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SUMMARY

Nanocatalysis, catalysis using particles on the nanoscale, is an emerging
field that has tremendous potential. Nanoparticles have different properties than
bulk material and can be used in different roles. Macro sized precious metals,
for example, are inert, but nanoparticles of them are becoming more widely used
as catalysts. Understanding the manner in which these particles work is vital to

improving their efficacy.

This thesis focuses on two aspects of nanocatalysis. Chapter 1 begins with a
brief introduction into nanotechnology and some of the areas in which nanoparti-
cles are different than bulk particles. It then proceeds into an overview of catal-
ysis and nanocatalysis more specifically. Focus is brought to the definitions of
the different types of catalysis and how those definitions differ when applied to
nanoparticles. Chapter 2 is in finding an inert support structure to more easily
assist in recycling the nanoparticles. Polystyrene microspheres were studied and
found to prevent platinum nanoparticles from aggregating in solution and possibly
aid in recycling of the nanoparticles. These nanoparticles were used in catalysis,
aiding in the reduction of 4-nitrophenol in the presence of sodium borohydride.
While the rate decreased by a factor of ~ 7 when using the polystyrene, the acti-
vation energy of the reaction was unaltered, thus confirming the inactivity of the

polystyrene in the reaction.

In Chapter 3, nanocatalysis was studied by examining bimetallic hollow nanopar-
ticles with specific attention to the effect of altering the ratios of the two metals.
Ten different bimetallic nanocages were tested in an electron transfer reaction be-

tween hexacyanoferrate and thiosulfate. Five PtAg nanocages and five PdAg with



varying metal ratios were prepared and studied. It was found that while silver
cubes immediately precipitate out of solution when combined with thiosulfate, a
small amount of either platinum or palladium allows the particles to remain in
solution and function as a substantially more effective catalyst. However, as ad-

ditional Pt was added the activation energy increased.

To obtain a better understanding of the catalysis using bimetallic cages, the evo-
lution of these cages was studied as the 2"? metal was added. Initially the particle
edge length increased and then slowly decreased back to the size of the tem-
plate cubes. The increase in edge length suggests of addition of material to the
nanoparticles. This indicated the 2"¢ metal is on the outside of the cage, which was
confirmed using UV-Vis spectroscopy and EDS mapping. By understanding how
these bimetallic particles evolve, we may be able to manipulate these synthetic

methods to more precisely design nanoparticles for catalysis.



CHAPTER I

INTRODUCTION

1.1 Nanochemistry Overview

Nanochemistry, the study of the chemical properties of particles and their struc-
tures of sizes between 1 and 100 nanometers, has seen an impressive growth
in both research and applications over the past fifteen years. The real world
uses have extended into the field of medicine where silver nanoparticles are used
for their anti-microbial properties. Nanochemistry has become an important
subdivision of chemistry in the past few decades, with applications in cancer
therapeutics[10, 14, 6], plasmonics[11], and energy(8, 15|, among others. Precious
metals in particular are being studied for their potential applications in many
fields raging from medicine to sensing and optics. Gold and silver are largely inert
when used as bulk materials (thus the term noble metals), but are effective as
catalysts|| and show promise in cancer treatment when they are reduced to sub
micron sizes[5]. While research in nanochemistry has only begun to blossom in
the past decade and a half, it has been in use for centuries, albeit unknown to

those whom have manipulated it.

The properties of nanotechnology has been used for centuries in stained glass.
The Sainte Chapelle in Paris is demonstrative of this effect, as are many of the
other famous cathedrals and chapels in the world.[17] Another common exam-
ple of the ever present use of nanoparticles is the Lycurgus Cup. Created in the
4th century AD, The Lycurgus Cup (Figure 1) has a different color depending on
whether light is coming from within the cup versus light being shone on it. A green
color is apparent when light is scattered at the exterior of the cup, but when a

light is placed inside and the green color is absorbed, the remaining colors coming



through the glass appear red. This is because the light is scattered when outside
the cup and is absorbed when the light is on the interior. This can be explained
by the addition of silver nanoparticles to the glass, which appear different colors

based on whether light is absorbed or scattered.

Figure 1: Lycurgus Cup demonstrating how gold nanoparticles are affected by
scattering (A) and absorption (B) differently.

While this property, the ability of nanoparticles to strongly absorb or scatter light
differently, has been used and manipulated for hundreds of years, it has only been
recently understood. It wasn’t until 1857 when Michael Faraday synthesized pure
colloid gold solutions (which are, in effect, spherical gold nanoparticles of vary-
ing sizes), that a scientific undertaking of this effect had started. He could not
measure the nanooparticle sizes at the time, but he believed the varying optical
properties of the different gold solutions was due to the small size of the gold
particles.[18] Faraday was correct, but proof of that would have to wait nearly
half a century later until Gustav Mie, using Maxwell’s equations, explained the

origin of the brilliant colors of gold nanosphere solutions.[16]

The plasmonic field studied the unique properties and potential applications of
gold and silver nanoparticles. Nanoparticles are capable of harnessing the en-
ergy of light by using surface plasmon resonance. Acting as a lens for the light,
the nanoparticles focus the energy into a dimension much smaller than the wave-

length of the light itself with much higher intensity than the light that created



it.[13] This high scattered light intensity is used in cancer diagnostics and when
this high intensity is absorbed, it is converted rapidly into heat with promise in
photothermally destroying tumors.[10] Plasmonics is a very active field in manip-
ulating light in many new applications in photonics, sensing, and metamaterials.
In chemistry, it has introduced new properties that are used in catalysis. Cataly-
sis is of particular importance to the field of nanochemistry, given its role in the

economy and the potential improvement using nanoparticles.



1.2 Nanoparticles in Catalysis

Nanocatalysis is an important subfield of nanotechnology. Catalytic processes con-
tribute to fields which produce $900 billion a year in revenue. However, chemical
processes in the U.S. also require approximately the same energy as 46 trillion gal-
lons of gasoline, per annum.[7] There is therefore a great deal of economic incentive
to reduce the energy expenditure. Nearly all industrial processes use a catalyst of
some sort to increase production. In some cases, these processes are improved by
orders of magnitude by the use of catalysts. One of the largest processes in the
world, the Haber process, which produces fertilizer from hydrogen and nitrogen,
uses magnetite to accelerate the reaction rate.[4] Catalytic converters, which are
required on every car in the US, use platinum and palladium to convert carbon
monoxide into the less poisonous carbon dioxide.[9] All of these industrial appli-
cations, however, use bulk catalysts. Nanocatalysis has shown improved catalytic
activity compared to bulk catalysts. This is due to an increased number of active

sites for the smaller versions of the catalysts as compared their larger counterparts.

