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Nanoshells on Silica Nanoparticle Cores

Jun-Hyun Kim, William W. Bryan, Hae-Won Chung, Chan Young Park, Allan J. Jacobson,

and T. Randall Lee*

Department of Chemistry and Texas Center for Superconductivity, University of Houston, 4800 Calhoun Road,

Houston, Texas 77204-5003

ABSTRACT The synthesis of gold, palladium, and gold—palladium alloy nanoshells (~15—20 nm thickness) was accomplished by
the reduction of gold and palladium ions onto dielectric silica core particles (~100 nm in diameter) seeded with small gold nanoparticles
(~2—3 nm in diameter). The size, morphology, elemental composition, and optical properties of the nanoshells were characterized
using field-emission scanning electron microscopy, transmission electron microscopy, energy-dispersive X-ray spectroscopy, X-ray
diffraction, and ultraviolet—visible spectroscopy. The results demonstrate the successful growth of gold, palladium, and gold—palladium
alloy nanoshells, where the optical properties systematically vary with the relative content of gold and palladium. The alloy nanoshells
are being prepared for use in applications that stand to benefit from photoenhanced catalysis.
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INTRODUCTION
Y nvironmental concerns and increasing demands for

—{ renewable energy have prompted the development
A4 of new nanoscale materials that utilize solar energy.
Nanoscale materials are attractive targets because, due to
their large surface-to-volume ratio, they exhibit properties
that can be significantly different from those of bulk materi-
als (1). To this end, scientists have been synthesizing a
variety of metal nanoparticles with the goal of generating
new types of nanoscale materials for use in photocatalytic
applications (2—5). Metal nanoparticles composed of gold,
silver, palladium, or copper have unique optical properties
arising from their surface plasmon resonance; their some-
times unanticipated catalytic properties warrant further
investigation (6, 7). The systematic design and modification
of such metal nanoparticles remains, however, a challenging
objective (8, 9). For example, existing “dry” physical syn-
thetic methods often require high-temperature evaporation
or laser ablation of bulk metal precursors (4, 10, 11), both
of which are costly and require specialized equipment. In
contrast, “wet” chemical synthetic methods typically involve
the reduction of metal ions in solution (12, 13), which is a
relatively inexpensive and technologically simple approach.

The study and use of metal nanoparticles comprised of two
or more metallic elements has drawn much attention because
of the potential for combining and exploiting the attractive
properties of each metal (14—16). In a specific example,
Toshima and co-workers showed that gold—palladium alloy
nanoparticles were more active in catalyzing the hydrogena-
tion of 1,3-cyclooctadiene than were nanoparticles derived
solely from either gold or palladium (17, 18). The authors
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concluded that the high catalytic activity of the bimetallic
system arose from the change in the electron density on the
surface due to the differing ionization potentials of gold and
palladium. Similarly, Mou and co-workers showed that
gold—silver alloy nanoparticles were more active in cata-
lyzing CO oxidation than were nanoparticles derived solely
from either gold or silver (19). Thus, the development of new
alloy nanoparticles offers unique reactivity when compared
to monometallic nanoparticles.

The reduction of hydrogen tetrachloroaurate(Ill) readily
affords gold nanoparticles, but the plasmon resonance of
these nanoparticles is typically limited to a narrow range of
wavelengths (i.e., 540 £ 20 nm) (20). However, with the
recent development of gold shell—dielectric core structures
prepared by seeded-growth methods (9, 21—23), the plas-
mon resonance can be tuned from visible to near-IR wave-
lengths (i.e., across nearly the entire solar spectrum that
reaches the surface of the earth) (24), by judiciously varying
the shell thickness and/or core size. These metal nanoshells
have the potential for use in many technologies, ranging from
light-emitting devices to biosensing and drug-delivery applica-
tions (25—27). Furthermore, the incorporation of catalytic
function into these core—shell structures (e.g., the addition of
highly catalytically active palladium) allows for the formation
of nanoscale materials that can be used as photoactivated and/
or photoenhanced catalysts. With regard to the latter applica-
tions, the absorption of light by alloy nanoshells at wavelengths
ranging from the ultraviolet to the near-IR will lead to rapid and
efficient heating of the surface of the nanoparticle (28). This
photoderived heating may be used to initiate and/or enhance
the catalytic activity of the alloy.

