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ABSTRACT OF THE DISSERTATION 
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Doctor of Philosophy in Chemistry 
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Professor Xiangfeng Duan, Chair 

 

 

Noble metals are the most sought after elements for catalysis because of their versatility, 

activity, and recyclability for a variety of applications; however they are limited as a resource 

and expensive. Noble metal nanoparticles offer a solution for use in catalysis because their high 

surface area to volume ratio maximizes their available surface sites while minimizing the amount 

of metal used. Additionally, particularly exposed facets of nanoparticles can increase surface 

energies for superior catalytic activity and induce novel electronic/physical properties. In the first 

chapter of my thesis, I synthesized palladium, platinum, and semiconductor titania nanoparticles 

through a biomimetic approach by using peptides to preferentially bind to and expose particular 

crystal facets of nanoparticles. Using a combinatorial approach called biopanning to find highly 
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selective surface energy modifiers for particular facets of materials gave insight to unique 

binding motifs for materials as well as induced morphology controlled nanoparticles at ambient 

conditions. There are limitless combinations of solvents, capping agents, and inorganic 

precursors for inorganic nanoparticle synthesis. Understanding these systems in terms of more 

global trends would circumvent the current colossal approach of empirically screening systems. 

To do this, considering the inorganic-organic interfacial relationship is key. In the second 

chapter, I report unique aryl small molecules which preferentially bind to palladium surfaces 

through electrostatic potentials and epitaxial binding in nanoparticle synthesis. These results 

offer an understanding to the dynamic binding relationship between capping agents and 

nanoparticle surfaces. Lastly, I report on the synthesis of gold-palladium nanoparticles and their 

activity for the benzyl alcohol oxidation reaction. It was found that the (100) facets of gold-

palladium were more catalytically active than the (111) surface. Details of the nanoparticle 

shape, size, and activity add to the understanding how this material behaves at the atomic level 

and will help to impact future advances in this field of catalysis. The syntheses described here 

are important because they are environmentally friendly, they offer information about the 

binding mechanisms at the organic-inorganic interface of the systems, and give insight to 

catalytic behavior. All of this work is necessary to further exploit nanoparticle synthesis, 

assembly and provide the precise engineering of nanostructured materials.  
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INTRODUCTION 
 

Colloidal nanocrystal growth has proven to be a successful approach for making noble 

metal and semiconductor nanoparticles for a wide range of useful applications such as in the 

oxygen reduction reaction in fuel cells,
1-4

 the water splitting reaction in photocatalysis,
5-7

 

numerous types of heterogeneous organic catalysis,
8-10

 electronics,
11,12

 as well as provides 

building blocks for the bottom-up assembly of novel electronic and catalytic complex 3D 

structures.
13-15

 Colloidal nanocrystals are defined by nanometer-sized inorganic particles made in 

solution and capped by a “mono”-layer of surfactants.
16

 There are limitless combinations of 

solvents, capping agents, and inorganic precursors in this type of synthesis for inorganic 

nanocrystals, and due to the increasing applications of nanoparticles, there is a driving force in 

the field to begin understand these systems in terms of larger, more catalogued systems instead 

of empirically screening capping agents individually. To do this, understanding the mechanisms 

of nanoparticle growth is vital to determine successful systems for different nanoparticle 

synthesis. 

The most common approaches to solution-phase inorganic nanocrystal growth are co-

precipitation in aqueous phase, reverse micelle synthesis, the hydrothermal/solvothermal method, 

impregnation, deposition precipitation, sol-immobilisation, and synthesis by surfactant-

controlled growth.
16-20

 Synthesis by surfactant-controlled growth offers superior benefits to other 

growth methods because it can be performed in aqueous solutions at ambient conditions 

providing a more environmentally friendly approach to synthesis (avoiding the need for high 

temperatures, organic solvents, and large capping agents) and more importantly may incorporate 

file:///C:/Users/Kayla/Google%20Drive/Thesis/INTRO%20Chapter/INTRODUCTION%2011.9.14%20III.docx%23_ENREF_1
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capping agents that alter the growth kinetics in solution allowing for size and shape control. My 

work detailed in the following dissertation exploited this type of nanoparticle synthesis with 

different types of capping agents to control size and morphology. 

Inorganic nanoparticle synthesis in an aqueous phase at room temperature requires 

organic capping agents, metal (inorganic) precursors, and a reducing agent which all must be 

soluble in water. Additionally, the inorganic precursor should have good leaving groups so that 

the desired reactive inorganic species is readily available in the reaction solution. For noble 

metal precursors, metal-halide salts are often used; metal oxide precursors vary as they are more 

sensitive to the reducing agent and capping agent. Generic surfactants such as citric acid, 

polyvinylpyrrolidone (PVP) cetrimonium bromide (CTAB), and trioctylphosphine oxide (TOPO) 

are used for simple controlling size and dispersity of nanocrystals, but spherical nanoparticles 

often result due to non-preferential binding and the mechanisms regarding their selective 

adsorption to metal surfaces remain elusive due to the complexity of the synthetic systems and 

multiple binding/interaction motifs of these larger surfactants.
21,22

 For morphology and shape 

control of nanoparticles at ambient conditions, peptides,
23

 RNA/DNA,
24

 and small organic 

molecules
25

 are among the newest rationally-selected capping agents for nanoparticle synthesis 

at ambient conditions. They offer high specificity in shape control for particles through surface 

energy modification of crystallographic faces in addition to keeping nanoparticles monodisperse 

in solution. They are also smaller than most generic surfactants and can provide models for 

studying specific capping agent-metal surface interactions. 

Colloidal synthesis involved two steps: 1) nucleation of seeds and 2) subsequent growth. 

For ambient condition synthesis, nucleation occurs upon the addition of a reducing agent in a 

file:///C:/Users/Kayla/Google%20Drive/Thesis/INTRO%20Chapter/INTRODUCTION%2011.9.14%20III.docx%23_ENREF_21
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file:///C:/Users/Kayla/Google%20Drive/Thesis/INTRO%20Chapter/INTRODUCTION%2011.9.14%20III.docx%23_ENREF_24
file:///C:/Users/Kayla/Google%20Drive/Thesis/INTRO%20Chapter/INTRODUCTION%2011.9.14%20III.docx%23_ENREF_25
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solution with an inorganic precursor and organic capping agent. Nucleation forms reactive 

atomic or molecular species, known as monomers, from the inorganic precursor. Subsequently, 

growth may occur through two different currently accepted mechanisms: monomer attachment 

and coalescence. The type of growth mechanism that will occur is largely based on the monomer 

concentration formed, the type of metal being used, and the type and amount of reducing agent 

present to induce nucleation. Monomer attachment growth typically provides the best route for 

single crystalline material, whereas coalescence growth often forms nanoparticles with multiple 

twin structures and/or high-energy facets.
26-30

 My work promoted monomer attachment growth 

and prevented coalescence for the formation of single crystalline nanoparticles. 