The active sites on a catalyst are those areas which can induce catalysis. These
active sites are usually found on the surface of the catalyst, primarily on the cor-
ners, edges, or at defect sites. The corners are the most active, followed by edges,
and finally the faces of the catalyst specifically if they have defective sites.[7] The
interior of a catalyst is inert and of no use to the reaction to which it is being
applied. Nanoparticles have a high surface to volume ratio, which means they
have more active sites (and a higher percentage of the more effective active sites),
making them ideal catalysts. A nanoparticle with a diameter of 10 nm has ap-
proximately 45 % of its atoms on its surface, while a particle with a diameter of
100 nm has nearly a full order of magnitude fewer surface atoms compared to the
atoms below the surface of the particle. [3] By extending this to bulk materials,
one can see there are nearly no atoms on the surface as compared to the rest of

the material.



There are two main types of catalysis; heterogeneous and homogeneous cataly-
sis. On the macro scale, these refer to the states of matter of the catalysts and the
reactants. In homogeneous catalysis, both the catalyst and the reacting chemicals
are in the same phase. In heterogeneous catalysis, the catalyst is in a different
phase than the reactants (i.e. the solid platinum catalyst converting the gaseous
CO into CO4 in automobiles). An advantage of heterogeneous catalysis is the ease
of separation of the catalyst from the products. One of the disadvantages of this
method is the relatively low selectivity as compared to homogeneous catalysis.[12]
If one could improve the yield of a catalyst while still being able to remove it from
the chemicals it was assisting, that catalyst would be invaluable. Nanocatalysts

are perhaps the best option for achieving this.

While these definitions of homo- and heterogeneous catalysis are useful for most
catalysts, they fail to truly account for all of the characteristics of nanocatalysts.
Initially all nanocatalysts were defined as heterogeneous catalysts, but this led to
confusion.[2] Nanocatalysts have some properties that would be classified as het-
erogeneous in bulk catalysts (i.e. having several different active sites) while also

possessing characteristics that would be identified as homogeneous.

For nanocatalysts, hetero- and homogeneous catalysis refers to where the reaction
occurs in relation to the particle itself, not the reaction medium. In heterogeneous
nanocatalysis, the reaction occurs on the surface of the nanoparticle. However in
homogeneous nanocatalysis, part of the nanoparticle comes off the and the reac-
tion occurs in the surrounding media. The small part of the nanocatalyst is then
brought back to the bulk nanocatalyst. This is now the standard definition used
by the International Union of Pure and Applied Chemistry (IUPAC).[1]

One effect of homogeneous catalysis with nanoparticles is nanoparticles with sharp



corners (i.e. cubes and cages) have a tendency to become rounded over time as a
result of valency unsatisfied atom on the corners and edges dissolve into the solu-
tion. This leads to homogeneous catalysis but as the atoms disappear and atoms
on the faces are less active than the corners, this causes a loss in the activity of

the catalyst over time.[19]

Having a solid understanding of how these nanocatalysts work to improve re-
actions is non-trivial. However, it is very difficult to discern the true nature of
the mechanism of the nanocatlysts. A rounding effect does not confirm a homoge-
neous catalysis, nor does it disprove heterogeneous catalysis. In fact, many times
it is not even clear whether it is the nanoparticles that have been the catalysts
as opposed to the metal salt precursor used to create particles such as platinum

nanotetrahedra and nanocubes.[19]

Activation energy (E,) is the preferred value to examine the effect of a cata-
lyst on a reaction. E, is the amount of energy needed to overcome in order to
allow the reaction to proceed, as shown in Figure 2.

By reducing the amount of energy needed to allow the reaction to proceed, more
reactions are likely to occur per unit time, which in turn increases the conversion

of the reactants to products. E, is determined by using the Arrhenius equation:

k= Ae(—Ea/RT)(l)

where k is the rate constant, A is the preexponential factor, typically expressed
in s7!, E, is the activation energy (in kJ/mol), R is 8.31 kJ/mol K, and T is the
temperature in K. This equation can be manipulated to show a direct relationship
between the change in rate against the temperature, where the slope is activation

energy (multiplied by R).

Ink = InA — (Ea/R)(1/T)(2)
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Figure 2: Diagram showing E, with and without a catalyst.

Therefore, by determining the rate of a reaction at several different temperatures
and plotting the rate constant, k, against those temperatures, the activation en-
ergy can be determined. The same batch of catalyst solution can be divided into
several aliquots, one used for each temperature measurement, therefore the con-

centration does not need to be determined.

The confinement effect is a possible area in which nanocages may further enhance
the overall rate of the reaction. Some experimental results suggest that reactants
may become trapped inside a nanocage. Once trapped, these reactants would
collide more frequently and interact with each other. This would not have any
effect on E,, but it would increase k by increasing A. The preexponential factor,
A, is also known as the collision frequency factor, as it determines the number of
collisions of reactants per second. In limiting the amount of space the reactants
have (and having that area surrounded by active catalyst), more reactions should,

in principle, take place.
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CHAPTER 11

POLYSTYRENE AS AN INERT SUPPORT
STRUCTURE

2.1 Abstract

Nanocatalysis is an emerging field within the greater division of nanotechnology.
Nanocatalysts have improved activity over bulk models, but have some current
difficulties that may be reduced, or even eliminated. One of these problems is the
loss of the nanocatalyst that makes it hard to recycle and reuse the nanoparticles
in subsequent reactions. By finding a nonreactive material on which nanoparticles
can easily be adsorbed or attached, the catalysts can be easily reused. However,
some of the materials that have been used as support structures in the past have
shown some catalytic activity on their own. An alternative material is then needed
to replace these common supports. Polymers hold great promise because of their
largely inert properties. Polystyrene was chosen due to its ability to swell and
contract, which can be used to envelop the nanocatalysts and ensure they are more
easily reused. Platinum nanocubes were used in the reduction of 4-nitrophenol via
borohydride. The polystyrene was shown to have zero contribution to the catalysis

and function as a successful inert substrate.
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2.2 Introduction

While nanocatalysts have tremendous advantages over standard bulk catalysts,
one issue that presents a significant drawback is the ability to pull these particles
out of solution[12]. Standard attempts to centrifuge the solution can result in ag-
gregation of the nanoparticles, reducing their effectiveness[2]. Support structures
are used to easily recycle nanoparticles. Common inert supports include aluminum
and silica, though they are occasionally active in reactions.[8] It is therefore ben-

eficial to find other supports that are inert and can be used in those reactions.