Several synthetic routes for the preparation of nanoscale
materials with photocatalytic properties have been devel-
oped, with much attention focused on TiO, nanocomposites
(4, 29, 30). In contrast, our approach seeks to couple the
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strong optical absorbances of gold nanoshells with the
excellent catalytic properties of palladium nanoparticles
through the preparation and utilization of gold—palladium
alloy nanoshells. Palladium nanoparticles have been used
to catalyze a variety of organic transformations, including
the hydrogenation of olefins and dienes (31), the hydration
of acrylonitrile to acrylamide (32), the photogeneration of
hydrogen from water (33), and the reduction of carbon
dioxide (34). While the majority of research efforts have
focused on catalysis by single-component palladium nano-
particles, studies of catalysis by nanoparticle alloys of pal-
ladium (e.g., bimetallics and trimetallics) have also enjoyed
arich history (35), although we have found no reports of the
use of shell—core nanoparticle architectures for such pho-
tocatalytic applications.

In the present report, we describe the simultaneous
chemical reduction of gold and palladium salts in the pres-
ence of gold-seeded silica core nanoparticles to afford a
series of gold—palladium alloy nanoshells (~15—20 nm
thickness) on the silica cores (~100 nm in diameter). Using
this wet chemical approach, which allows facile control over
both the ratio of gold—palladium and the dimensions of the
particles (22, 36), we also prepare analogous single-compo-
nent gold and palladium nanoshells for comparison. We
thoroughly characterize these shell—core nanoparticles using
field-emission scanning electron microscopy (FE-SEM), trans-
mission electron microscopy (TEM), energy-dispersive X-ray
spectroscopy (EDX), X-ray diffraction (XRD), and ultraviolet—
visible (UV—vis) spectroscopy. Finally, we discuss the po-
tential benefits of particular gold—palladium alloy nanoshell
compositions whose optical properties render them attrac-
tive for use in photocatalytic applications, which will be
explored in studies subsequent to this initial investigation.

EXPERIMENTAL SECTION

Materials. Ammonium hydroxide (30% NHs), nitric acid,
hydrochloric acid (all from EM Science), tetraethylorthosilicate,
tetrakis(hydroxymethyl)phosphonium chloride (THPC), (3-ami-
nopropyltrimethoxysilane (APTMS) (all from Aldrich), hydrogen
tetrachloroaurate(Ill) hydrate (Strem), ethanol (McKormick Dis-
tilling Co.), potassium carbonate (J. T. Baker), palladium(II)
chloride (Acros), and L-ascorbic acid sodium salt (Chemalog)
were used without modification from the indicated commercial
suppliers. Deionized water was purified to a resistance of 18
M (Academic Milli-Q Water System; Millipore Corp.) and
filtered through a 0.22 um membrane filter. All glassware was
cleaned using an aqua regia solution (3:1 HCI—=HNOs5), followed
by treatment in a base bath (saturated KOH in isopropyl
alcohol), and then rinsing with Milli-Q water prior to use.

Attachment of THPC Gold Seeds to Amine-Functional-
ized Silica Particles. Silica core nanoparticles (~100 nm in
diameter) functionalized with APTMS have been described
elsewhere (37—39). Samples of these nanoparticles were cen-
trifuged at 3000 rpm for 1 h using a RC-3B refrigerated
centrifuge (Sorvall Instruments). The particles were redispersed
three times in 100 mL of absolute ethanol to remove unattached
APTMS molecules, small silica nanoparticle contaminants,
and any other side products.

To attach THPC-reduced gold seeds to the silica nanoparticles,
we used a self-assembly method developed by Westcott et al.
(40). The gold seeds were prepared by the reduction of a 1 %
aqueous solution of HAuCl, with THPC according the method
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of Duff and Baiker (41). The resulting gold solution was stored
at 4 °C for 3 days before further use. THPC gold nanoparticles
(50 mL) were then mixed with an aliquot of the amine-
functionalized silica nanoparticles (1 mL) and shaken for 2—3
min. The mixture was allowed to sit for at least 12 h at room
temperature to form THPC gold seeds on silica particles by self-
assembly. The final mixture was centrifuged for 1 h at 3000 rpm
to precipitate the THPC gold-seeded silica particles. The dark-
red precipitate was redispersed in 50 mL of Milli-Q water,
sonicated for 2—3 min, and centrifuged at 3000 rpm for 1 h.
The final solution containing THPC gold-seeded silica particles
was light red in color after the precipitates were redispersed in
50 mL of Milli-Q water. Using TEM, we found that the THPC gold
seeds had diameters of ~1—=3 nm and the silica particles had
diameters of ~100 nm.

