sigma-Aldrich
autocatalytic growth or by any similar approach. (Platinum (St. Louis, MO). _Sn(IV) octaethylporphy!rm dichloride (SnQEP) and
dendrites of considerably different morphology have been grown Sn(IV) uroporphyrin | (SnUroP) were obtained from Porphyrin Products

. . (Logan, UT) and used without further purification. The chemical
from lithium tetraborate melts by the Czochralski metfivihe structures of the surfactants and porphyrin photocatalysts are shown

present approach is different from the conventional growth of i chart 1. sn and Ni tetratmethylpyridinium)porphyrin (T(N-Me-

dendrites by diffusion-limited crystallization of metals or by  py)p) were also obtained from Porphyrin Products and used as obtained

the Czochralski method.) (structures not shown). All aqueous solutions were prepared with
In the case of micellar solutions, the new synthesis yields ultrapure water from a Barnstead Nanopure water system (Chesterland,

three-dimensional metallic platinum nanodendrites of diameters OH). ) . .

ranging from 6 to 200 nm. When large liposomes are used Preparation of Reactant and Surfactant Solutions.Platinum(ll)

dendritic disklike nanosheets or dendritic sheets in the form of solution was prepared by dissolvingRCL in water under ambient

lid f lik terial d d d di th condition and was aged at least 24 h before use. Aging the platinum
Solid Toamiike nanomaterials are produced depending on theg,, iqn disproportionates the complex into an equilibrium mixture of

experimental conditions, indicating a templating effect of the 454, pyH0),cl,, 53% Pt(HO)Cl:™, and 5% PGP SDS (80 mM)
surfactant assembly. Control over the size of these dendritic or Byij-35 (1 mM) micellar stock solutions were prepared by dissolving
nanostructures is conveniently realized by using a tin-porphyrin Sps or Brij-35 in water with mild sonication. The porphyrin-saturated
photocatalyst to rapidly generate an initial population of growth surfactant solutions were prepared by dissolving SnOEP in these SDS
centers. In the case of the three-dimensional nanodendrites, thi®r Brij-35 solutions using mild sonication. Undissolved suspended
photocata|ytic Seeding approach can be used to produce nanoSnOEP was filtered off using a 200 nm pore filter (VWR Scientific
structures with average sizes in the range 30 nm and narrow ~ Products, West Chester, PA), and this porphyrin stock solutiorr (10
size distributions. The effects of light exposure and photocatalyst 172#M in SNOEP and 80 mM in SDS or 1 mM in Brij-35) was diluted
concentration on the size of the nanodendrites are evaluated into the de_swed concentration for use in the regctlon_. S_,olutlons of nickel-
. . L I (1) and tin(1V) T(N-Me-Py)P were prepared in a similar manner. The
deta'!’ and these St_UdleS are crucial I,n Verlfylng the_ proposed ascorbic acid solution was freshly prepared because of its gradual
seeding/autocatalytic grovvth. mechanlsm. F.Inally, itis dem?”' oxidation in air; the oxidation is evidenced by the decrease in the
strated that the small three-dimensional platinum nanodendritesascorbic acid UV absorption bands (see Figure S1 of the Supporting
Information and the discussion below).
(34) Jana, N. R.; Gearheart, L.; Murphy, CChem. Mater2001, 13, 2313 Multilamellar vesicles with different sizes were prepared by intense
2322 sonication of an 8 mM DSPC aqueous solution containing ascorbic

(35) Jana, N. R.; Pal, TCurr. Sci.1998 75, 145-149.

(36) Sau, T. K.; Pal, A.; Jana, N. R.; Wang, Z. L.; Pal,JT.Nanopart. Res.
2001, 3, 257-261. (38) Ciacchi, L. C.; Pompe, W.; De Vita, Al. Am. Chem. So001, 123

(37) Shirai, M.; Igeta, K.; Arai, MJ. Phys. Chem. B001, 105 7211-7215. 7371-7380.
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acid (150 mM) using a Misonix ultrasonic processor XL (Farmingdale, mixed and irradiated with incandescent light for 30 min. For some of
NY). Unilamellar liposomes with a composition of 1:1 DSPC/ the solutions the DSPC liposomes also contained SnOEP. The reaction
cholesterol mole ratio were prepared by an extrusion procedure. Stocksolution turned black during irradiation at a slower rate than the micellar
solutions typically at a concentration of 10 mg/mL of lipids were reactions, with the reaction rate depending on the intensity of irradiation
prepared in 9:1 chloroform/methanol (v/v). Mixtures of various lipids and size of the surfactant assembly.

amounting to 1Qumol total were added to a round-bottomed flask. Characterization of Platinum Nanomaterials. Transmission elec-
The flask was connected to a rotary evaporator and dried &C@or tron microscopy (TEM, 200 keV JEOL 2010), high-resolution TEM
1.5 h to form a thin lipid film on the inside wall of the flask. The dried  (HRTEM), high-angle annular dark-field (HAADF) scanning TEM (200
lipid layer was then hydrated in 3 mL of filtered and degassed water kev JEOL 2010F), selected-area electron diffraction, and energy-
or aqueous 150 mM ascorbic acid foh at 65°C to form multilamellar dispersive X-ray spectroscopy were performed on the nanostructures.
liposomes. The multilamellar liposomes were sonicated briefly in a The samples for TEM analysis were prepared by adding drops of
bath sonicator to reduce the average size of liposomes and then extrude@olloidal solutions onto standard holey carbon-coated copper grids. The
through a 100 nm pore polycarbonate membrane in a pneumatic excess solvent was wicked away with a filter paper, and the grids were
liposome extruder (Liposofast, Avestin, Ontario, Canada). Liposomes dried in air.

were extruded 31 times to ensure uniform size distribution. The resulting Dynamic light scattering measurements to determine the size of the
unilamellar liposome suspension was centrifuged for 20 min at®000  pjatinum nanostructures in solutions were performed with a Beckman
to remove residual multilamellar liposomes and aggregated lipids. coulter N4+ or N5 submicron particle size analyzer. The scattering
Liposome solutions in water and in agueous ascorbic acid were preparedhngle was 98 and the intensity autocorrelation functions were fitted
both with and without 333 nM SnOEP. using PCS control software to derive hydrodynamic diameters-UV

Characterization of the Surfactant Assemblies.The liposomes visible absorption spectra were obtained with a HP8452A diode array
were characterized by determining the hydrodynamic diameter of the spectrophotometer (Colorado Springs, CO) gsinl mmpath length
liposome in solution, estimated using a quasi-elastic light scattering quartz cell.