Polymers, such as polystyrene, are typically inactive in reactions and can be used
as supports.[6, 10] However, there have not been many studies of these materials
in catalytic reactions. Polystyrene microspheres in particular are potentially desir-
able as a support structure due to their small size and ability to load nanoparticles
onto the surface.[10] Polystyrene is a simple aromatic polymer, the structure is
shown below. Tt is very resistive to both acids and bases[11], which makes it ideal
for a wide variety of catalytic reactions, many of which could take place under a

range of pHs.

I
T
H H]

n

Figure 3: Chemical Structure of Polystyrene

Additionally, polystyrene has the ability to swell in the presence of tetrahydrofu-

ran (THF), and shrink in the absence of it.[7] This is beneficial for easily loading

13



nanocatalysts onto polystyrene without chemically altering either the catalyst or
the support. Many other support structures either require a linker or need to be

chemically modified to successfully adsorb the catalyst onto them.

Reducing aromatic nitrocompounds, such as nitrophenol and nitrobenzene, is
of economic interest. These compounds are frequently either produced as by-
products or needed in production of dyes, pesticides, and pharmacological studies.
In particular, 4-aminophenol is a required intermediate in the synthesis of drugs
such as acetaminophen.[4] Given the large quantities of acetaminophen produced
(on the order of 30,000 tons per year), there is a tremendous incentive to synthe-
size 4-aminophenol as efficiently and effectively as possible.[1] Metals in acid are
commonly used currently, however that procedure results in a toxic metal oxide
byproduct. A reaction environment that is both pH neutral and limited in the

byproducts it creates would reduce the overall cost of the operation.

The reduction of 4-nitrophenol with sodium borohydride has been studied pre-
vious by Zeng et. al. They have found that the activation energy using their
catalyst (hollow Au nanoparticles) is between 28 and 55 kJ/mol, depending on

how hollowed out the nanoparticles were.[13]

Platinum is among the most commonly used metals for catalysis. Among the
industrial uses for platinum are the oxidation of carbon monoxide to carbon diox-
ide by catalytic converters in cars[5], degradation of azo dyes in waste treatment[9),
and petroleum cracking[3]. Due to the high cost of platinum, it is very important
to maximize the catalytic activity by ensuring as much of the platinum is actually
being used in catalysis. One of the best ways to be sure of this is to use a nanocat-
alyst. This will reduce the amount of material and will maximize the surface area
: volume ratio. Furthermore, there are more active sites on the nanocatalyst than

on bulk catalysts.

14



By reducing 4-nitrophenol in a safe, cheap manner, a whole industry of chemi-
cal syntheses can profit. While platinum is not inexpensive, being able to use all
of it (or nearly all of it), and being able to recycle the catalyst would reduce costs
over using a bulk material. Polystyrene can assist in maximizing the reusability
of the nanoparticles in its role as a support system. This means the nanoparticles
can be recycled and reused, improving the cost : use ratio. Using nanoparticles
instead of bulk materials means more platinum is actually doing the work instead
of remaining inert under the surface. Combining these two ideas should ensure a

safe, effective, and simple means of accelerating this reaction.
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2.3 Experimental

Platinum nanocubes were prepared by reducing platinum salt in the presence of
sodium borohydride. Trimethyl ammonium bromide (TTAB, 3.3 g) was added to
80 mL of water at 50 °C. After five minutes, potassium tetrachloroplatinate (10
mM; 10 mL) was added to the solution and allowed to dissolve. Sodium borohy-
dride ( 0.32 M; 10 mL) was then contributed to the flask and the flask was covered
with a septa. A needle was poked through the septa to allow the hydrogen gas
byproduct to escape. After 15 minutes, the needle was removed and the solution
was allowed to sit overnight. The solution was centrifuged at 3,000 rpm for 30
minutes and the supernatant was kept. It was then centrifuged again, this time

at 13,000 rpm for 5 minutes.

The nanocubes were then loaded onto polystyrene microspheres. Polystyrene will
expand in the presence of THF and contract once the THF is removed as shown in
the schematic below. Specifically, 1.4 mL of polystyrene microspheres were added
to a vial followed by the platinum nanocubes (10 mL). THF (3 mL) was the added
to the solution, causing the polystyrene to swell. The solution was stirred using
a rotovac, which allowed the THF to evaporate over a span of 20 minutes. The
solution was centrifuged for 5 minutes at 14,000 rpm three times, with the super-

natant being kept each time.

The reduction of 4-nitrophenol to 4-aminophenol with sodium borohydride was
studied at 25, 30, 35, and 40 °C. A UV-Vis spectrum was taken every 5 min-
utes for approximately an hour and the peak at 420 nm was monitored. This
was done both with colloidal nanoparticles and the nanoparticles loaded onto the
polystyrene microspheres. 4-nitrophenol (30 ul; 2 mM) was added to a cuvette
with 100 pL of catalyst. Ice cold sodium borohydride (2 mL; 0.06 M) was added

to the solution and the reaction monitored.
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Figure 4: Schematic of process of loading platinum nanocubes onto polystyrene
microspheres

Shrinking bead

A mixture of polystyrene microspheres and unloaded platinum nanocubes was
also prepared to investigate the effect of having the two particles in solution on
the catalysis. Colloidal platinum nanocubes (60 pL), were added to 1.67 mL of
water in a cuvette. Polystyrene microspheres (100 uL) were then added to the
solution, followed by 4-nitrophenol (30 upL; 2 mM), and the placed in a water
bath at the above mentioned temperatures. After five minutes, ice-cold sodium
borohydride (2 mL; 0.06 M) was added to the solution and a UV-Vis spectra was

taken every five minutes.