Gold, Palladium, and Gold—Palladium Alloy Nanoshell
Growth. The targeted metal shells were grown on silica nano-
particle cores using a combination of nanoparticle—synthesis
methods reported in the literature (21, 36, 40, 42). A 0.5 mM
solution of palladium chloride was prepared by dissolving
0.01773 g of PACl, in a mixture of 196 mL of water and 4 mL
of a 50 mM HCI solution. A 0.5 mM gold stock solution was
prepared by mixing 2 mL of an aqueous 1 % HAuCly, solution
and 0.025 g of potassium carbonate (K,COs) in 100 mL of water.
A series of 10 mL aliquots were placed in 25 mL beakers
equipped with magnetic stirring bars, where the ratio (mL) of
palladium:gold was systematically varied: (a) 0:10, (b) 2:8, (c)
4:6, (d) 5:5, (e) 6:4, (f) 8:2, and (g) 10:0. We then added 2 mL
of prepared THPC gold seeds on silica particles to each of the
10 mL reaction mixtures. The final solutions were thoroughly
stirred for at least 10 min, and then 0.6 mL of r-ascorbic acid
(100 mM) was added quickly to reduce the palladium and gold
salts simultaneously onto the THPC gold-seeded silica core
particles. The color changed from yellow to green, blue, or dark
steel blue, depending on the palladium:gold ratio. All of the
samples were centrifuged at 3000 rpm for 30 min and redis-
persed in Milli-Q water at least twice to remove unreacted
chemicals or detached-seed particles during the growth process.
Samples were preserved in the refrigerator before characteriza-
tion.

Characterization Methods. To analyze the size distribution,
coarse morphology, and elemental composition of the nanoshells,
we used a JEOL JSM 6330F FE-SEM instrument operating at 15
kV equipped with an EDX instrument (Link ISIS software series
300, Oxford Instruments). All samples were deposited from
solution onto holey carbon-coated copper grids and completely
dried at room temperature at least 12 h prior to sputter-coating
with carbon (i.e., samples were coated with ~25 nm of carbon
via sputtering to improve the electrical conductivity for imag-
ing). EDX analyses of the bare holey carbon-coated copper grids
were also performed to rule out the possibility of contamination.

We employed TEM to obtain images of the shell—core
structures, which allowed a detailed analysis of the particle
morphologies. The images were collected using a JEOL JEM-
2000 FX transmission electron microscope operating at a bias
voltage of 200 kV. Sample preparation involved the deposition
of an aqueous solution of alloy nanoshells onto a 300-mesh
holey carbon-coated copper grid. As described above, the
samples were allowed to dry thoroughly before analysis.

We used a powder X-ray diffractometer (Scintag XDS 2000)
with monochromatic Cu Ka radiation (A = 1.540 562 A) and a
step width of 0.02° to analyze the structural and compositional
features of the various nanoshells. The samples subjected to
XRD analysis were prepared by centrifuging the gold, palladium,
and gold—palladium alloy (1:1) nanoshells, depositing the
concentrated solution of nanoshells on a quartz glass substrate,
and drying the samples under vacuum at 30 °C overnight.

To characterize the optical properties of the nanoshells, we
collected UV—visspectraover the wavelengthrange of 200—1100
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nm using a Cary 50 Scan UV—vis spectrometer. All samples
were prepared by centrifugation of the nanoshell solution at
least twice, followed by redispersement in water and transfer
to a quartz UV—vis cell.

RESULTS AND DISCUSSION
We adopted a seeded-growth method to prepare gold,

palladium, and gold—palladium alloy nanoshells (~15—20
nm thick) on dielectric silica cores (~100 nm diameter),
where small THPC gold seeds (~2 nm diameter) were
attached to the silica core particles and allowed to serve as
nucleation sites for shell growth. This approach is known to
afford monodisperse nanoshells that are colloidally stable
in an aqueous solution (21). Furthermore, based on the
results from previous reports (21, 23, 36, 43, 44), we
believed that use of the seeded-growth method would allow
ready control over shell thicknesses and composition. Our
strategy employed the known reducing agent L-ascorbic acid
to effect the growth of the nanoshells (22, 36).