(QELS) apparatus (Brookhaven Instruments, Holtsville, NY, or Beck-  Hydrogen Evolution Measurements. The solution for the ki
man-Coulter, Hialeach, FL). The liposomal solutions (40 were evolution reaction contained ascorbic acid (60 or 200 mM) and the
diluted in 1.5 mL of freshly filtered solution in a polypropylene cuvette highly diluted product of the photocatalyzed reactions producing
and placed in the QELS apparatus. The measurement was performecb|atinum nanodendrites (6.5 or &AM in Pt). (The nanodendrites

at 90 scattering angle, and the QELS data were analyzed using the produced in these reactions are similar to those shown in the TEM
constrained regularization (CONTIN) method to obtain a mean diameter image of Figure 4b.) SnUroP was also added to a final concentration
and distribution. The hydrodynamic diameters obtained for the unila- f gg uM for improved light-harvesting function. The volume of the
mellar liposomes from the dynamic light scattering measurements were jiquid sample in the vessel was 2.5 mL. The reaction vessel consisted
161.6 nm for the porphyrin-containing liposomes and 175.1 nm for of 3 6 in. round-bottom Pyrex tube 0.75 in. in diameter that was sealed
the control porphyrin-free liposomes. Zeta potentials of the liposome it a rubber septum. The reaction vessel was irradiated with a tungsten
solutions were measured by electrophoretic light scattering. Liposomes”ght source (800 nmol cm? —s! at the vessel), and samples were
were diluted in a 10 mM KClI solution for the measurement of the zeta removed periodically for analysis. All reactions were run under an argon
potentials; the zeta potential wasl.55+ 0.65 mV. atmosphere.

The size of the multilamellar DSPC vesicles in solutions was Gas chromatography (GC) (HP 5890 Series Il instrument controlled
determined by dynamic light scattering measurements using a Beckman|Dy HP ChemStation, version A0701 software, Gaithersburg, MD) was
Coulter N5 submicron particle size analyzer with a 25 mW-ie used to quantify the kigas produced photocatalytically by the platinum
laser (632.8 nm). The scattering angle was,9nd the intensity  nanostructures. The GC instrument was calibrated immediately before
autocorrelation functions were fitted using PCS control software the measurements by adding known amountsdbt4 control reaction
(Version 2.02) to derive hydrodynamic diameters. Average vesicle mixture. All gas samples (typically 100L) were extracted from the
diameters produced ranged from 57 to 400 nm by QELS measurements,ig volume of reaction vessel and were manually injected with a
depending on the sonication times. syringe onto a 100/120 Carbosieve SlI column (10 feet length, 1/8 in.

Synthesis of Platinum Nanostructuresin a typical synthesis using width) and carried by argon at a constant flow rate of 108 orim—!
micellar solutions, 0.125 mL of the aqueous stock solution containing to a thermal conductivity detector operating at @ The retention
SDS (80 mM) or Brij-35 (1.0 mM) micelles was added to a glass time for hydrogen was about 1.4 min.
reaction vessel. To this solution was added SnOEP to the desired
concentration (635 uM) by making microliter-scale additions from  Results and Discussion.
the porphyrin-surfactant stock solutions. Then, 0.25 mL of the Pt salt . . . .
solution (20 mM) and 0.25 mL of an ascorbic acid solution (150 mM; N.anostr.uctures Obtained by Ascorbic Acid Reduction of
containing the surfactant at the same concentrations given above) werdlatinum in the Presence of Surfactant.In the absence of
added stepwise to the reaction vessel. The pH of this reaction solutionsurfactant, the reduction of platinum salts by ascorbic acid occurs
was 3.0. The reaction vessel containing the solution was irradiated with in minutes and results in macroscopic pieces of platinum metal
incandescent light (800 nmol cths™%) for 30 min. The light intensity that settle out within 10 min. However, reduction in the presence
was measured with a Hansatech Instruments (Norfolk, England) of large unilamellar liposomes has a dramatic effect on the
Quantitherm light meter thermometer; intensities range from ambient morphology of the platinum obtained from the reaction. When
room light (0.5-2.0 nmol cm? s™*) to intense incandescent irradiation 150 nm diameter unilamellar distearoyl-phosphatidylcholine

from a projector (800 nmol cni s%). At the highest intensities, some (DSPC; see Chart 1) liposomes are used in the reaction, TEM
heating from the light source occurred, but controlled temperature . ' '

studies showed that the heating had negligible effect on the platinum images of the %roduc_:t E_XhlbltlthBe tk\]/vol-dlmeng_lgnal _Clrc_ular
nanostructure product. The color of the reaction solution changed within nanostructures shown in Figure 1. Both electron diffraction (inset

10 min from transparent light brownish-yellow (from the Pt complex) ©f Figure 1)and energy-dispersive X-ray spectra (Figure S2a)
to brownish-gray to opaque black. of dried samples confirm that the nanostructures observed are
In a typical synthesis of the liposome-templated nanostructures, COmposed of platinum. The thickness of the interior portion of
similar volumes of the aqueous solutions containing DSPC/cholesterol the nanosheets can be estimated from the platinum thickness at

liposomes, aged Pt complex (8 mM), and ascorbic acid (60 mM) were the particle-like tips of the circular nanosheets3( nm),

J. AM. CHEM. SOC. = VOL. 126, NO. 2, 2004 637



ARTICLES Song et al.