Potassium tetrachloroplatinate, trimethyltetradecylammonium bromide, 4-nitrophenol,
and sodium borohydride were purchased from Sigma Aldrich. Polystyrene micro-
spheres were purchased from Duke Scientific Corp. A Cary 500 UV-Vis spectrom-
eter was used to take the spectroscopic measurements, a JEOL 100CX transmis-
sion electron microscope was used to determine the size and shape of the platinum
nanoparticle, while a Zeiss 60 scanning electron microscope were used to verify the

loading of the platinum onto the polystyrene.
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2.4 Results & Discussion

TEM images (Figure 4A) show the nanocubes have sharp corners when they are
initially synthesized and have 20 nm edge length. However, once the particles have
been used as a catalyst in the reduction of 4-nitrophenol, there is clear rounding of
the corners (Figures 4B-E). This has been documented in previous studies using
solid nanoparticles with clearly defined corners. Frequently, the corners will be
used in the reaction as catalytic sites and then the atoms will move to a different
part of the nanoparticle. Over time, this can cause the nanocube to lose some of
its effectiveness as it will be composed of more side atoms and fewer corner and
edge atoms, which are more active. While this suggests homogeneous catalysis, it

does not confirm it.
eI
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Figure 5: TEM images of platinum nanocubes before (A) and after use in reduc-
tion of 4-nitrophenol at 25 °C (B), 30 °C (C), 35 °C (D), and 40 °C (E). Scale bar

is 50 nm.

The SEM images (Figure 5) show the particles are covering the polystyrene mi-
crospheres. The degradation of the microspheres is due to the electron beam.
The polystyrene absorbs the energy of the beam and breaks down while it is be-
ing imaged. Despite this degradation of the polystyrene, the cubes can still be

seen on the exterior of the microspheres. Especially on the microspheres on the
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SEM micrographs on the second half of each image. This provides evidence that
the cubes have been successfully deposited on the polystyrene. Furthermore, the
polystyrene spheres show no morphological changes when the platinum is added

to them.

Figure 6: SEM image of polystyrene microspheres before loading (A) after loading
(B) with platinum nanocubes and after use in catalysis at 25 - 40 °C (C-F).

The stability of the nanoparticles loaded onto polystyrene were also examined with
respect to temperature. A sample of platinum loaded polystyrene microspheres
was heated to 60 °C and no changes were found on the SEM images. Therefore,
any change in the rate of 4-nitrophenol reduction could not be due to the inter-
actions between the polystyrene and platinum nor the added heat, only with the

reaction itself.

Sodium borohydride reduces 4-nitrophenol to 4-aminophenol by removing a pair
of hydrogens and replacing them with two oxygens on the nitrogen in the four
position. This catalytic reaction was treated as a pseudo-first order reaction, as
the ratio of borohydride to 4-aminophenol was very high (> 10:1). Based on a
first order reaction, the natural logarithm of the rates was measured against the

inverse of the temperature (1000/T; K1)
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The rates of the reduction of 4-nitrophenol with borohydride using colloidal par-
ticles as a catalyst were -0.037 + 0.002 (25 °C), -0.048 £ 0.003 (30 °C), -0.053 +
0.002 (35 °C), and -0.064 + 0.002 (40 °C), as shown in Figure 6.
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Figure 7: First order rate plots of colloidal platinum nanocubes (A) and plat-
inum nanocubes loaded onto polystyrene microspheres (B) for the reduction of
4-nitrophenol with sodium borohyride.

The reduction of 4-nitrophenol with borohydride can be treated as a first order
reaction if the ratio of the two reactants is sufficiently high (4-nitrophenol : boro-
hydride = 1:10). In the case of this experiment, a ratio of 1 : 2000 was used to
ensure a first order reaction would occur throughout the experiment. The tem-
perature was not allowed to exceed 40 °C because higher temperatures cause the

borohydride to degrade, thus changing the ratio of the two reactants.

The rates of the colloidal particles are approximately seven times higher than
those of the nanocubes loaded onto the polystyrene microspheres, despite the ac-
tivation energies being comparable. This may be due to the steric limitations,
such as part of the cubes being covered by the polystyrene. As shown in the Fig-

ure 5, when the nanocubes are swallowed up by the polystyrene, there is a loss
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of surface area. This may reduce the number of active sites available to the reac-
tants and thus slow the reaction. A second steric hindrance may occur due to the
polystyrene itself. The microspheres take up substantially more volume than the
platinum nanocubes, but do not appear to be reactive in the solution. This can
limit the ability of the reactants to reach the catalyst and create a slower reaction

than that with only the catalyst and reactants.

By examining the rates of the colloidal platinum nanoparticles and mapping it
against the inverse temperatures studied (Figure 7), an activation energy of 3.3
+ 0.4 kJ/mol was found. The activation energy for the platinum nanoparticles
loaded onto the microspheres was 2.9 £+ 0.4 kJ/mol. Because the activation ener-
gies of the two sets of data are comparable, it can be determined the polystyrene

does not react with the 4-nitrophenol or the borohydride.
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Figure 8: Activation energies of reduction of 4-nitrophenol with borohydride using
colloidal nanocubes and nanocubes loaded onto polystyrene microspheres

The similar activation energies show that the polystyrene is truly inert. There-
fore,the goal of finding a viable alternative support structure has been achieved.
Further work in this area can be focused on determining the effectiveness of

polystyrene microspheres with other nanocatalysts (Ag nanocubes, Pt, Pd, &,
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Ag nanocages, bimetallic nanocages, etc). Additionally, other reactions should be
investigated to determine if this support structure posseses widespread viability
or if it is limited to specific reactions. Zhao et. al have shown alumina as a possi-
ble catalyst. Therefore, those reactions would make ideal targets to determine if

polystyrene microspheres are an effective alternative to alumina.

22



2.5 References

23



REFERENCES

“larc monographs,” TARC Monographs, vol. 74, pp. 401-448, 1997.