According to the classic model of kinetic growth by La Mer and Dinegar,
31

 monomer 

attachment growth of nanoparticles with homogeneous size distribution are formed when there is 

a discrete, fast nucleation step followed by growth. Without a discrete nucleation stage, a wide 

range of nanoparticle size is obtained. Figure 1 illustrates the La Mer and Dinegar model of size 

distribution of nanoparticles based on the separation of nucleation and growth steps. 

 

Figure 1 A graph illustrating the La Mer and Dinegar kinetic growth model showing the difference 

between homogeneous and heterogeneous nanoparticle size based on the time separation of the 

nucleation and growth steps.
18
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The details of the La Mer/Dinegar growth model was improved by Howard Reiss
32

 and 

was described through size focusing and defocusing processes. These processes rely on several 

key facts. Very small nanoparticles have active surface atoms due to curvature and strain which 

can dissolve back into solution; therefore nanoparticles below a certain threshold size have 

negative growth rates. This phenomenon is well described by the Gibbs-Thompson effect.
33

 At a 

threshold, known as the critical size, nanoparticles neither grow nor shrink.
34

 And above this 

threshold, nanoparticles have a smaller “active” surface to volume ratio and instead of breaking 

down in solution will grow due to the attachment from monomers in solution. In this regime, 

smaller nanoparticles will grow faster than larger nanoparticles because they have relatively 

higher surface energy for monomers to attach. The peak in growth rate of nanoparticles occurs 

due to a geometric factor, where monomers prefer to attach to smaller nanoparticles with higher 

surface energies than larger nanoparticles with lower surface energies, preventing further growth 

of any large nanoparticles.
16,32

 Figure 2 illustrates the critical size and growth rate as a function 

overall size of nanoparticles at high and low monomer concentrations. 

When there is a high concentration of monomers present, the critical size of nanoparticles 

is relatively small. In this situation, the critical size of the particles is outside the range of the 

average size of the nanoparticles present and creates a driving force of growth of the 

nanoparticles below the average size to “catch up.” Ultimately nanoparticles with narrow size 

distribution are obtained in this process known as “focusing.” This situation is best obtained 

when there is a “burst” of nucleation creating a high monomer concentration, followed by 

“focused” growth. 

file:///C:/Users/Kayla/Google%20Drive/Thesis/INTRO%20Chapter/INTRODUCTION%2011.9.14%20III.docx%23_ENREF_32
file:///C:/Users/Kayla/Google%20Drive/Thesis/INTRO%20Chapter/INTRODUCTION%2011.9.14%20III.docx%23_ENREF_33
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file:///C:/Users/Kayla/Google%20Drive/Thesis/INTRO%20Chapter/INTRODUCTION%2011.9.14%20III.docx%23_ENREF_16
file:///C:/Users/Kayla/Google%20Drive/Thesis/INTRO%20Chapter/INTRODUCTION%2011.9.14%20III.docx%23_ENREF_32
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On the other hand, when there is a low monomer concentration present, the critical size 

of nanoparticles falls within the distribution of nanoparticle sizes present and does not create any 

driving force of growth of the bunch of nanoparticles. Instead, classic Ostwald ripening occurs, 

where nanoparticles that are very small get smaller due to active surface atoms that are released 

into solution and larger nanoparticles grow due to the addition of monomers in solution. This 

phenomenon leads to a wide range of size distribution of nanoparticles and is known as 

“defocusing.” Low monomer concentration often occurs through a slow nucleation step 

(assuming there is enough inorganic precursor present to create a saturated solution). 

 

Figure 2 A graph illustrating size focusing (red line) and size defocusing (blue line) depending on 

the monomer concentration present in solution during the nucleation step of growth.
16

 

 

For ambient condition nanoparticle synthesis, the best way to obtain a high monomer 

concentration is to induce nucleation on a very short time scale by the addition of a rapidly 

reacting reducing agent. It is also necessary to add enough inorganic precursor initially so that 

when nucleation occurs, a nearly saturated solution, or high monomer concentration, can be 

obtained. Focusing is a kinetically controlled growth process, as smaller nanoparticles with 

file:///C:/Users/Kayla/Google%20Drive/Thesis/INTRO%20Chapter/INTRODUCTION%2011.9.14%20III.docx%23_ENREF_16
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higher energy surfaces will grow faster than larger nanoparticles with lower energy surfaces. 

However this classic description of kinetic growth does incorporate mention morphology control 

but rather is a generic growth mechanism for the monomer attachment model of spherical 

nanoparticles.  

For nanoparticle synthesis in this work, nanoparticles grow from a high monomer 

concentration in the kinetically-controlled growth (focusing) regime. In this regime, it is 

understood that surfaces with higher-energy surfaces will grow more quickly than lower-energy 

surfaces. When capping agents with preferential binding affinities to particular facets are 

introduced to this mechanism, surfaces with bound capping agent will have lower surface 

energies, leaving exposed facets with higher surface energies vulnerable for additional growth. 

Eventually, nanoparticles are produced with shapes defined by the surfaces that the capping 

agents preferred to bind. The binding of capping agents to favored surfaces is a thermodynamic 

property driven by lowering both the capping agent and inorganic surface’s overall energy in 

solution. However, kinetic control nanoparticle growth is still the dominant mechanism in this 

type of colloidal nanoparticle synthesis, where higher energy facets grow faster than lower 

energy facets. 

These fundamental growth mechanisms determined decades ago through indirect 

observational effects and theoretical calculations are now extensively studied now through 

computer software models
35

 and direct observations of growth trajectories
26,30,36

 due to recent 

advances in technology. For example, Zheng and coworkers
26

 observed real-time platinum 

nanoparticle growth upon the irradiation of a TEM beam by using a liquid cell reactor placed in a 

TEM sample holder. They found that both monomer attachment growth and coalescence growth 

file:///C:/Users/Kayla/Google%20Drive/Thesis/INTRO%20Chapter/INTRODUCTION%2011.9.14%20III.docx%23_ENREF_35
file:///C:/Users/Kayla/Google%20Drive/Thesis/INTRO%20Chapter/INTRODUCTION%2011.9.14%20III.docx%23_ENREF_26
file:///C:/Users/Kayla/Google%20Drive/Thesis/INTRO%20Chapter/INTRODUCTION%2011.9.14%20III.docx%23_ENREF_30
file:///C:/Users/Kayla/Google%20Drive/Thesis/INTRO%20Chapter/INTRODUCTION%2011.9.14%20III.docx%23_ENREF_36
file:///C:/Users/Kayla/Google%20Drive/Thesis/INTRO%20Chapter/INTRODUCTION%2011.9.14%20III.docx%23_ENREF_26
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happened in the same reaction but still induced homogeneous size distribution. In Figure 3a and 

b, the nanoparticle growing by monomer attachment in the first column grows continuously until 

it reaches a saturation stage and follows a classic focusing, ensemble behavior (Figure 3d, blue 

line, and e, blue line). On the other hand, the nanoparticles grown by coalescing become bigger 

immediately after coalescence but then go through a “relaxation” time period where growth 

stops, slight shrinkage occurs and the crystallinity is re-established, followed by focusing of 

nanoparticles (Figure 3a and b, second column, Figure 3d, red line, and 3e, red/green/black 

lines). Altogether, this synthesis follows a traditional homogeneous growth model as shown in 

Figure 3c (green line) despite the two growth mechanisms. This report provides direct evidence 

of the monomer attachment and coalescence models as well as offers insight and encourages 

further studies of the details of these mechanisms. 