Pt dendrites only single particles are allowed to diffuse by Brownian motion
(1.7) and considerably different from cases in which particle
clusters can diffuse (1.4) or particle motion is linéaf3In the
present case, metal atoms are not thought to diffuse, but there
is a diffusion-limited process in which ascorbic acid and Pt
) complex diffuse to the surface of the growing metal dendrite
et Liposome and react (see discussion below).

bilayer . .

The circular nanosheets are most likely templated by the
liposomal surface, possibly on the surface as illustrated in Figure
la or within the bilayer. Another intriguing possibility is that
the nanosheet starts to grow on a liposome, then sticks to another
liposome and continues to grow at the interface between the
two liposomes. In this case, reactants would be available for
growth only by diffusion into the interfacial region between
the two liposomes, and thus reactants would be preferentially
available to the tips of the dendrite.

Large (~100-500 nm) multilamellar vesicles of DSPC also
serve as templates for producing the Pt nanosheets. Interestingly,
changing the size of these vesicles at a constant DSPC
concentration by sonication alters the morphology of the
_ : A platinum nanostructure obtained from the subsequent reaction.
Figure 1. Dendritic platinum circular nanosheets templated by liposomes. For.example' with small VeS.ICIes (57 nm) prepared ny mte.nse
(a) lllustration of the growth of Pt nanosheets on the liposomal surface; sonication of the large multilayer vesicles, the reaction gives
other possible growth mechanisms are discussed in the text. (b) HAADF hanoparticle groupings and only a few small poorly formed
Scandning TtEMDigSgelpf three platiHU;nEﬂrC_ulaf ”anffJSh?EtS ggowg Fi_” 1Ff)3t0 dendritic nanosheets. This result suggests that it is the curvature
Egnnoslzgaet erT:ade usinlg]p%SSC)lgnCeﬁbc()g)c)mes ama(?r‘?s:t) ﬁs 2Iig§tro?1ndi;:‘rlgction0f the Surfa(_:tant assembly that determines the dimensionality
pattern. The surfactant assemblies cannot be seen in the TEM imagesOf the dendrites. Apparently, the surface curvature of the small
because of the lack of contrast with the much denser Pt and the interferencevesicles is too great to support Pt growth in sheets, consistent
from the carbon film of the TEM grid. with a templating role for the large liposomes as discussed in

suggesting the sheets are approximately 2 nm t#i@canning more detail below.
The detailed structure of the circular nanosheets is revealed

TEM using a high-angle annular dark-field (HAADF) detector . . . . .
allows one to image nanostructures as small as single atomsby high-resolution TEM images and electron diffraction. The

using the electrons scattered to high af§IAADE has many electron diffraction pattern of the nanosheet in Figure 1c is
advantage&! but in this work we take advantage of HAADF shown in the inset; it indicates that metal growth occurs in
to provide t,hez-density projection of the nanostructures for essen_tially the same crystallographic orient_ation throughout_the
profile imaging. Density profiles (not shown) obtained from the dendrite. Crystal bending can be seen directly in the lattice

scanning TEM HAADF images (Figure 1b) show that the arms Irlpglng t(')f hlgthr;resolutltorlltl)magles (FI%UI’E S3 of t.he Silfpportln?
of the dendrites generally have a uniform thickness, except at nformation), thus crystal bending and an occasional low-angle

the tips. The platinum nanosheets are obtained in varying grain boundary account for the elongated points of the electron

diameters, but nanodendrites of more uniform diameter can be?r:ffractlotn Igljatternh_m the inset |an|guret1.oiI'é1e d(ljl‘eCtIOS]S B
obtained by initially seeding the reaction with 3 nm platinum € crystaflographic axes vary by up to lbased on the

particles or by in situ photocatalytic generation of Pt seed elongation of.the pplnts n thg diffraction pattern.
particles as described below. The two-dimensional platinum nanostructures take on a

Figures 1b and 1c show that these two-dimensional nanosheet ifferent form when they are prepared under different conditions.

are unmistakably dendritic. The fractal dimensions of these hen _the I!posom(_as are prepared in water rather than an
nanosheets were obtained by analysis of the TEM images Ofascorblc acid solution and then added to an ascorbic acid

10 of the two-dimensional dendrites such as that shown in Figuresc’l'“!tlon (60 mM) for the platinum reductl_o.n reaction, the
1 using the programs Fractal Dimension Version 1.1 (http:// platinum produced appears as balls of dendritic nanosheets (see

polymer.bu.edu/ogaf/html/software.htm) and Fractal Dimension Figure 2). These porous wads of nanosheets are not observed

Calculator (http://astronomy.swin.edu.aqbourke/fractals/ when the liposomes are prepared in ascorbic acid; instead, the
fracdim/). The average fractal dimension is 1Z3.08 when reaction gives mostly the circular nanosheets shown in Figure

analyzed using the box-counting method with the box size varied L ![:ort.thlebllﬁosomiﬁ prep?red |nﬂ\1/v a'.[er’.g'ﬁe;?}? ce|§ n chemma:jl
over two decades. This value of the fractal dimension is typical potential between the water on the inside of the iposome an

of computer simulations of two-dimensional aggregation when t_he solutlo_n of a_scorblc acid and .Pt salt on the outside of the
liposome likely disrupt the normal liposomal structure and cause

(39) We are aware of only one other clear example of the preparation of platinum aggregation, giving rise to the foamlike Pt material observed
nanosheets. Shirai et al. (ref 24) have obtained platinum sheets of a thicknes: i
of 2—3 nm by confined growth between layers of graphite by hydrogen in the TEM Images.
reduction of platinum chloride intercalation compounds. These nanosheets
contain hexagonal holes in an uncontrolled pattern and, in contrast with (42) Witten, T. A.; Sander, L. MPhys. Re. Lett. 1981 47, 1400-1403.

those observed in the present work, are not dendritic in nature. (43) Hurd, A. J. InPhysics of Complex and Supermolecular Flyiiafran, S.
(40) Crewe, A. V.Chem. Scrl1979 14, 17—20. A., Clark, N. A., Eds.; John Wiley & Sons: New York, 1987; pp 493
(41) Wang, Z. L.Adv. Mater. 2003 13, 1497-1514. 507.
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images (Figure 3b). As shown by the inset of Figure 3b, the
spherical nanodendrites superficially resemble nanoscale ver-
sions of common toys called “Koosh balls” (although Koosh
balls are not dendritic). All of the reduced platinum found on
the TEM grids is in the form of these spherical nanodendrites.
It is likely that the nanostructures shown in Figure 3 are three-
dimensional analogues of the circular nanosheets shown in
Figure 1.