COLFEN, H., “Analytical ultracentrifugation of nanoparticles.,” Abstracts of

Papers of the American Chemical Society, vol. 224, no. Part 2, 2002.

CORTRIGHT, R., DAvDA, R., and DuMESIc, J., “Hydrogen from catalytic

reforming of biomass-derived hydrocarbons in liquid water,” Nature, vol. 418,

pp. 964-967, AUG 29 2002.

E. FripERICHS, T. CHRISTOPH, H. B., “Ullmann’s encyclopedia of indus-

trial chemistry,” 2011.

HEeELMERS, E., “Platinum emission rate of automobiles with catalytic con-

verters,” Enuvironmental Science and Pollution Research, vol. 4, pp. 99-103,

1997.

KRISHNAN, G. R. and SREEKUMAR, K., “Synthesis and Characterization
of Polystyrene Supported Catalytically Active Poly(amidoamine) Dendrimer-
Palladium Nanoparticle Conjugates,” Soft Materials, vol. 8, no. 2, pp. 114—
129, 2010.

LeE, J.-H., MAHMOUD, A. M., SITTERLE, V., SITTERLE, J., and MERED-
ITH, J. C., “Facile Preparation of Highly-Scattering Metal Nanoparticle-
Coated Polymer Microbeads and Their Surface Plasmon Resonance,” Journal

of the American Chemical Society, vol. 131, pp. 50484, APR 15 2009.

NARAYANAN, R. and EL-SAYED, M., “Catalysis with transition metal
nanoparticles in colloidal solution: Nanoparticle shape dependence and sta-
bility,” Journal of Physical Chemistry B, vol. 109, pp. 12663-12676, JUL 7
2005.

24



[9]

[10]

[11]

[12]

[13]

PATSOURA, A., KONDARIDES, D., and VERYKIOS, X., “Enhancement of
photoinduced hydrogen production from irradiated Pt/ TiO2 suspensions with
simultaneous degradation of azo-dyes,” Applied Catalysis B- Environmental,

vol. 64, pp. 171-179, MAY 2 2006.

Rubpoy, V., ErRsHov, B., SUKHOV, N., DEMENT’EVA, O., ZAITSEVA, A.,
SELIVERSTOV, A., KARTSEVA, M., and OGAREV, V., “Metal nanoparticles

on polymer surfaces: 2. Catalytic activity of platinum nanoparticle ensembles

on Polystyrene,” Colloid Journal, vol. 64, pp. 755758, NOV-DEC 2002.

SIGMA-ALDRICH, “Material safety data sheet for polystrene,” November

2012.
VANNICE, M. A., Kinetics of Catalytic Reactions. Springer, 1 ed., 2005.

ZENG, J., ZHANG, Q., CHEN, J., and X1A, Y., “A Comparison Study of
the Catalytic Properties of Au-Based Nanocages, Nanoboxes, and Nanopar-

ticles,” Nano Letters, vol. 10, pp. 30-35, JAN 2010.

25



CHAPTER III

EFFECT OF METAL RATIO IN BIMETALLIC

NANOCAGES ON CATALYSIS

3.1 Introduction

Platinum nanocages have been prepared[8] using a technique called galvanic dis-
placement. [10] In this technique, the template particle (Ag nanocube) metal

274 metal in solu-

atoms removed from the interior and fewer metal ions of a
tion are reduced and deposited on a the surface of the cube. In the particular
case of synthesizing platinum (or palladium cages or bimetallic cages consisting
of platinum (or palladium) and silver, two silver atoms are removed from the Ag
nanocube for every palladium (or platinum) ion reduced and deposited on the

cube surface. The energy required to reduce Pt or Pd (Pt*T (aq) — 2Pt° (s)) is

less than 2A4¢° (s) — 2Ag™ (aq), thus creating a spontaneous reaction.

Bimetallic nanoparticles have been prepared, usually as core/shell particles.[5, 12,
3, 6, 2] Typically, these particles are synthesized by creating an initial core par-
ticle and then coating it with a second material (frequently silica, though metal
oxides are often used as well). Shell/shell particles have been prepared by the El-
Sayed group, though an in depth study of the formation of these particles has not
been investigated.[8] It is believed they are formed via the galvanic displacement
technique. While gold nanocages are easily formed due to the large difference in
reduction potentials between the template material (Ag) and the gold, platinum
and palladium have much lower reduction potentials. Au3+ — Au® has a reduc-
tion potential of (1.50 eV), Pt?+ — PtY (1.188 eV), and Pd*+ — Pd® (0.915 eV),
while Ag® — Ag?t has a reduction potential of 0.7991 eV. It is possible this can

affect the degree to which the displacement of silver can take place.
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The electron transfer reaction between hexacyanoferrate (HCF) and sodium thio-
sulfate is a relatively easy reaction to study. The hexacyanoferrate has a sharp
peak at 420 nm that degrades as hexacyanoferrate turns into pentacyanoferrate. [1]
This allows for UV-Vis spectroscopy measurements to determine the rate of re-
action, which are both accurate and easy. Furthermore, because the reaction is
in aqueous solution, the catalysts can be dispersed in the solution and mixed in
with the reactants. This reaction has been studied by the El-Sayed group using
platinum nanoparticles (tetrahedra, spheres, prisms)[9]. Furthermore, oxidizing
ferrocyanide is a common way of producing ferricyanide. (Ferricyanide is used in

photography[11] and to produce Prussian blue, a common dye.[4])

The mechanism for this reaction has been described by Mahmoud and is shown in
the schematic below.[7] A pair of thiosulfates bind to the catalyst (the platinum
in this schematic) through the sulfur, forming a Pt-thiosulfate complex. Plat-
inum and gold have been the only metals to be tested with nanoparticles. Once
the thiosulfate has bonded to the platinum, a ferrocyanide anion, which began as
potassium hexacyanoferride and dissociated in solution, bonds to a platinum par-
ticle, which dissolves from the main catalyst and interacts with the thiosulfates.
The ferrocyanide ion is then oxidized by the thiosulfide, creating ferricyanide and
tetrathionate ions. Afterwards, the platinum is redeposited back on the nanopar-
ticle.