 

Figure 3 (a and b) In-situ Transmission Electron Microscopy (TEM) images of platinum 

nanoparticles growing through the monomer attachment mechanism (1
st
 column) and coalescence 

mechanism (2
nd

 column). (c) A graph illustrating the number of particles (green line) and number 

of coalescence events (red line) in solution as a function of time. (d) A graph of nanoparticle 

diameter as a function of time for a nanoparticle grown through monomer attachment (blue line) 

and coalescence (red line). (e) The logarithmic relationship of particle size as a function of growth 

time for monomer attachment particles (blue line) and coalesced particles (red, green, and black 

lines).
26
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Directly studying the nucleation stage of synthesis is still difficult due to its short time 

period as well as the difficulty of observing small, atomic-sized monomers. However, Harada
37

 

and colleagues performed a time-resolved in-situ small angle X-ray scattering (SAXS) technique 

in combination with UV-Vis and TEM and were able to monitor distinct stages of palladium 

nanoparticle growth in aqueous solutions referred to as the autocatalytic-nucleation, nucleation-

growth, Ostwald ripening, and dynamic coalescence growth stages. As shown in Figure 4, the 

group was able to observe and isolate the autocatalytic-nucleation and nucleation-growth phases, 

as well as approximate the size of monomers, number of monomers and other important 

information dependent on concentration. Although visually observing autocatalytic-nucleation 

through microscopy has still yet to be done, this work provided an advance in studying the early 

stages of nanoparticle growth. 

 

Figure 4 (a) A graph illustrating the average nanoparticle radius as a function of time for the 

various phases of palladium nanoparticle synthesis. (b) A graph illustrating the average number of 

particles as a function of time for the various phases in palladium nanoparticle synthesis.
37

 

 

Selective adhesion affects in combination with kinetic control of nanoparticle growth 

offers the possibility for nanoparticle synthesis with narrow size distribution and a wide range of 

exposed crystallographic facets. Understanding the mechanisms of growth in solution-phase 

file:///C:/Users/Kayla/Google%20Drive/Thesis/INTRO%20Chapter/INTRODUCTION%2011.9.14%20III.docx%23_ENREF_37
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nanoparticle synthesis is important for selecting the precise conditions to promote fine control of 

nanoparticles with a narrow size distribution. Controlling the ways that colloids grow in solution 

is fundamental for making more advanced leaps in nanoparticle synthesis in the fields of 

electronics, photovoltaics, catalysis, and more. In the following chapters, great care is taken in 

choosing capping agents that affect the morphology of nanoparticles while providing the correct 

environment for monomer attachment growth. 
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CHAPTER 1: PEPTIDE SELECTION FOR FACET 

SPECIFIC NANOPARTICLE SYNTHESIS 
 

1.1 The Biomimetic Approach: Biopanning 

In this report of nanoparticle synthesis, peptides were chosen as unique organic capping 

agents through a rational biomimetic approach called biopanning. Biopanning is a technique 

where specific peptides are determined to be strongly binding to a particular substrate of interest 

from a large library of peptides residing on the outer coat of a bacteriophage. Before biopanning, 

a library of bacteriophage is genetically engineered to contain identical copies of peptide 

sequences on a portion of their protein coat. The library is introduced to a substrate of interest 

and through binding and selection processes, the strongest binding peptides are determined. 

Binding of peptides occurs through electrostatic, polar, hydrogen, and Van der Waals forces 

through both peptide conformations and chemical functional groups.
1-3

 In my work, this process 

was used in order to determine strongly binding peptides that could be used as capping agents in 

subsequent synthesis with the materials of interest including palladium (Pd), platinum (Pt), and 

titania (TiO2). Once selected, the peptides were identified and synthesized separately to use as 

capping agents in nanoparticle synthesis. 

The library of bacteriophage used in this work was called a phage display library (pH. D. 

library, New England BioLabs) and was genetically engineered to express five identical copies 

of different peptide sequences on the pIII portion of the outer surface protein of a M13 

bacteriophage. In nature, the M13 virion is a non-lytic bacteriophage which infects gram-

negative bacteria. It is 6.5 nm in diameter and ~1 µm in length. It contains single stranded DNA 
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made up of 6400 nucleotides. There are five surface coat proteins on the bacteriophage: five 

copies of the pIII protein hanging off one end of the phage, five copies of the pVI protein just 

above the pIII protein, 2700 copies of the pVIII protein extending along the length of the shaft of 

the phage, and 5 copies each of the pVII and pIX proteins on the other end of the phage. 

 

Figure 1.1 (a) Illustration of the M13 bacteriophage with its respective surface proteins labeled.
4
 (b) 

Head-on and c) angled view illustrations of the pVIII protein of the M13 bacteriophage illustrating 

the symmetry of the protein.
5
 

 

Different types of substrates are created for biopanning. In general, a substrate used in 

biopanning must not degrade (chemically or physically) in solution, must have a clean bare 

surface for binding, and must be small enough to fit into a micro-centrifuge tube for the 

biopanning process but large enough to be physically removed with tweezers or by another 

convenient method. For example, microparticles of materials could be used if they were large 

enough to be easily centrifuged out of solution or could be pulled down with a magnet, as in the 

case with magnetite microparticles. Peptides selected for non-specific platinum surfaces have 

been performed in our lab with wires ~1 mm in diameter and ~1 cm in length in solution.
6
 For 

selection with specific facets of metals, nano-cubes and/or nano-octahedra were synthesized and 
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placed on a 1 cm X 1 cm silicon substrate for biopanning, as in the case of palladium in this 

report. When peptides selected for semi-conductors or other metals that exist naturally as hard, 

single crystals, a 1 cm X 1 cm X 0.5 mm pieces were placed into solution, as in the case of 

titania in this report. 