Figure 1 shows FE-SEM images of THPC gold-seeded silica
cores and a series of nanoshells having systematically vary-
ing compositions of gold and palladium. From the FE-SEM
images and dynamic light scattering measurements, the
silica core nanoparticles are all monodisperse and consis-
tently ~100 nm in diameter; similarly, all of the nanoshells
are ~130—140 nm in diameter. While the THPC gold-seeded
silica nanoparticles are monodisperse with smooth surfaces,
the nanoshells appear to have markedly rougher surfaces,
particularly for the nanoshells with low ratios of palladium:
gold. We note also that many of the nanoshells imaged by
FE-SEM and shown in Figure 1 appear to exhibit shell—core
morphologies (e.g., images b, ¢, e, and f), while other
nanoshells exhibit no such features (e.g., images d, g, and
h). As such, we sought a more definitive structural charac-
terization of the nanoshells through the use of TEM.

Analysis of the nanoshells by TEM confirms, first of all,
their relatively rough morphology (see Figure 2), which is
likely a consequence of the reducing agent used; we note
that the use of formaldehyde as the reducing agent typically
affords gold nanoshells with markedly smoother surface
morphologies than those shown here (21, 44). As suggested
by the FE-SEM images, the nanoshell surfaces become
smoother and more homogeneous with increasing ratios of
palladium:gold; apparently, L-ascorbic acid is a preferred
reducing agent for palladium (22, 36), while formaldehyde
is a preferred reducing agent for gold (21, 44). Importantly,
the images in Figure 2 are consistent with complete shell
formation (21). Moreover, when compared to TEM images
of the silica core particle templates (not shown), the TEM
images in Figure 2 indicate shell thicknesses of ~15—20 nm
for all compositions, which is consistent with FE-SEM images.

We used analysis by EDX to evaluate the elemental
composition of the nanoshells. A typical spectrum is shown
in Figure 3, where we used a 50:50 ratio of palladium:gold
salts in the synthesis of the nanoshells. Figure 3 shows a
peak characteristic of palladium (La, LB) at 2.85 keV and
peaks characteristic of gold (Ma, Lo at 2.12 and 9.71 keV,
as well as a small peak from silicon (Ko, Kf) at 1.75 keV and
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a small peak from copper (Ka) at 8.04 keV, which can be
attributed to the sample grid. The presence of intense peaks
for palladium and gold indicates possible alloy nanoshell
formation in the shell, while the presence of a weak peak
for silicon is consistent with this element residing under-
neath a thin gold—palladium shell. Because EDX can detect
core elements at sampling depths of <2 um (45), the
observation of silicon in the EDX spectra of nanoshells is
plausible even with complete shell formation. We note
further that previous studies using X-ray photoelectron
spectroscopy demonstrated similar growth of defect-free
gold shells on silica nanoparticle cores (21), and separate
studies demonstrated the reliable formation of gold—
palladium alloy (or bimetallic) nanoparticles via the co-
reduction of gold and palladium salts (17, 18, 46—48).
Studies of the latter alloy nanoparticles found that palladium
atoms tended to concentrate on the surface of the nanopar-
ticles and gold atoms tended to concentrate in the cores
because of the different rates of reduction of the respective
metal ions (i.e., gold ions undergo reduction more readily
than palladium ions) (17, 48).

Table 1 shows the atomic percentages of gold and pal-
ladium obtained by EDX analysis of the series of nanoshells,
confirming that the final compositions of the nanoshells
closely match the relative metal salt concentrations used in
the synthetic preparations (49). Interestingly, the nanoshells
prepared without using HAuCl, were, nevertheless, observed
to contain ~2% gold, which probably arises from the
presence of the initial THPC gold seeds. In most other cases,
the content of palladium appears to be slightly enhanced,
particularly for nanoshells having low contents of palladium.
This apparent enhancement might, however, arise from the
aforementioned tendency of palladium to concentrate at the
surfaces of the nanoparticles (17, 48), existing in part as thin
palladium layers covering a gold-enriched core (21, 50).
Recent detailed work by the groups of Crooks (50) and
Rodriguez (51) using extended X-ray absorption fine struc-
ture spectroscopy explored this phenomenon in samples of
relatively small alloy nanoparticles (typically <10 nm), where
the particles were shown unambiguously to possess a gold-
rich core surrounded by a palladium-rich shell. Nevertheless,
the EDX analyses in Table 1 of our markedly larger mixed-
metal-coated nanoparticles are consistent with the formation
of gold—palladium alloy nanoshells on silica nanoparticle
cores.