Nanocages are an area of focus due to a couple of factors. There is more surface
area in a cage than in a cube of similar dimensions and it is possible for the reac-
tants to be trapped inside the cage, thus increasing the number of collisions and
thus the rate of the reaction. Nanocages have been used in catalysis, though they
have primarily been monometallic cages. In the very limited number of bimetallic
cages studied, it has been shown the exterior metal is not dominantly used in the

catalysis.
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Figure 9: Schematic outlining the electron transfer mechanism of HCF and thio-
sulfate.

The El-Sayed group has studied platinum-palladium and palladium-platinum nanocages
as well as gold-platinum and gold-palladium.[8] The kinetic parameters of the
bimetallic cages were compared to monometallic nanoparticles using the same re-
duction of 4-nitrophenol with sodium borohydride. It was found the activation
energy and frequency factors were similar for platinum nanocages and bimetallic
nanocages where platinum is the interior metal and similarly palladium nanocages
and bimetallic nanocages where palladium was the interior metal. These results
suggested that the reaction was taking place inside the nanocage. However, only
one type of PtPd nanocage and one PdPt nanocage was studied. The amount
of each metal was not investigated nor was a change in those ratios studied. By

changing these ratios a difference in the activation energy may be observed.
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3.2 Experimental

Silver nanocubes were prepared by heating 35 mL ethylene glycol (EG) for 1 hour
at 140 °C with constant stirring. Polyvinylpyrrolidone (MW ~ 55,000; 5 mL; 1.45
mM) was then added and the temperature was increased to 150 °C. After 5 min-
utes, sodium sulfide (400 pL; 3mM) and silver nitrate (2.5 mL; 0.282 mM) were
added sequentially. Stirring was then stopped and the solution was allowed to sit
for 5 minutes. Afterwards, stirring was resumed and adjusted until a silver/green
color appeared. The plasmon peak was examined using UV-Vis spectroscopy and
a peak at ~ 440 nm was found. The cubes were stored in ethylene glycol until

needed.

Platinum /silver nanocages were prepared using the silver nanocubes as templates.
Initially, the silver nanocubes were spun down using a microcentrifuge at 14,000
rpm for 5 minutes. This was done twice to remove all of the organic compounds
and any nitrate ions. Three milliliters of the concentrated cubes were added to
20 mL of deionized water. KoPtCly (5 mL; 0.12 M) was added in 1 mL aliquots
every three minutes. The vial was shaken for the first minute and allowed to sit
for the next two minutes. This was done with 5 mL of KyPtCl; with a sample
taken out for imaging every minute. These particles were spun down at 14,000
rpm for 5 minutes. Pd/Ag nanocages were prepared using a similar method, with

0.06 M K,PdCly in place of 0.12 M KyPtCly.

Bimetallic nanocages were preparing using the method described above, but with
more control. 40 nm silver cubes were used as a template. 3 mL of centrifuged
silver cubes were added to 20 mL of D.I. water. HyPtCl, ( mM) or HoPdCly (mM)
was added at different amounts to obtain 5 different ratios of Pt/Ag and Pd/Ag
nanocages. Specifically, 1, 3, 5, 7, and 10 mL of platinum and palladium salt were
added to the silver cube solution at 3 minute intervals. The solution was then

centrifuged twice at 14,000 rpm for 5 minutes. The supernatant was discarded
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while the precipitate was kept. These nanocages were then used in catalysis to
measure the effect of changing the ratio of the 2 metals (either Pt and Ag or Pd
and Ag).

Palladium nanocubes were prepared by initially synthesizing 22 nm palladium
nanocubes as seeds and growing them to 40 nm. Palladium nanocubes with an
edge length of 22 nm were synthesized by adding 0.5 mL of 10 mM H,PdCly
solution to 10 mL 12.5 mM CTAB. The solution was then heated to 95 °C for
5 minutes and 80 pL of 100 mM ascorbic acid was added as a reducing agent.
After 30 minutes, the seed solution was prepared. To prepare 40 nm platinum
nanocubes, 5 mL of 50 mM CTAB was added to 125 uL of 10 mM H,PdCl, and
heated to 40 °C. Seed solution (300 pL) was added, followed by ascorbic acid (25
pL; 100 mM). The nanocubes were allowed to grow for 14 hours and then cen-
trifuged at 12,000 rpm for 10 minutes. The supernatant was discarded and the

precipitate was kept.

The electron transfer reaction between K3Fe(CNg) and NayS,03 was studied be-
cause this reaction has been examined with solid platinum nanoparticles in the
past, but never with silver particles. This reaction was also carried out with silver

and palladium nanocubes for comparison.

A cuvette of catalyst (0.3 mL) and K3Fe(CNg) (0.01 M; 0.3 mL) was added to
a water bath and stirred for 5 minutes. The spectrometer was blanked with the
cuvette and 1.0 mL of sodium thiosulfate (0.1 M) was added to the solution. The
cuvette was removed from the water bath and a sample taken every 3-5 minutes.

This was repeated for approximately one hour.
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3.3 Results € Discussion

Silver nanocubes morphed into nanocages with a Pt exterior and Ag interior by
the addition of Pt. Cubes with an edge length of 40 nm grew initially to 60 nm
with 1 mL of HyPtCly and then slowly decreased back to their initial size with
the addition of more platinum. The TEM images showing a larger (and rougher)
edge length after the initial platinum was added suggests the platinum is added

to the outside of the cage, not the interior as previously reported.

This is further confirmed with the UV-Vis spectroscopy that evinces a lack of
surface plasmon. If silver was on the exterior of the cage, then a surface plas-
mon resonance would appear corresponding to silver. The UV-Vis spectroscopy
could not be used to gauge the evolution from nanocubes to nanocages because
the peak moved very erratically. The initial peak was at ~ 450 nm and only
changed between 452 and 475 nm, though it was not a consistent change. Once
the platinum-silver nanocages (further noted as PtAg nanocages) were allowed to
sit for a several hours, this peak disappeared entirely and only the d-d transition
peak of the platinum was observed. This peak appears at approximately 260 nm,

but is very difficult to measure because the UV-Vis is less accurate below 300 nm.