The phage display process has become a more established route for selecting highly 

unique capping agents for metal synthesis.
5-8

 The pIII protein is commonly exploited in 

biopanning because of the ease of genetically engineering it and because of the effective location 

of the protein for binding to materials, followed by the pVIII protein.
9
  Because only one portion 

of the bacteriophage is genetically engineered to be different from every other phage, the 

difference in binding of the phage to the surface is attributed to the peptide that is unique to that 

phage. 

In our work, each phage in the library expressed five identical copies of a peptide 

sequence for a total of ~2E
9
 different pIII peptide sequences per microliter present in the initial 

biopanning solution. Phage display libraries of seven, twelve, and other amino acid peptide 

chains can all be genetically engineered on the pIII portion of the bacteriophage. For palladium 

and platinum biopanning, a phage display library of seven amino acid peptide chains on the pIII 

portion of the bacteriophage was chosen, and for titania a phage display library of twelve amino 

acid peptide chains was chosen. In a typical cycle of biopanning, 10 µL of the phage display 

library solution was injected into a micro-centrifuge tube at room temperature containing the 

substrate of interest and 990 µL solution of tris-(hydroxymethyl)-aminomethane (Tris-

HCl)/sodium chloride, collectively known as tris-buffered saline solution “TBS,” Sigma). The 

solution was rocked automatically for one hour at room temperature to allow the phages to bind 
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to the substrate of interest. After one hour, the solution was removed from the tube so that only 

the substrate and phages bound to the substrate remained. The bound phages were removed from 

the substrate by eluting them with an acidic solution, glycine-HCl (Sigma), and then added to 

Tris-HCl to stabilize the phages in a slightly basic buffer solution. The process of introducing 

phages to the substrate for a given period and collecting those that stayed attached to the 

substrate while discarding those that did not was considered one round of biopanning. 

The bound phages were amplified in order to work with them for succeeding rounds of 

biopanning. Having only one phage with a strong binding peptide is not practical for being 

isolated and characterized. Through amplification, the phage could be tested in more rounds of 

biopanning and would be concentrated enough to collect its DNA for determining its pIII amino 

acid sequence. A titering process was performed to amplify the bound phages, where the phages 

infected E. Coli (New England BioLabs) and multiplied over a 5 hour period. The phages were 

separated from the bacteria and placed back into a buffer TBS solution. 

After amplification, the bound phages needed to be tested for their strength to the 

substrate so that only the strongest binding peptides were selected. To do this, another cycle of 

biopanning was performed. Before collecting the bound phages from the substrate, the substrate 

was washed with a 0.1 - 1.0 % Tween-20 (Fluka) solution made of TBS and Tween-20. The 

remaining phages were then eluted, collected, and amplified. This process was done for several 

cycles. Each succeeding cycle was washed with a more stringent concentration of Tween-20 so 

that in the end, only the strongest binding phages were being amplified. As elution and 

amplification cycles occurred, the concentrations of phages in solution were monitored by 

plating infected E. Coli on LB XGal/IPTG plates (Sigma). 
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After several cycles of biopanning, the strongest binding phages out-numbered all other 

phages in solution. Eventually, the phage solution converged to contain bacteriophages with only 

several pIII amino acid sequences. For determination of phages with strong binding peptides, E. 

Coli was infected with the phage solution. Then, individual infected E. Coli colonies 

(representing a phage which infected that colony) was amplified, collected, processed (QIAprep 

Spin M13 Kit) and sent to a DNA testing lab at UCLA to determine the nucleotide sequence that 

corresponded to the amino acid sequence of the pIII protein of interest. Based on this process, 

strong binding peptide sequences were discovered for palladium (100) and (111) nanoparticles, 

platinum wire, and rutile (titania) (100) and (110) single crystals. Figure 1.2 illustrates the 

process of biopanning. 

 

Figure 1.2 A schematic illustrating the process of biopanning including a table of the percentages of 

each type of amino acid in the phage display library. 

 

Peptides that were selected through biopanning were analyzed for their legitimacy. For 

example, literature has shown that both hydroxyl groups and amide groups bind well to noble 
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metal and oxide surfaces.
1,10,11

 For biopanning with noble metals/metal oxides, peptides with 

hydroxyl groups and/or amide groups were expected and selected for use in synthesis before 

peptides without these groups. Additionally, peptides were selected based on their ease of 

synthesis. For example, the amino acid methionine is very difficult to synthesize within a peptide 

as it is toxic while synthesizing and is not stable in air for long periods. Peptides with this amino 

acid were typically avoided for nanoparticle synthesis. 

Once the peptides were selected through biopanning, they were synthesized with a 

peptide synthesizer (CS336X, C S Bio Co.) and capped with an acetyl group on the N terminus 

end and an amide group on the C terminus end. Subsequently, the peptides were purified by High 

Performance Liquid Chromatography, (HPLC, Varian ProStar) and tested for purity with Liquid 

Chromatography Mass Spectrometer (LCMS, Shimadzu 2010 EV). Peptides used for synthesis 

had >95 % purity. Finally, the peptides were used as capping agents in solution-phase 

nanoparticle synthesis. 

Instead of empirically choosing capping agents for nanoparticle synthesis through trial 

and error, biopanning provides a systematic way of determining highly selective capping agents 

from a large library of potential candidates. The peptides selected are unique to a particular metal 

surface and offers the inference of important motifs for the successful binding of the organic-

inorganic phases.
11

 Additionally, selective capping agents in solution may provide more 

opportunity for dynamic heterostructures. Lastly, nanoparticle synthesis with peptides is 

performed in aqueous solutions at ambient conditions while still forming single crystal facet-

controlled particles, which provides a “green” alternative to more traditional methods of single 

crystal nanoparticle synthesis. 
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1.2 Biopanning with Palladium Nano-Cubes and Nano-Octahedra 

Biopanning was performed on palladium nano-cubes and nano-octahedra in order to find 

facet selective peptides for palladium. The nano-cubes were synthesized based on a report in 

literature,
12

 and nano-octahedra were made from the nano-cube seeds. The syntheses are reported 

in detail in Chapter 3. Figure 1.3 shows TEM images of palladium nano-cubes and nano-

octahedra that were made for biopanning. 

 

Figure 1.3 (a) Transmission electron microscope (TEM) image of palladium nano-cubes used for 

biopanning. (b) TEM image of palladium nano-octahedra used for biopanning. Scale bars 50 nm. 

 

Once the nanoparticles were made and washed, they were spin-coated onto a clean silicon 

substrate with 1 cm X 1 cm X 0.5 mm dimensions and used for biopanning. The silicon substrate 

prevented aggregation and allowed for easy removal of the nanoparticles during biopanning. 