Mechanism of Nanodendrite Growth and Control of
Nanostructure Size. Key goals in the synthesis of metal
nanostructures are that the synthesis gives nanostructures of a
specific size and size distribution and that the synthesis is
reproduciblé'! To gain control of the synthesis, it was necessary
to understand the mechanism by which the nanostructures are
formed. A mechanism based on slow, continuous nucleation
(seeding) and fast autocatalytic growth has previously been used
to explain the growth of metallic nanoparticlsA related
mechanism is proposed to explain the formation of the platinum
nanodendrites in the present work.

In the seeding/autocatalytic growth mechanism, slow chemical
reduction of Pt ions by ascorbic acid occurs to give Pt-
nanoparticle growth centers (seeds) at very low concentration
by the simplified redox reaction:

Figure 2. Foamlike balls composed of platinum nanosheets and their
aggregates.

PET+AA — P+ AA,,

When these seeds reach a certain siz600 atoms), the Pt
nanoparticles apparently become autocatalytic for the platinum
reduction reactiof®*6The seed particles then rapidly grow into
the mature nanostructures shown in Figures 1, 2, and 3 as the
autocatalytic reduction exhausts the available platinum complex.
For the nanostructures shown in Figure 3, the slow, continu-
ous formation of seed nanoparticles over the entire reaction time
leads to a large average size for the nanostructures and a broad
size distribution. The latter is due to the variation in the
autocatalytic growth period for seed particles produced at
different times. Consistent with this mechanism, smaller and
more uniform three-dimensional nanostructures are obtained if
the micellar reaction solution is initially seeded witt8 nm Pt
nanoparticles preprepared by standard methotisese seeds
have equal autocatalytic growth times and thus yield small
uniform sized nanostructures. So, although the autocatalytic
Figure 3. (a) TEM image of nanodendrites produced with Brij-35 surfactant growth is uncontrolled, the size and size distribution of the
in the absence of photocatalyst and (inset) the electron diffraction pattern nanostructures can be controlled by various seeding strategies.
of a group of the dendrites indicating that they are composed of platinum  Photocatalytic Seeding Studies.An easy, precise, and
metal and as a group are polycrystalline. (b) HAADF scanning TEMimage o ticaple method for producing a large initial concentration

of the three-dimensional platinum dendrites grown in the presence of Brij- . ) . .
35 micelles. Inset: a Koosh ball. of seeds for controlling the size and uniformity of the nano-

The plati btained in th ¢ IIstructures is to use a photocatalyst and light to rapidly generate
‘ € platinum nslr_mstructufresho taine n tj € presggcse 0 ;gb} the growth centers in situ. This method provides a broad range
surfactant assemblies were further examined using ana brij- oy possible seed concentrations and rates of formation allowing

35 micelles. Alth.OUQh reduct!on of the platinum °°'_“p'ex precise control over the size of the nanostructures. Another
proceeds on a tlme scale similar to .that for the cw;ular potential advantage of the photocatalytic seeding method is that
ngnosheets<(30 min), the product optalngd has an entirely the seed particles, and thus the platinum nanostructure, may be
different morphology (see Figure 3)Bright field TEM images placed at a desired location by pre-positioning the photocatalyst

of the reduction product reveal platinum nanostructures that ., les. In the present example, a hydrophobic photocatalyst
appear to be dendritic but that are now three-dimensional (Figure
3a). The dendritic nature of the nanostructures is more evident(4s) In the case of platinum-catalyzed hydrogen evolution, the limiting minimum
i i i i size for the Pt particle to become catalytic was determined to be as few as
in the high-angle annular dark field (HAADF) scanning TEM 50 atoms, and a stable catalytic particle was created at about 500 atoms.
See ref 46.
(44) Both electron diffraction (inset of Figure 3a) and energy-dispersive X-ray (46) Greenbaum, El. Phys. Chem1988 92, 4571-4574.
spectra (Figure S2b) of dried samples again confirm that the nanostructures(47) Furlong, D. N.; Launikonis, A.; Sasse, W. H. F.; Sanders, J.\Chem.
observed are composed of platinum. Soc., Faraday Transl984 80, 571-588.
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Figure 4. TEM images of platinum nanostructures produced in the presence of SDS without (a) and with (b) photocatalyst and their respective size distributions
(insets). Average diameters were measured for 100 nanostructures, and their frequencies are plotted in the inset graphs. The average simtaghd the sta
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deviations are given in the plots, along with the percentage ratio of the standard deviation to average size.

molecule is positioned within the interior of a micelle or within

photocycle is reductive because the initial electron-transfer event

the bilayer of a liposome (as illustrated by the example in Figure is the reduction of the porphyrin anion by the ED.
13.) and is used to initiate seed and thus nanostructure grOWth. To investiga‘[e the potentia] of this photocata]ytic Seeding

The photocatalyst chosen to generate seeds is a tin(IV)-

method, hydrophobic SnOEP (optical studies suggest the

porphyrin complex (SnP), examples of which are shown in Chart chioride axial ligands are displaced in aqueous solution) was
1. The photocatalytic reduction of platinum salts by the SnP is jncluded in an SDS micellar reaction mixture in catalytic
accomplished in the presence of visible light and an electron amounts {1 zM). Although SnOEP is very slightly soluble in
donor (ED), ascorbic acid in this case. The SnP photoreaction\ater without surfactant, its solubility is much greater in

is a reductive photocatalytic cycle, which has been used syrfactant solutions, indicating that the SnOEP molecules are

previously in the photosynthesis of reduced methyl viologen
and to evolve H in the presence of colloidal P¥50 In the
present photoreaction, Ptis reduced as described by the
following simplified equations:

SnP+ hv — SnP*

SnP*+ ED— SnP"* + ED,,

2SnP* + Pt — 2snP+ PP

Absorption of visible or UV light by the SnP yields the long-
lived excited triplett—z* state, SnP*, which is rapidly reduced
(SnP*/SnP°, +1.1 V, calculated by adding the triplet state
energy to the potential for SnP/SrPby an ED such as ascorbic
acid. The product is a long-livéHradical anion, SnP, which

is a strong reductant (SnP/SnP—0.66 V) capable of efficiently
reducing a variety of metal ions including Ag, Au, Hg, Pb, Cu,
and Pt to the zerovalent metafsReduction of the metal

associated with surfactant assemblies. After exposure to intense
incandescent light (0.8mol cnm 2 s72) for several minutes, the
reaction solution turned black in nearly the same length of time
that was observed in the absence of the photocatalyst. However,
compared to the nanostructures obtained in the absence of
photocatalyst (Figure 4a), the product now consists of small
strikingly uniform Pt nanostructures (Figure 4b). To demonstrate
that the photocatalytic property of the porphyrin causes the size
change rather than the presence of the porphyrin molecule, it
was shown that another tin porphyrin, SnT(N-Me-Py)P, had the
same effect on nanostructure size as SnOEP. In addition, when
the nickel derivative (NiT(N-Me-Py)P), which is photochemi-
cally inactive, was substituted in the reaction, it was found to
have no effect on the average size or distribution.

Based on TEM images such as those in Figure 4b, Figure S4
of the Supporting Information, and the rotated TEM images
shown in Figure 5, the nanostructures generated in the photo-
catalytically seeded reaction are approximately spherical in

regenerates neutral SnP, which again becomes available toshape. Measurements of the nanostructures in the TEM images
absorb light and initiate a successive photochemical cycle. The9ive an average diameter of 1148 1.7 nm. Although they

(48) Song, X. Z.; Jia, S. L.; Miura, M.; Ma, J. G.; Shelnutt, J.JAPhotochem.
Photobiol. 1998 113 233-241.

(49) Shelnutt, J. AJ. Am. Chem. S0d.983 105, 7179-7180.

(50) Kalyanasundaram, K.; Shelnutt, J. A.; Gratzel,Iivbrg. Chem1988 27,
2820-2825.

(51) Under alkaline conditions, the lifetime of the radical anion is approximately
10 s with triethanolamine as the electron donor.

(52) Wang, Z.; Abdelouas, A.; Song, Y.; Gong, W. L.; Lutze, W.; Shelnutt, J.
A. Manuscript in preparation.
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appear to consist of joined nanoparticles with particle diameters
of 2.9 + 0.1 nm, a size typical of the particles found in Pt
colloids?’ they are better viewed as “embryonic” dendrites.
Additional growth of these nascent dendrites (Figure 4b) would
then produce the larger nanostructures seen in Figure 4a.

The insets in Figures 4a and 4b show the respective size
distributions obtained from the TEM images. These verify that
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A straight line is expected in Figure 6 only if the concentration
of seeds is directly related to the porphyrin concentration, the
principal variable in the data for the plot. Ideally, each porphyrin
makes only one seed, and the seed then becomes catalytic and
gets its share of the Pt as it grows autocatalytically into the
mature nanostructure. The curvature at high SnP concentrations
(low ratios) seen in Figure 6 probably results from light-
shielding effects, which prevent some porphyrins from getting
enough light to generate a seed particle, thus raising the average
i il . nanostructure diameter per porphyrin. For the smallest Pt/SnP
R ratio, individual 3 nm nanopatrticles are obtained (first data
Figure 5. Stereoview generated from rotated TEM images of several point). Deviation from linearity in the plot at high ratios is due
nanodendrites. . .
to competition from the slow seeding by the uncatalyzed
chemical reduction, which provides additional seeds and lowers
the average diameter. The vertical bars for some of the data
points give the standard deviation of the size distribution; the
distribution is seen to broaden for low SnP concentrations (large
Pt/SnP ratios) because continuous spontaneous seed generation
provides some of the growth centers. Note that the graph

[}
w

= N N W
- o ;o

Nanoassembly diameter (nm)

10 f includes some data points that come from different Pt concen-
5t trations, verifying that only the Pt per growth center is important
0 . . . in determining the size.

0 10 20 30 40 50 60 70 80 For the experiments described in Figure 4, the irradiation with

(PysnOEP)1/3 intense light continues until the reaction is complete (30 min).
Figure 6. Nanostructure diameter versus the cube root of the Pt-to- However, the photocatalytically generated seeds are produced
porphyrin molar ratio (a measure of the nanostructure volume per growth during the first few minutes because the reaction mixture turns
center). black after this time due to the formation of a concentrated
. . . ) colloid. During this window of opportunity, it is possible to
photocatalytic seeding results in a smaller size and a morevary the irradiation time to control the number of seeds and

uniform size distribution.. S.pec.ifically, when photocatglyst Is thus the size of the nanostructures obtained (Figure 7). In these
absent, the standard deviation is 42% of the average size (22'6experiments, the reaction solutions are identical, and intense

nm), indicating a lack of size control. When photocatalyst is light exposure (800 nmol crd s-3) for the specified times is

present (Figure 4b), the average size is small (11.8 nm) and the; 5 1ved by exposure to ambient room light (6:8.0 nmol cn2
standard deviation is only 14% of the average diameter, s3) until the reaction is complete at 30 min total time.

indicating fair uniformity. Dynamic light scattering confirms . . . A .
. . . - Figure 7 shows that increasing the initial exposure time from
that the size difference apparent in the TEM samples in Figure - . .
10 to 90 s gives nanostructures with proportionally smaller