Once the progression of PtAg nanocages was determined, they were used in catal-
ysis. PdAg nanocages (nanocages with palladium on the exterior and silver on
the inside) were expected to evolve in a similar manner as palladium and plat-
inum act in similar ways. The activation energy was examined instead of the rate
because an accurate measurement of the catalyst concentration was difficult to
obtain. The surface plasmons of platinum and palladium overlap their d-d band
transitions, which are not in the visible spectra, so the SPR peak cannot be used
to determine the optical density. Therefore, concentration was not determined for

PtAg or PdAg nanocages.
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Figure 10: Progression of UV-Vis Absorbance Peaks of Surface Plasmon Reso-
nance as Ag Nanocubes become PtAg Nanocages. Amount of Pt increases from I
to V.

Figure 11: TEM images as the amount of Pt added was increased in Ag
Nanocubes. Particles evolve from rough nanoparticles with poorly defined shapes
to well defined nanocages with clearly defined edges. A is after 1 mL of KoPtCly,
B is after 2 mL of Ky;PtCly, Cis after 3 mL of KoPtCly, D is after 4 mL of KoPtCly,
and 5 is after 5 mL of KoPtCl,. Scale bar is 100 nm.

The activation energy was determined using the method described in the pre-

vious chapter. The inverse temperature was plotted against the natural log of the
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rate constants, k, obtained at four different temperatures. E, for silver cubes was
comparable to the control experiment without any catalyst (56.3 kJ/mol vs. 58.2
kJ/mol, respectively). This can be attributed to the silver cubes falling out of the
solution as soon as the thiosulfate is added. The silver is rendered inert when the
thiosulfate either displaces the PVP on the silver cubes or is added to it. Because
this does not occur when silver spheres are used in place of silver cubes capped
with citrate, it is suggested that the PVP is removed from the surface of the cubes.
If any silver nanoparticles precipitated out of solution when thiosulfate was added

to the solution, the spheres (capped with citrate) should do so, but they do not.

This problem was resolved by adding a small amount of platinum or palladium
to the exterior of the nanocube using the galvanic displacement technique. Once
the particles had a small amount of Pt or Pd, the resulting nanoparticles were
dissolved readily in solution. They also remained in solution after the addition of

thiosulfate. This allowed the nanocages to successfully be used in catalysis.

PtAg (and PdAg) nanocages were successfully synthesized for the first time using
silver nanocubes as templates by utilizing the galvanic displacement method, some
of the silver was removed from the nanocubes and platinum (or palladium) was

added to the outside of the particle.

By adding platinum to the silver nanocubes, PtAg nanocages were created. Ini-
tially, it was suspected that pure platinum nanocages were created, but EDS
measurements confirm the presence of silver in the solution (Figure 12). This sil-
ver must come from the nanocages and not the presence of silver chloride (which
is a byproduct of the galvanic replacement). If silver chloride were present, then
chloride would also appear on the EDS measurements. However, only silver, plat-
inum, nitrogen, oxygen, carbon, and copper are observed. Carbon and copper

can be attributed to result from the carbon coating and the copper grid of the
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sample holders used for the TEM. Nitrogen and oxygen are attributable to the

PVP capping agent.

For inductively coupled plasma atomic emission spectroscopy (ICP-AES) the
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Figure 12: Energy Dispersive Spectroscopy of PtAg nanocages.

nanoparticles were dissolved in a combination of nitric and hydrochloric acids.
This could cause chlorine to either attach itself to any remaining silver ions in the
solution or simply remain in solution on its own. This would create the appearance
of silver chloride in solution and the presence of silver might be dismissed as not
part of the cages. However, by using EDS this issue is resolved. The silver must
come from the cage itself. Although EDS can detect the silver on the cages as well
as free silver ions, silver ions would more than likely not account for the amount of
silver present in the image. Additionally, the volume of bimetallic nanocages was
very small, so ICP-AES could not accurately determine the metal concentrations,

even if the chlorine issue was not prevalent.

As the platinum content in the cages increases, the activation energy also in-
creases. This suggests the silver is the active metal in the catalyst, or there is a
synergistic effect between the platinum and silver. The size and number of holes
in the cages also increase, which is further evidence the silver is the active metal.
If the platinum were more active than the silver, the activation energy should de-

crease as the platinum content increased. The activation energy is lower than pure
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Pt nanocubes, but those nanocubes had an edge length of 7 nm. Pt nanocubes

may be better only because of their smaller size.[9]

One interesting result is the increase in the activation energy as the amount of
platinum increases. This is particularly interesting because of the low activation
energy of platinum cubes. Platinum nanoparticles have been studied, though those
particles were significantly smaller. The lower activation energy of the platinum
nanoparticles as compared to the bimetallic particles may be due to the higher

number of active sites on a smaller particle.

Pt-Ag and Pd-Ag nanocages were tested in this reaction and it was found that
with increasing amounts Pt or Pd added the activation energy increased, as shown

in Figures 9 and 10.
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Figure 13: Platinum content of PtAg nanocages vs. Activation Energy.

The additional volume of the second metal (either Pd or Pt) had three effects
on the silver nanocubes. The first was that the composition of the nanoparticle

changed. Adding more Pt or Pd caused the ratio of Pt (or Pd) to increase from
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0 % to approximately 30-40 % (depending on whether the 2"¢ metal was Pd or
Pt). The second effect of adding more Pt or Pd was a further hollowing effect
as compared to smaller amounts of Pt or Pd. It is very difficult, if not possi-
ble, to determine which of these is the cause of the change in activation energy.
The confinement effect should decrease the activation energy. Lastly, as shown
earlier, adding more platinum causes the edges to smoothen. Because catalysts
are most effective when they have roughened surfaces with many edges, corners,

and defect sites, the smoothing of the nanocage may create a less effective catalyst.