Scanning electron microscope images were taken of the substrate before and after biopanning to 

ensure the nanoparticles were intact and evenly dispersed on the substrate. Figure 1.4 shows 

Scanning Electron Microscope (SEM) images of palladium nano-octahedra on a silicon substrate 

after biopanning. 
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Figure 1.4 (a) Scanning Electron Microscope (SEM) image of palladium nano-octahedra on a 

silicon substrate after biopanning. Scale bar 1 µm. (b) Magnified SEM image of palladium nano-

octahedra on the silicon substrate after biopanning. Scale bar 100 nm. 

 

It was important to make sure the metal surfaces used in biopanning were clean and bare 

so that peptides could bind directly to the metal. Two cleaning techniques, flame cleaning and 

ozone treatment, were employed to remove the capping agent, polyvinylpyrrolidone (PVP), from 

the palladium nanoparticles and then tested to see which technique was more suitable for use in 

biopanning. In the flame cleaning process, a hydrogen flame was swiped evenly across the 

surface of the nanoparticle-silicon substrate. Each swipe was considered one cycle of flame 

treatment. In the ozone cleaning treatment, a more common technique for cleaning noble metal 

surfaces,
13

 10 cycles of 15 minutes of ozone exposure was used. To test the effectiveness of these 

techniques, the nanoparticles were placed on a gold substrate, cleaned through either flame 

cleaning or ozone cleaning, and then tested with X-ray photoelectron spectroscopy (XPS) for 

palladium’s electronic surface properties. Figure 1.5 shows XPS data for palladium black 

(Sigma), untreated palladium octahedra, octahedra that went through a flame cleaning treatment, 

and octahedra that went through ozone treatment. 
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Figure 1.5 (a and b) X-Ray Photoelectron Spectroscopy (XPS) data on untreated palladium 

octahedra. (c and d) XPS data on untreated palladium black. (e and f) XPS data on palladium 

octahedra after 20 flame treatment cycles. (g and h) XPS data on palladium octahedra after 10 

cycles of ozone treatment. 
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The untreated sample of palladium octahedra showed peaks associated with carbon and 

nitrogen binding around 285 eV and 400 eV, respectively (Figure 5a). These peaks were due to 

the binding of PVP
14,15

 and their relative areas were used as a measure of how much PVP was 

removed from the surface of palladium through each type of cleaning cycle. There was also a 

peak at 532 eV due to a weak binding mode of palladium with oxygen from the sample being in 

air. The Pd 3d5/2 peak at 336 eV is often used as a measure of true oxidation of the Pd surface; 

the more of a shoulder the peak has around 335 eV, the more Pd-O modes are occurring and the 

more palladium (II) oxide is present.
16

 This peak was observed during the cleaning processes to 

make sure oxidation of palladium did not occur as a result of the cleaning processes. In the 

untreated sample of palladium octahedra (Figure 5b), there was no oxidative Pd-O modes, 

indicating the surface of untreated Pd octahedra was made up of Pd
0
 atoms. Palladium black had 

no nitrogen peak at 400 eV (Figure 5c) and had a shoulder peak at 335 eV (Figure 5d) from 

oxidation in air over time. This was consistent with its known properties; palladium black is not 

made with any nitrogen-based capping agents so should not have any nitrogen peaks associated 

with it. Additionally, it is stored in air over long periods of time and therefore was expected to 

have a lot of palladium (II) oxide on its surface. These measurements were used for comparing 

the cleaning techniques by how much each treatment removed the nitrogen peak from the sample 

and caused oxidation of the palladium surface. The carbon peak at 285 eV in palladium black 

was due to its synthesis but also showed up when PVP was present; therefore it was not a key 

peak for comparing cleaning processes. 

The flame cleaning process removed about half of the PVP originally on the surface of 

palladium octahedra (Figure 5e). Additionally, no oxidation of palladium occurred through this 

process (Figure 5f). More flame cleaning may have removed more PVP and oxidation most 
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likely would not have occurred, but this was considered clean enough to move forward with 

biopanning. It is important to note that before either cleaning process, some of the PVP was also 

removed through stringent ethanol/acetone washing techniques in solution; therefore half of the 

PVP removed from what was left from solution cleaning indicated a large amount of clean, bare 

palladium surface for biopanning. The ozone treatment process did not remove as much PVP as 

the flame cleaning process (Figure 5g), and this process was not pushed forward as oxidation of 

palladium began to occur (Figure 5h). Less ozone cleaning time/less cycles of ozone cleaning did 

prevent some palladium oxidation but also decreased the amount of PVP removed. Ultimately, 

the flame cleaning process provided a cleaner palladium surface for biopanning than ozone 

treatment while preventing over oxidation. This experiment was useful for determining the 

correct cleaning process for noble metals in biopanning with palladium and was also important 

for other systems in our lab when the amount of oxidation needed to be considered when creating 

a clean substrate for catalysis or otherwise. 

Following the first round of biopanning, a “negative” biopanning cycle was applied to the 

palladium nanoparticle system because the substrate of interest was placed on silicon. Phages 

that preferentially bound to silicon needed to be excluded from the selection process in order to 

find phages that only bound strongly to palladium. The eluted phage solution from the first round 

of biopanning was introduced to a pure silicon substrate. Then, the solution was removed and 

used for subsequent biopanning. Any peptides that would have preferred silicon binding were 

discarded with the silicon substrate. 

Figure 1.6a shows the peptide found from biopanning with palladium nano-cubes. Out of 

billions of phages in solution after four rounds of biopanning, 20 were chosen at random from 
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infected E. Coli colonies to determine the composition of their pIII proteins. The peptide, 

TGSLSGV was found multiple times. The synthesized and capped chemical formula of the 

peptide was Ac-Thr-Gly-Ser-Leu-Ser-Gly-Val-CONH2 and had a molecular weight of 660.73 

g/mol, simply referred to as TGSLSGV. 

Figure 1.6b shows the peptide determined from biopanning with palladium nano-

octahedra. Once synthesized and capped similarly as reported above, the peptide used for 

nanoparticle synthesis was Ac-Asn-Ala-Asn-Ala-Ile-Ser-Thr-CONH2 with a molecular weight of 

730.78 g/mol, referred to as NANAIST. 