4 is also present in solution. The diameters measured by light . . L L
scattering are 14 nm in the presence of photocatalvst and 62dlameters and narrower size distributions, which is completely
9 P P Y consistent with a photocatalytic seeding mechanism. Given that

nm in the absence of photocatalyst. The Iarggr sizes found bythe SnP concentration is the same for all the experiments, the
QELS prot_)ably rgsults from some aggregation of the nano- number of growth centers generated is proportional to the
structures in solution. exposure timet. The Pt concentration is also the same in the

For this type of growth, the average nanostructure size canreactions (Pt/SnR: 4000), so the diameter of the nanodendrite
be controlled by varying the amount of platinum per initial seed. s re|ated to the cube root of the initial Pt concentration divided
That is, the autocatalytic reduction will distribute the Pt atoms py the number of growth centers as discussed above. In other
more or less equally onto the growth centers formed by fast yords, the nanostructure diameter is expected to be proportional
photocatalytic reduction at the beginning of the reaction. One to the cube root of the initial Pt concentration divided by the
good way to vary the number of seeds is to vary the porphyrin exposure time (number of seeds), i.e., (®f3. Obviously this
concentration; more porphyrins make more seeds and conserelationship cannot hold for exposure times longer than 3 min
quently smaller dendrites at a fixed platinum concentration. (small inverse exposure times), because the reaction mixture
Figure 6 shows that the average nanostructure diameter doesurns black and the porphyrins no longer receive light. Similarly,
indeed decrease with increasing porphyrin and thus seedfor short exposure times (large inverse exposure times), the size
concentration when the total platinum is held constant. Thus, is dominated by the spontaneous formation of seeds by slow
the factor determining the dendrite size in this case is the chemical reduction. Nonetheless, between these extremes a
platinum-to-porphyrin molar ratio. The diameter of the nano- linear relationship is observed. As expected, for the shortest
dendrites should be related to the cube root of the volume of illumination times, slow spontaneous formation of seeds com-
platinum available for each seed (assuming a spherical structure) petes with the photocatalytic process, leading to a broad size
which in turn is related to the cube root of the Pt-to-porphyrin distribution (as shown by the “error” bars in the plot in Figure
molar ratio as shown in Figure 6. Although a linear relationship 6). Also as expected, when growth occurs totally in the dark,
is not observed, a direct relationship between the two quantitiesthe average size and size distribution are essentially the same
is clearly present. as those seen when no photocatalyst is present.
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Figure 7. TEM images of the nanostructures as a function of intense light exposure time and the relationship between the average diameter of the nanostructures

and the cube root of the inverse of the exposure time.

Figure 8. TEM image of the small spherical nanodendrites and a high-resolution TEM image of one of them. The nanostructures are produced by fast

photocatalytic seeding by the SNOEP and subsequent autocatalytic reductiéh aéplex by the seed particles. Each nanodendrite is a single crystal, as

shown by atomic fringing in the TEM image of one of the nanoassemblies. Inset: selected-area Fourier transform pattern of the high-resolutfon image o

the selected nanostructure. The (111) planes are clearly visible and nearly vertical with a spacing of 0.23 nm.

Porphyrin concentration and light exposure can also be used A more detailed examination of the small nanostructures
to control the size and size distribution of the circular nanosheets shown in Figures 4b revealed crystallographic alignment of
shown in Figure 1. For example, when SnOEP is included in the individual nanoparticles (Figures 8), making the entire
DSPC liposomes (Figure 1a) even at sub-micromolar concentra-nanostructure one single crystal as expected for dendritic
tions, much smaller and more uniform sized platinum nanosheetsgrowth. The crystallinity of the nanodendrites is demon-
are formed (images not shown). strated by the Fourier transform (inset) of the atomic lattice

The light-dependent and porphyrin-dependent size control fringing apparent in the image. Additional evidence for the
demonstrated in this work explicitly confirms the seeding and crystallinity of the nanostructures is provided in Figure 9,
autocatalytic growth mechanism put forward to explain the which shows the TEM image of a group of the small nano-
uncontrolled growth of the nanostructures obtained when dendrites and the indexed convergent beam electron diffrac-
photocatalyst is not present (Figures 1, 2, and 3). It also rulestion patterns of seven of the nanodendrites in the image.
out alternative mechanisms for formation of the nanostructures These results verify that most of these three-dimensional
such as those based on nanoparticle aggregation. nanodendrites are indeed single crystals, as was the case for
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Figure 9. High-resolution TEM image showing several labeled nanodendrites and their convergent beam electron diffraction patterns. The electoon diffracti
patterns verify that the nanostructures are single crystals and that each nanodendrite has a different orientation on the TEM grid. The iredthéng give
different crystallographic orientations of the individual nanostructures.

Y

Figure 10. TEM images showing the time development of the small nanodendrites. (a) Pt seed particles are formed during the first 30 s under intense
illumination; (b) at 60 s, more seed particles are observed in loose groupings associated with surfactant; (c) at 90 s, the seeds have grographinaiallo

aligned bud or branch (indicated by ellipses), a process that breaks up the seed groupings; (d) by 3 min, the seeds have grown several alignesspuds (elli
and the seed groupings have mostly broken up; (e) at 10 min, the nanostructures are almost fully developed; (f) growth is complete at 30 min.