Toverify the formation of gold—palladium alloy nanoshells,
we analyzed selected samples of nanoshells using XRD (see
Figure 4). The broad band at ~20—30° corresponds to the
sample holder due to difficulties in preparing smooth and
well-packed samples. The pure gold nanoshells exhibit XRD
peaks at38.2°, 44.4°, and 64.8° corresponding to the (111),
(200), and (220) planes, respectively, of the face-centered-
cubic (fcc) structure of gold with space group Fm3m (JCPDS
Card No. 4-784). Similarly, the pure palladium nanoshells
exhibit XRD peaks at 39.8°, 46.2°, and 67.5° corresponding
to the (111), (200), and (220) planes, respectively, of the fcc
structure of palladium with space group Fm3m (JCPDS Card

IEENAPPLIED MATERIALS 1065

XINTERFACES




108nm WD 10mm TcSAM SEI

“

5.0kY  100nm WD Srmm

FIGURE 1. FE-SEM images of (a) THPC gold seeds on silica cores and gold, palladium, and gold—palladium alloy nanoshells, where the ratio
of palladium:gold was systematically varied: (b) 0:100, (c) 20:80, (d) 40:60, (e) 50:50, (f) 60:40, (g) 80:20, (h) 100:0.

No. 46-1043). Importantly, the sample containing discrete peaks from gold and three peaks from palladium. In con-
gold nanoshells mixed with discrete palladium nanoshells trast, the 50:50 gold—palladium bimetallic nanoshells exhibit
(1:1 Au + Pd mixture) exhibits six distinctive peaks: three three distinctive peaks at 38.7°, 44.9°, and 65.9° related
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FIGURE 2. TEM images of gold, palladium, and gold—palladium alloy nanoshells, where the ratio of palladium:gold was systematically varied:
(a) 0:100, (b) 20:80, (c) 40:60, (d) 50:50, (e) 60:40, (f) 80:20, (g) 100:0. Image h shows the general distribution for a sample of pure palladium

nanoshells (i.e., Pd:Au = 100:0).
to the peak positions of the (111), (200), and (220) planes, studies of gold—palladium alloy nanoparticles in which the
respectively. These results are consistent with previous XRD XRD peaks were found to lie between those of pure gold and
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FIGURE 3. EDX spectrum of gold—palladium alloy nanoshells (Pd:
Au = 50:50).

1.2

Table 1.

by EDX Analysis®

Nanoshell Atomic Compositions Obtained

initial mole % atomic %

Pd Au Pd Au

100 0 98 + 1 2+ 1
80 20 79+3 21£3
60 40 64 + 4 36 + 4
50 50 54+ 4 46 + 4
40 60 46+ 3 54+3
20 80 28 + 4 72 + 4
0 100 0 99 + |

pure palladium nanoparticles (47). Thus, we conclude that
the powder XRD patterns strongly indicate that the co-
reduction of mixtures of gold and palladium salts in the
presence of gold-seeded silica cores leads to the formation
of gold—palladium alloy nanoshell particles.

On the basis of previous studies of related systems
(43, 52), we anticipated that the optical properties of the
nanoshells could be varied in a controlled manner by adjust-
ing the relative amounts of gold and palladium salt precur-
sors. To this end, Figure 5 shows the UV—vis spectra of the
gold, palladium, and gold—palladium alloy nanoshells. Upon

(111)

(200) (220)

Al nanoshells

Au + Pd mixture

Intensity (a. u.)