 

Figure 1.6 (a) Peptide Ac-TGSGLSV-CONH2 selected as a capping agent through biopanning to 

make palladium nano-cubes. (b) Peptide Ac-NANAIST-CONH2 selected as a capping agent through 

biopanning to make palladium nano-octahedra. 
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1.2.1 Palladium Nanoparticle Synthesis with Peptides from Biopanning 

Peptides were used separately as capping agents in a typical nanoparticle synthesis as 

follows: 1.25 mM of L-ascorbic acid (C6H8O6, Sigma) was placed in an aqueous solution with a 

total reaction volume of 5 mL at room temperature. A stock solution of peptide at 4 mg/mL was 

placed in the reaction solution with a final concentration of 0.01 mM - 0.5 mM peptide. Sodium 

borohydride (NaBH4, Sigma) was injected into the solution at a final concentration of 0.02 mM 

NaBH4 immediately followed by a final concentration of 2.5 mM chloropalladic (II) acid 

(H2PdCl4, Sigma). The injection of the palladium precursor was considered the initial reaction 

time. The control reaction was performed identically except for the injection of peptide, 

producing cuboctahedra nanoparticles around 20 nm in diameter, the most thermodynamically 

favored shape for fcc metals.
17-19

 The sodium borohydride was injected to provide a burst of 

nucleation of palladium,
20

 however it decomposes quickly in water.
21

 Ascorbic acid was added to 

the reaction solutions to provide a slow reducing agent for the monomer-attachment growth of 

palladium atoms onto higher-energy facets of which the peptides show little to no binding.
6
 

Additionally, the ascorbic acid helped to stabilize the initial nucleation of palladium. Without 

ascorbic acid in solution, palladium was uncontrollably reduced by sodium borohydride and did 

produce well dispersed palladium nuclei. Although this mechanism is not well understood in 

literature, the addition of ascorbic acid was added to the control reaction and cuboctahedra were 

still produced indicating it did not interfere with the recognition properties of surfactants.
6,22

 

Cuboctahedra seeds were produced at the initial reaction stage (at about t= 10 sec), 

suggesting that nucleation did not produce the resultant shape difference. Differentiation of the 

nanocrystals occurred after the burst of nucleation during monomer attachment with the aid of 

the peptide between 1 min and 1 hour. Solution samples were taken at various times after the 
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start of the reaction (2, 5, 10, 30 minutes and 1, 2, 5, and 10 hours) and after one hour, the 

nanoparticles did not change morphology or size and was then set as the final reaction time. 

Sizes of palladium nanocrystals were on the order of about 20 nm and only insignificant 

differences in size were seen within the optimal range of peptide added. Concentrations of 

surfactants were slightly tuned to achieve the optimal concentration for the most pristine 

nanocrystal shape. However, it is important to note that the difference in concentration of any 

one peptide did not lead to the formation of any other shape of nanocrystal other than that which 

it initially made. Concentrations of peptides were relatively similar indicating growth kinetics 

were equivalent. Because the size of nanoparticles remained at about 20 nm regardless of the 

presence or relative concentration of capping agent, this project focused only nanocrystal shape. 

Additionally, nanoparticles with twinned structures or branched/pod-like structures typically 

grow through different growth models,
22-27

 so only single crystal nanoparticles were compared 

here to control cuboctahedra nanoparticles. Cuboctahedra are the most thermodynamically 

favored shape for fcc metals, including palladium, therefore any other shape formed was 

attributed to the added peptides in solution. 

Nanoparticle samples were prepared with carbon substrates on copper mesh grids with 20 

μL aliquots of reaction solution at various times. Transmission electron microscopy (TEM) 

images were imaged on a Phillips CM120 with a 120 keV operation voltage and high-resolution 

transmission electron microscopy (HRTEM) images were imaged on a FEI TITAN with a 300 

keV operation voltage. Average frequencies of faceted particles were performed on ~100 single 

crystal particles per sample. Lattice spacing and facet confirmation were performed on HRTEM. 

Scanning electron microscopy (SEM), atomic force microscopy (AFM), and X-ray photoelectron 

spectroscopy (XPS) were performed on various biopanning substrates before and after 



29 

 

experimentation to confirm pristine conditions. Spartan ’10 was used to simulate electrostatic 

potential 3D mapping of peptides and HOMO/LUMO levels. 

 

Figure 1.7 (a) TEM image of palladium nanoparticles in a control reaction. (b) TEM image of 

palladium nano-cubes with 0.12 mM TGSLSGV. (c) TEM image of palladium nanoparticles with 

0.23 mM TGSLSGV. Scale bars 20 nm unless otherwise stated. 

 

Cubic nanoparticles were produced with the peptide TGSLSGV demonstrating that 

biopanning worked successfully for finding (100) selective peptides. If biopanning had not 

worked to select peptides for Pd (100) surfaces, other shapes may have been formed. 

Additionally, if biopanning had not worked to find strongly binding peptides to palladium in 

general, the nanoparticles would have maintained the thermodynamically stable cuboctahedra 

shape as in the control reaction. Too much peptide induced small, non-faceted nanoparticles. 

This proved that the peptide did form strong bonds with palladium. In general, when too much 

capping agent is involved in a nanoparticle reaction, many nuclei form in the burst of nucleation 

phase and then capped heavily preventing growth. If the peptide was not considered a capping 

agent for the metal, it would have not disrupted the nanoparticles’ growth to such an extent. 

Peptide TGSLSGV contained 57 % hydroxyl groups in its chain which was a large 

increase of hydroxyl groups compared to the phage display library of 24 % hydroxyl groups. 

This is consistent with other reports of hydroxyl groups binding well to noble metal surfaces.
10,11
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Also interestingly, the peptide TGSLSGV has a similar motif to an amino acid chain previously 

found to successfully cap the (100) surfaces of platinum nanocubes in our group, TLTTLTN 

(Ac-Thr-Leu-Thr-Thr-Leu-Thr-Asn-CONH2, molecular weight: 803.92 g/mol).
6
 Platinum and 

palladium share many similarities such as lattice constant, electronegativity, etc. and this 

provides further evidence that this peptide was correctly chosen for binding to the (100) surface 

of palladium. 

Peptide NANAIST produced (111) palladium nano-octahedra and nano-tetrahedra when 

used as a capping agent for palladium nanoparticle synthesis. This peptide also had a higher 

hydroxyl/amide group ratio compared to that of the phage display library and similarly expressed 

an amino acid motif to that of a previous study in our group, SSFPQPN (Ac-Ser-Ser-Phe-Pro-

Gln-Pro-Asn-CONH2, molecular weight: 816.88 g/mol), which was found to induce Pt (111) 

surfaces.
6
 The results with NANAIST also demonstrate the power of biopanning. Additionally, 

this peptide’s composition and strong effect on palladium supports the claim that amide groups 

may preferentially bind to noble metal (111) surfaces whereas hydroxyl groups bind less 

selectively to both the (100) and (111) noble metal surfaces. 