the two-dimensional nanosheets shown in Figure 1 (see alsoshown in Figure 10. This time-development study reveals the
Figure S3). stages in the development of mature nanostructures such as those
To our knowledge, this is the first example of this type of in Figure 8. At 30 s of illumination, individual particles are
single-crystalline metallic nanodendrite. Consistent with their observed with diameters of about 6 nm suggestive of a thin
single-crystalline structure, the nanodendrites are stable inspherical shell of platinum coating the micelle. The structures
solution for at least three months. Even after taking the colloidal are unstable under the intense electron beam and pop open,
suspension to dryness and resuspending the solid by mildforming several fragments. By 60 s, the Pt in these 6 nm shells
sonication in the same solvent system, TEM images show thatapparently redistributes since we now observe onhd 3im
the structures of these nanodendrites are essentially unchangegbarticles that tend to aggregate with surfactant into randomly
Morphological Evolution of the Nanodendrites To develop oriented groupings, forming a ragged disk. This structure is
a more complete understanding of the seeding and dendriticlikely an artifact of drying with surfactant present during the
growth processes, TEM samples obtained using SDS micellessample preparation. By an illumination time of 90 s, the original
were prepared at specific times during exposure to intense seed particles have begun to grow crystallographically aligned
incandescent light. Washing and drying during the TEM sample buds (branches), and the aggregates of seeds have partially
preparation process effectively interrupts the reduction reaction, broken up as a consequence. At 3 min, the initial seed particles
giving a snapshot of the nanostructures present at the time thehave sprouted several additional crystallographically aligned
sample is prepared. The TEM images of these samples arebuds, and formation of these immature nanostructures has largely
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broken up the seed aggregates. By 10 min, the growing
nanostructures contain most of their full complement of
branches, and at 30 min and 1 h, the mature nanostructures are
observed. TEM images of Pt nanoparticles obtained by Troupis
et al®3 using polyoxometalate photocatalysts (e.qg., [Si@d]4)
and UV light are in clusters that could be similar to either the a
seed clusters in Figure 10b or the nanoassemblies in Figure 10f,
but the TEM images reported are not of sufficiently high
resolution to allow us to distinguish between these two
possibilities.

The 6 nm shell-like structures seen at the earliest times 5
suggest that the SDS micelles might actually serve a templating
role as is the case of the liposomes for the circular nanosheets b
(Figure 1). Indeed, scanning TEM HAADF images of the mature
photocatalytically seeded nanodendrites do show that many of 0
them havez-density profiles with a dip in the center (see Figure 0 50 100 150 200 250 300
S4). This result is consistent with these nanostructures lacking Irradiation Time (minutes)
a metallic interior and possibly containing a surfactant micelle. Figure 11. Photocatalytic reduction of water to hydrogen by the platinum
We note, however, that seeding with Pt nanoparticles as opposedanesiutures conpesed of the platinum nanodecrte sufacta ane
to using a photocatalyst molecule in the micelle produces nanostructures are diluted into an ascorbic acid (ED) solution containing
essentially indistinguishable nanodendrites. This does not rulethe Sn uroporphyrin for the measurement. Water is reduced at rates as high
out a templating role for the micelles, as the added nanoparticleas 6 mmol h* (H2 turnover rate of 331t in terms of SnUroP) by electrons
might attach itself to the surface of a micelle, and then branching ‘Qé“pp"ed to the surface of the Pt catalyst primarily by the light-harvesting

. . i n uroporphyrin anions. Incandescent white light intensity is 800 nmof cm

during the autocatalytic growth phase could then ultimately coat s-1 hut mostly light with wavelengths in the region of the Soret band of
the micelle to produce the observed nanostructure. Alternatively, the porphyrin is absorbed. Reaction conditions are (a) low Pt (6.5 mM)
the nanoparticles may simply accrete a layer of surfactant and?‘t[)‘Sd r?]',?/lr; "Jﬁfﬂﬁ’iﬁ ngoﬁggcggféaég’:cgﬁ?a?m) é%dé]b&;‘ziﬂ‘rsé\fgr”f:gaﬁon
grow |n_to the na_modendrl_te W|thout_ the mlcelles,_prowdlng & i terms of atomic Pt are (a) 390-hand (b) 14 h.
templating function. In this regard, it is worth noting that the

nanostructures formed at surfactant concentrations (1 mM) well growth; this is consistent with the fact that surfactants with both
below the critical micellar concentration (CMC) of SDS§ negative (SDS) and neutral (Brij-35) headgroups (Chart 1) are
mM) are identical to those formed at concentrations above the equally capable of producing the three-dimensional nanostruc-
CMC. However, because of the marked (50- to 200-fold) tyres. It is also possible that ascorbic acid or its oxidation product
decrease in the CMC in the presence of porphytmaicelles  may play some role in interfacially directing the dendritic

likely still exist to act as templates. Even where a templating growth. The importance of the interfacially directed growth

role seems to be readily apparent (e.g., as for the liposomes inprocess is supported by experiments in which pyridine, which
Figure 1) it is not always clear how this effect occurs. For jnteracts strongly with the platinum surface, is added to the Brij-
example, the sheets could be formed on the surface, in thezs reaction mixture in small amounts. In this case, nanoparticles
bilayer, or between liposomes. In summary, these results suggesjnstead of the three-dimensional nanodendrites are formed,

that although surfactant must be present to form these nano-consistent with pyridine effectively interrupting the interfacial
structures, the surfactant need not necessarily play a templatingnteractions of platinum with the surfactant.

role. A reasonable mechanism by which the surfactant layer might

The surfactant is almost certainly involved in interfacially give dendritic growth is by controlling the diffusion of reactants
directing the dendritic grOWth of the three-dimensional nano- to the platinum surface. Most likely, diffusion of Pt complex
structures. Above the CMC, the metal surface of the growing and ascorbic acid into the approximately 1 nm wide surfactant-
Pt dendrite most likely becomes fully coated with a bilayer of filled crevices between the arms of the three-dimensional
surfactant® The oxidation of ascorbic acid and addition of ~dendrites is slower than the diffusion to the nanostructure
platinum metal to the growing dendrite can then occur at the extremities. This differential diffusion rate results in dendritic
metal surface beneath this protective surfactant bilayer. Accre-growth in a “rich gets richer” scenario. Note that at pH 3
tion of additional surfactant from solution onto the growing ascorbic acid is fully protonated and neutral so it can easily
platinum surface protects the embryonic nanostructure. Below diffuse through the surfactant layer. Similarly, the predominant
the CMC, there is not enough surfactant to form a bil&jer,  pt(Cl),(H,0), complex is also neutral and can easily diffuse
but most likely the platinum surface is still covered with across neutral and charged surfactant layers. In the case of the
surfactant molecules. The fact that nanodendrites form eventwo-dimensional dendrites, diffusion may be limited by the sheet
below the CMC may indicate that the exact molecular structure being sandwiched between two liposomes, so that nutrients can
of the surfactant layer is not critical for directing dendritic only diffuse to the edge of the nanosheet.