Au-Pd alloy

Pd nangshells

5 9 1317 21 25 29 33 37 41 45 49 53 57 61 65 69

20

FIGURE 4. XRD patterns of pure gold nanoshells, a 1:1 mixture of
pure gold nanoshells and pure palladium nanoshells, gold—palladium
alloy nanoshells (Pd:Au = 50:50), and pure palladium nanoshells.
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FIGURE 5. UV—vis spectra of gold, palladium, and gold—palladium
alloy nanoshells with increasing amounts of palladium.

formation of the nanoshells, the absorptions centered at 235
and 300 nm corresponding to palladium(ll) and gold(Ill) ions
completely disappear (46, 53). As predicted by the Mie
theory (54), pure gold nanoshells (i.e., with 0% Pd) having
~20 nm thickness show an intense plasmon absorption at
~780 nm, indicating the formation of complete metal shells.
Upon introduction of palladium (i.e., 80 % Auand 20 % Pd),
the plasmon absorption resembles that of the pure gold
nanoshells, but with lower intensity. Furthermore, as a
consequence of increasing the palladium content further
(i.e., 60% Au and 40% Pd), the absorption intensity de-
creases dramatically. Moreover, as the palladium content
approaches 100 %, the plasmon absorption approaches zero
over the wavelengths monitored, which suggests an increas-
ing presence of palladium atoms on the surfaces of the
particles (46, 48, 55).

An important conclusion that can be drawn from the
absorption spectra in Figure 5 is that the content of pal-
ladium in gold—palladium alloy nanoshells should not ex-
ceed ~40 % in applications where photoenhanced catalysis
is desired. Fortunately, precedents exist in which bimetallic
gold—palladium catalysts having relatively small contents of
palladium exhibit enhanced activity and/or selectivity com-
pared to the corresponding single-component catalysts
(48, 56—58). For example, Liu et al. demonstrated the higher
catalytic activity of gold—palladium bimetallic nanoparticles
compared to those of either gold or palladium monometallic
nanoparticles for both the hydrogenation of cis-1,3-cyclooc-
tadiene and the hydrogenolysis of p-nitrotoluene (48). Fur-
thermore, Wong and co-workers observed enhanced cata-
lytic activity for submonolayer coverages of palladium on
gold core nanoparticles in the hydrodehalogenation of trichlo-
roethene (56). Similarly, Lambert and co-workers found that
increasing the content of gold on the surface of palladium
shell—gold core nanoparticles led to a pronounced selectivity
toward the production of benzene versus n-hexane in the
cyclotrimerization of acetylene (57). Separate studies by
Goodman and co-workers found enhanced rates for the ac-
etoxylation of ethylene to give vinyl acetate when catalyzed by
submonolayer coverages of palladium on gold single-crystal
surfaces (58) or by supported bimetallic nanoparticles in which
the atomic ratio of palladium:gold was 4:1 (59). In work that is
perhaps more aligned with our ultimate goals, He and co-
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workers recently reported the preparation of TiO,-coupled
NiTiO5 nanoparticles having 40—50 nm diameters and the
capacity to absorb visible light; moreover, the catalytic degra-
dation of methylene blue by these particles could be effected
by irradiation with visible light (60). This nonexhaustive list of
examples, when coupled with the encouraging absorption
spectra in Figure 5 (i.e., strong optical absorbances that span
the wavelengths at which incident solar radiation is most
intense on the surface of the earth) (61), argues that future
studies of photoenhanced catalysis by gold—palladium alloy
nanoshells are warranted.

CONCLUSIONS
This research has demonstrated the preparation of

shell—core nanoparticles consisting of gold, palladium, and
gold—palladium alloy shells (~15—20 nm thickness) on silica
nanoparticle cores (~100 nm in diameter) using a modified
seeded-growth method with the reduction of metal ions by
L-ascorbic acid at room temperature in an aqueous environ-
ment. Analysis of the nanoshell particles by FE-SEM, TEM,
EDX, XRD, and UV—vis collectively confirms the formation
of the targeted metallic nanoshells, including the confirma-
tion by XRD of alloy shell growth. Importantly, spectroscopic
measurements show that gold—palladium alloy nanoshells
prepared with no more than ~40% Pd show appreciable
absorbances over visible and near-IR wavelengths; in con-
trast, when the palladium content is raised above ~40%,
the absorbances fall to values near zero. As a whole, the
results demonstrate that gold—palladium alloy nanoshells
have the potential for use in photoenhanced catalysis.
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