Another important observation is the limit in creating a pure platinum nanocage
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from a silver nanocube. Regardless of how much platinum salt was added to the
silver cube solution, the platinum content never exceeded 42 %. This may have
to do with the reduction potential of Pt>" — PtY as compared to Ag. Reducing
platinum requires more energy than oxidizing silver, so it is not necessarily going
to completely displace all of the silver. It is also harder to reduce platinum than
it is to reduce gold, so while there have been several papers put out using gold
nanocages, they cannot necessarily be used to explain how platinum nanocages

are formed.
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3.4 Conclusion

By adding platinum to pure silver nanocubes, platinum /silver nanocages can be
created using the galvanic displacement technique. This occurs by removing some
of the silver from the interior and replacing it with platinum on the exterior shell.
Initially, the outer coating of platinum increases the size of the cage and as more
platinum is added, the size of the cage is reduced back to those of the template
cube. While it had been previously thought that pure platinum nanocages were
created, it was found silver was discovered in the final particles using UV-vis
and energy dispersive spectroscopy. This was also confirmed in created PdAg

nanocages.

By adding small amounts of platinum or palladium to the silver nanocubes, three
main effects took place. The first was a change in the metal composition of the
nanoparticles, starting with 100% silver and dropping to 58% silver and 42% plat-
inum. A similar change was found when adding palladium to the nanoparticles.
This allowed the nanoparticles to remain in solution longer in the presence of
thiosulfate and could actually be used in catalysis for the reduction of hexacyano-
ferrate. This addition was limited to about 40 % platinum and 30 % palladium.
It is possible this limitation can be attributed to the higher reduction potential of
Pt and Pd as compared to Ag. It is also much lower than the reduction potential

of Au, which was the first metal used in the galvanic displacement technique.

The second change was a hollowing out of the nanocubes. This took place because
Pt and Pd are added via the galvanic displacement technique. Both the platinum
and palladium is supposed to form a cage out the silver cubes at a similar rate
(due to both metals having an oxidation state of +2 as salts and this reduces two
Ag™ ions), but the platinum could displace more silver due to its higher reduction
potential. The cage formation out could have created a confinement effect in the

nanocages which should enhance the catalysis, but was hindered by the addition
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of the second, less catalytically active, metal. The nanocage also becomes more
smoothed as the 2"¢ metal is added. This could reduce the catalytic activity by

reducing the number of active sites on the nanocage.

Lastly, the addition of these two metals helped to catalyze the electron trans-
fer reaction as compared to the pure silver cubes. The best activation energy of
PtAg nanocages was better than silver cubes or silver nanospheres. This suggests
that the silver may be more effective than platinum or palladium in catalysis,
but needs some of the outer metal to protect from the thiosulfate. Solid platinum
nanoparticles have a low activation energy for this reaction (14.0 kJ/mol for tetra-
hedra). The interaction of these two metals may be creating a destructive effect

on each other to create a composite surface.

Bimetallic nanocages on the whole need further study. There may be other reac-
tions in which these particles have a synergistic effect. Other metals may be of
interest as well. Because the reduction potential is so low for gold, it is possible
that PdAu and PtAu nanocages can be produced in which the gold completely

displaces the silver.

39



3.5 References

40



1]

REFERENCES

ADAMSON, A., “Electron Transfer Processes and the Oxidation-Reduction
Reactions of Hexacyanoferrate(I1I) Ion in Aqueous Solution,” JOURNAL OF

PHYSICAL CHEMISTRY, vol. 56, no. 7, pp. 858-862, 1952.

CHEN, Y., YANG, F. Da1, Y., WaANG, W., and CHEN, S., “Ni@QPt core-
shell nanoparticles: Synthesis, structural and electrochemical properties,”

Journal of Physical Chemistry C| vol. 112, pp. 1645-1649, FEB 7 2008.

Cul, L., WANG, A., Wu, D.-Y., REN, B., and TIAN, Z.-Q., “Shaping
and Shelling Pt and Pd Nanoparticles for Ultraviolet Laser Excited Surface-

Enhanced Raman Scattering,” Journal of Physical Chemsitry C, vol. 112,
pp. 17618-17624, NOV 13 2008.

DUNBAR, K. R. and HEINTZ, R. A., Chemistry of Transition Metal Cyanide

Compounds: Modern Perspectives, pp. 283-391. John Wiley & Sons, Inc.,
2007.

Lu, Y., ME1, Y., DRECHSLER, M., and BALLAUFF, M., “Thermosensitive
core-shell particles as carriers for Ag nanoparticles: Modulating the catalytic
activity by a phase transition in networks,” Angewadte Chemie-International

FEdition, vol. 45, no. 5, pp. 813-816, 2006.

MAEDA, K., SAKAMOTO, N., IKEDA, T., OHTSUKA, H., XIONG, A., LU,
D., KANEHARA, M., TERANISHI, T., and DOMEN, K., “Preparation of
Core-Shell-Structured Nanoparticles (with a Noble-Metal or Metal Oxide
Core and a Chromia Shell) and Their Application in Water Splitting by
Means of Visible Light,” Chemsitry A- FEuropean Journal, vol. 16, no. 26,
pp. 7750-7759, 2010.

41



[7]

[10]

[11]

[12]

MaHMOUD, M. A., “Proposed molecular mechanism for the colloidal
nanocatalysis of the hexacyanoferrate IlI-thiosulfate electron transfer reac-

tion: On the involvement of a Prussian blue analogue complex intermediate,”

Journal of Catalysis, vol. 274, pp. 215-220, SEP 9 2010.

MAHMOUD, M. A., SAIRA, F., and EL-SAYED, M. A., “Experimental Ev-
idence For The Nanocage Effect In Catalysis With Hollow Nanoparticles,”
Nano Letters, vol. 10, pp. 3764-3769, SEP 2010.

NARAYANAN, R. and EL-SAYED, M., “Catalysis with transition metal
nanoparticles in colloidal solution: Nanoparticle shape dependence and sta-
bility,” Journal of Physical Chemistry B, vol. 109, pp. 12663-12676, JUL 7
2005.

SKRABALAK, S. E., Au, L., L1, X., and X1A, Y., “Facile synthesis of Ag
nanocubes and Au nanocages,” Nature Protocols, vol. 2, no. 9, pp. 2182-2190,

2007.

STROEBEL, L; ZAKIA, R., Focal Encyclopedia of Photography. Focal Press,

1993.

TENG, X., BLACK, D., WATKINS, N., GAO, Y., and YANG, H., “Platinum-
maghemite core-shell nanoparticles using a sequential synthesis,” Nano Let-

ters, vol. 3, pp. 261-264, FEB 2003.

42