Regardless of the exact organization of the metal and

H, (umol)

(53) I{Ol{gilsvl_/*igi'fkiav A.; Papaconstantinou,Ahgew. Chem., Int. EQ002 surfactant molecules, the photocatalytically active porphyrin

(54) Savitski, A. P.; Vorobyova, E. V.; Berezin, I. V.; Ugarova, N.NColloid molecule likely remains associated with surfactant in the
Interface Sci1981, 84, 175-181. i i i i -

(55) Mafurie F.. Kohno, J.- Takeda. Y.: Kondow, T.: Sawabe JHPhys. Chem. nanostructure that it nucleated_. As colloidal platl_num r_s,_a_well
B 200Q 104, 8333-8337. known catalyst for H evolution from water in artificial
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photosynthesis systerd%,%0 the Pt nanostructure and the in sheetlike nanodendrites or foamlike nanosheets of platinum.
associated porphyrin photocatalyst should therefore be able toThe unique surfactant-templated platinum growth demonstrated
generate Kin the presence of light and an electron donor. This by these two-dimensional dendrites presents the possibility of
H. photosynthetic chemistry is similar to the reaction mechanism making other new metal nanostructures using different surfactant
described above for Ptreduction, except that SnPprovides phases and other materials as templates. Such porous platinum
electrons to H at the Pt metal surface to produce hydrogen. nanomaterials prepared by this method have potential applica-
To see if hydrogen evolution was occurring, the reaction mixture tions in catalysis, electronics, sensors, and magnetic devices.
containing the (12 nm) three-dimensional platinum dendrites 5 novel photocatalytic seeding approach provides a new in
and associated porphyrin photocatalyst (as shown in Figure 8)gjy, method of varying the concentration of seeds and thus the
was irradiated with room light in the presence of ascor.bic acid. final size of the nanostructures. This method presents new
After two months, the headspace of the sealed reaction Vessebpportunities for controlling seeding rates by varying photo-
was analyzed by gas chromatography, _and th_e presence Ofcatalyst concentration and light intensity. Importantly, it also
hydr_ogen was conﬂrmed\(so vol %). TW_O m_terestmg aspects  ters the potential for controlling the synthesis of platinum
of this catalytic reaction are thatévolution is observed even nanostructures by lithographic techniques, i.e., controlling the

n the presence of the surfgctant coating gnd that the IDOrIDhyrIr'Ioca’uon at which nanostructures are grown. Besides lithographic
delivers its strongly reducing electrons directly to protons at . . o
. . control, the location might also be controlled by pre-positioning
the Pt surface without the aid of a relay molecule such as methyl . e ) .
. . . . and immobilizing the photocatalyst molecules in a desired
viologen, as has been used in some previous stdglies. . . .
. . pattern. For the 3-D nanodendrites, the particular micelles that
The nanodendritesurfactant assemblies probably suffer from contain a porphvrin molecule are those that lead to arowth
poor light-harvesting ability because of the low concentration porphy . ) 0 9
centers. For the 2-D nanodendrites, the location at which growth

of the light-absorbing porphyrin per nanodendrite and the ; . . .
opacity of the colloidal solution. To address these deficiencies, occurs is probably determined by the location of the porphyrin

water-soluble SnUroP (Chart 1) was added to an ascorbic acidphotocatalyst in the templating surfactant as illustrated in Figure
solution containing only a small amount of the nanodendrite 1a.
mixture. In this case, § evolution is greatly accelerated,

consistent with increased light flux and the additional light paring liposomes. This work was partially supported by the

harvesting provided by the SnUroP. (Dilution of the nanoden- . . . ) . . . . .

. . Division of Materials Sciences and Engineering, Office of Basic
drites may have also altered the surfactant coating and acceler-Ener Sciences. U.S. Department of Enerav. by the Division
ated H evolution.) As shown in Figure 11, hydrogen evolution oy ) oo DEP gy, by

) . . - of Chemical Sciences, Geosciences and Biosciences, Office of
increases linearly for hours with turnover rates as high as 390

h~1 (mole H/mole atomic Pt). Given these findings, nanostruc- Bg;';fsn;ggy ?;l:lelr_lcgs, Li.S. %gparttrr(;egt of Enehrgy Eng-FG|02-
tures such as those seen in Figure 8 can be viewed as functiona? P ), ? Sa zlra ,c\)lryt_ |re|cLe b efe"?“c an dth evLe op-
nanocomposites consisting of the platinum dendrite, the ad- ment Frogram at sandia National Laboratories, and the Luso-

sorbed surfactant, and possibly ascorbic acid, and the associate@‘merlcan Development Foundation (FI.‘AD) Nanote(_:hnology
active photocatalyst, Network (to E.P. and J.A.S.). Sandia is a multiprogram

laboratory operated by Sandia Corporation, a Lockheed Martin
Conclusions Company, for the United States Department of Energy's

The results reported here demonstrate that seeding and\ational Nuclear Security Administration under Contract DE-
autocatalytic growth by reduction of Pt salts in the presence of AC04-94AL85000.
surfactants leads to unique two- and three-dimensional platinum
nanodendrites. The platinum dendrites are formed by interfa- _ . . . .
cially directed growth and restricted access of nutrients due to Y'S'k,"e spectra demonst_ratlng th? degra_datl_on of ascorbic acid
the surfactant on the surface of the growing nanostructure. In in air and the acceleration of this reaction in the presence of

the case of large liposomes, templating by the surfactant resultsP/@linim nanoparticles; electron-dispersive X-ray spectra of 2-D
and 3-D nanodendrites; high-resolution TEM images of a
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