 
Figure 1.8 (a) TEM image of control palladium nanoparticles. (b) TEM image of palladium nano-

octahedra/tetrahedra with 0.05 mM NANAIST. (c) TEM image of palladium nanoparticles with 

0.09 mM NANAIST. Scale bars 20 nm unless otherwise stated. 
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Peptides TGSLSGV and NANAIST contained functional groups that were shown to bind 

strongly to noble metal surfaces in other reports. However, NANAIST had a higher binding 

strength to palladium than TGSLSGV because it took less peptide to fully cover all surfaces of 

Pd and create non-faceted spherical nanoparticles. This shows the addition of the amide group 

may play a crucial role in binding strongly to noble metal surfaces. All of the data involving 

palladium nanoparticle synthesis with peptides shows the efficacy of biopanning and provided us 

with new selective capping agents that work well in ambient condition nanoparticle synthesis. 

1.3 Biopanning with Titania 

Titania is a large band gap semiconductor required in its nano-crystalline form for many 

applications including pollutant degradation, photocatalysis, photovoltaics, and more.
28-30

 The 

most common way of synthesizing crystalline titania in solution-phase synthesis is through an 

acid/base catalyzed sol-gel synthesis followed by calcination. Typically titanium alkoxide or 

titanium butoxide is used as starting material and 3D amorphous networks of titania are produced 

followed by calcination converting it to single crystal material. There is a driving force in the 

field to produce single crystal TiO2 at ambient conditions in one step. 

At the start of this project, there were limited reports on peptides used for semiconductor 

nanoparticle synthesis.
1,8,31

 Most reports used genetically engineered M13 phages themselves in 

synthesis, however the reaction mechanisms and kinetics are vastly different from using pure 

peptides in reaction and tended to be used for 3D solution-phase ordering of nanoparticles rather 

than shape control.
5,32-34

 Once selected, peptides are easier capping agents to use than phages 

themselves and can be better models for understanding the role between capping agent and 

substrate. 
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Biopanning for titania was performed similarly to that of palladium nanoparticle 

biopanning except for the type of substrate used. Single crystals of rutile (110) and (100) were 

bought cut and polished into 1 cm X 1 cm X 0.5 mm pieces (MTI Corporation) and used as 

substrates for biopanning. They were cleaned by washing five times with acetone, ethanol and 

water before use. Figure 1.9 is an Atomic Force Microscope (AFM) image of a clean rutile (100) 

single crystal ready for biopanning. 

 

Figure 1.9 An Atomic Force Microscope (AFM) image of a rutile (100) single crystal used for 

biopanning. 

 

Biopanning was performed on rutile (110) and (100) separately with a pH. D.-12 library 

(phage display library engineered to display 12 amino acid peptides on the pIII protein of the 

M13 bacteriophage (New England BioLabs, 2E9 phages/µL)). Peptide FHKSTSWHLAEL (Ac-

Phe-His-Lys-Ser-Thr-Ser-Trp-His-Leu-Ala-Glu-Leu-CONH2, molecular weight: 1496.69 g/mol) 

was found through biopanning with rutile (110) and peptide SSSTGPKKVSLP (Ac-Ser-Ser-Ser-

Thr-Gly-Pro-Lys-Lys-Val-Ser-Leu-Pro-CONH2, molecular weight: 1228.41 g/mol) was found 

through biopanning with rutile (100). The basic properties for these peptides are detailed in 

Figure 1.10 and 1.11 respectively. Figure 1.11 also includes LCMS (b) and HPLC (c) data to 

show how peptides are purified and tested for purity after synthesis. 
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Figure 1.10 Peptide FHKSTSWHLAEL. 
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Figure 1.11 (a) Peptide SSSTGPKKVSLP (b) LCMS data for peptide SSSTGPKKVSLP indicating 

peptide was synthesized. (c) HPLC data for peptide SSSTGPKKVSLP indicating peptide was 

purified. 

 

The biopanning results for titania were very interesting. Literature reports repeating units 

of the amino acids lysine,
35,36

 histidine,
37

  arginine,
36,38

 proline,
39

 and serine
40

 are involved in 

biomineralization producing silica in organisms such as sponges, grasses and other biological 

systems, and that these amino acids have also been used in vitro to make silica at room 
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temperature and neutral pH. These results have been confirmed with arginine, lysine, and 

histidine for titania as well.
31

 Titania and silica are both usually made through a sol-gel approach 

and share many other compositional similarities, therefore the ways that have proven to make 

silica in solution can be rationally applied to titania. 

Our results also showed that serine, proline, histidine, and lysine all preferentially bound 

to titania in biopanning. Serine had 33 % presence in the SSSTGPKKVSLP peptide compared to 

the 24 % presence in the phage display library. More interestingly, most of the serine in this 

peptide appeared together in series in the peptide; a conformation that has shown to produce 

silica in nature.
40

 Serine only occurred twice in the peptide FHKSTSWHLAEL, yet both serines 

appeared very close to each other. Histidine and lysine occurred in both peptides selected for 

titania in higher ratios than what was present in the phage display library, and in higher amounts 

than have been seen in any other phage display selection in our group for noble metal substrates. 

Histidine and lysine are both positively charged amino acids, whereas titania has a slightly 

negative surface.
41

 Histidine and lysine binding favorably to a slightly negative titania surface 

supports the concept that electronegativity of functional groups plays a large role in favorable 

binding to the substrate. Additionally, two amino acids with ring groups, phenylalanine and 

tryptophan, appeared in this selection, which are not common in the phage display library and 

have not been shown previously in literature to bind favorably to titania. Ring groups (including 

proline) in peptides alter the peptide conformation dramatically from its linear structure and may 

play an additional factor in binding to substrates. 
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1.3.1 Titania Nanoparticle Synthesis with Peptides from Biopanning 

In a typical reaction synthesis using purified peptides, a final concentration of 100 mM 

dihydroxybis(ammonium lactate)titanium (IV) (“TiBALDH,” 50 % w/v, Alfa Aesar) was mixed 

into equal volume of peptides with final concentrations of 1 - 10 mM peptide. TiBALDH was 

used as a starting material because hydroxyl-based titanium precursors tend to hydrolyze easily 

and quickly in water uncontrollably. Here, nanoparticle synthesis was better controlled with a 

starting material system that did not form titania in the presence of water. No additional 

chemicals were required to form TiO2; the peptides themselves formed TiO2. The TiBALDH 

stock solution was tested by ultra violet-visible spectroscopy (UV-Vis) to confirm that no TiO2 

existed in aqueous solution before the reaction with peptides. Additionally, non-binding peptides 

were also tested in similar reactions and did not form any titania in solution. 

 

Figure 1.11 (a) Low resolution TEM image of TiO2 made with 4.1 mM SSSTGPKKVSLP. (b and c) 

Higher magnification TEM image of TiO2 made with 4.1 mM SSSTGPKKVSLP. 

 

Peptide SSSTGPKKVSLP produced amorphous nanoparticles with random shapes. Some 

of the titania formed was spherical and less than 50 nm (Figure 1.11c), whereas some titania was 

made up of larger networks of connected spherical like titania (Figure 1.11a and b). There were 

not any apparent crystalline forms of titania formed from this peptide; however it induced the 

formation of titania which shows its strength to binding to titanium-based compounds. If the 
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peptides were not strong binding, no titania formation would have occurred as in the case with 

other non-selected peptides. Smaller spherical titania nanoparticles with diameters less than 100 

nm were produced (Figure 1.11c) indicating the peptide acted as a good capping agent; in the 

presence of a catalyst without a capping agent, titania forms large (micron scale) amorphous 

networks of titania. Although no apparent crystalline titania formed in solution, the peptide 

produced titania in solution as well as prevented large titania networks from forming in solution, 

showing the value of biopanning and the unique binding capabilities of this peptide to titania. 

 

Figure 1.12 (a and b) TEM image of TiO2 made with 1.3 mM FHKSTSWHLAEL. (c) Magnified 

TEM image of TiO2 made with 1.3 mM FHKSTSWHLAEL showing anatase and monoclinic TiO2 

phases. Scale bars 10 nm. 

 

Peptide FHKSTSWHLAEL also initiated titania formation and prevented large 3D 

networks of titania from forming in solution. As with peptide SSSTGPKKVSLP, there was a 

range of sizes and shapes of titania formed, however the solutions mainly consisted of 

spheres/networks of connected spheres with each sphere less than ~100 nm. Additionally, 

portions of the titania produced from this peptide were composed of crystalline lattice spacings 

of 3.54 Å, corresponding to anatase and monoclinic β–TiO2
41

 (Figure 1.12c). Both of these 

peptides represented promising data regarding the formation of single crystal titania 

nanoparticles at ambient conditions as they were able to induce titania in solution, prevented 
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large (micron) scale titania from forming, and created portions of crystalline titania in the case of 

peptide FHKSTSWHLAEL. 

The differences of these peptides compared to noble metal selections helps to prove the 

effectiveness of the selection process for each unique substrate used in biopanning. The amino 

acids serine, proline, lysine, and histidine were found to bind strongly to titania, which is 

consistent with literature reports on the types of amino acids which bind strongly to semi-

conductor surfaces, namely silica and titania. Histidine and lysine support claims that 

electronegativity of functional groups plays a large role in favorable binding to substrates as 

capping agents, whereas proline, tryptophan, and phenylalanine provide evidence that the unique 

formation of capping agents is an important factor for favorable binding. Lastly, tryptophan and 

phenylalanine are especially unique to this work and may help to provide insight into new amino 

acids that bind to titania favorably and induce crystalline titania at ambient conditions. 

The power of nanoparticle synthesis with peptide capping agents is shown in Figure 1.13. 

Platinum (Pt) nano-spheres were produced with sodium borohydride and peptide TSHVSLY 

(molecular weight: 846.95 g/mol) from an evolved peptide, TLHVSSY, selected through 

biopanning with platinum reported previously in our group.
42

 The nanoparticles were then 

washed and re-dispersed into an aqueous solution. Titania nanoparticles were synthesized in 

parallel with both peptides SSSTGPKKVSLP and FHKSTSWHLAEL separately based on the 

protocol listed above, followed by washing and re-dispersing in water. The two solutions were 

mixed together, washed and re-dispersed in water. 
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Figure 1.13 (a) Model of the TiO2/Pt heterocatalyst system. (b) TEM image of a TiO2/Pt 

heterocatalyst system with TiO2 made from SSSTGPKKVSLP. (c) TEM image of a TiO2/Pt 

heterocatalyst system with TiO2 made from FHKSTSWHLAEL. Scale bars are 10 nm. 

 

Figure 1.13 shows TEM images of platinum successfully adsorbed onto titania creating 

nano-heterostructures of platinum and titania. This system provides evidence that peptide 

capping agents do not prevent binding to other materials, as is the case with larger, organic 

capping agents. Standard handling/preparing of nanoparticles including washing with 

ethanol/acetone, sonicating, and centrifuging, did not disrupt the heterostructures. This system is 

a promising candidate in the heterocatalyst field, especially for water-splitting reactions as 

platinum nanoparticles on titania creates a Schottky barrier at their interface, trapping electrons 

produced by UV/visible light in titania, preventing recombination, and improving quantum 

efficiency.
43,44

 

1.4 Discussion on Biopanning for Nanoparticle Synthesis 

Our group has shown that peptides can be used as capping agents to regulate noble metal 

and semiconductor growth kinetics and control the resulting nanoparticle morphology. These 

results provide insight to the motifs that preferentially bind to palladium and titania and offer the 

opportunity to study the organic-inorganic interface further. For example, the binding strength of 

hydroxyl and amine groups to palladium are not simple strongly binding functional groups, they 
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bind depending on their relative position in the peptide and the way the peptide conforms in 

solution relative to the surface atomic spacing of palladium.
45

 Additionally, peptides may change 

conformation upon substrate interactions and play a role in morphology control.
46

 Peptides are 

versatile, dynamic capping agents that can be chemically modified to further exploit their 

binding to materials. Ultimately, peptide selection guides us towards judiciously determining 

capping agents instead of empirically choosing them through trial and error. Furthermore, 

peptides selected through biopanning provide capping agents capable of morphology control and 

forming single crystal materials at ambient conditions in aqueous solutions providing a green 

approach to single crystal nanoparticle synthesis. 
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CHAPTER 2: PALLADIUM NANOPARTICLE 

SYNTHESIS WITH SMALL MOLECULES AS 

CAPPING AGENTS 
 

2.1 Choosing Small Molecules as Capping Agents for Facet Specific Palladium 

Nanoparticle Synthesis 

Palladium (Pd) and platinum (Pt) are the most catalytically-active metals for the oxygen 

reduction reaction in fuel cells.
1-4

 Fuel cells are promising candidates for replacing combustion 

engines to help alleviate fossil fuel dependency and environmental issues from greenhouse gas 

emissions. Additionally, palladium and platinum are useful for other applications including 

heterogeneous organic catalysis and in electronics.
5
 All of the applications for palladium and 

platinum benefit by having shape and size controlled nanoparticles. 

The aim of this work included making morphology-controlled nanoparticles as well as 

studying the relationship of capping agent and inorganic surface. Capping agents such as PVP, 

CTAB, or even peptides, can induce various shapes of nanoparticles, however most capping 

agents are large macromolecules with complex confirmations in solution and can bind to 

surfaces in many ways, making it difficult to study the key interactions between capping agents 

and metal surfaces. On the other hand, small molecules cannot form complex shapes in solution 

and have limiting binding sites to the surface. Therefore their relationship with metal surface 

facets can be more directly studied. Understanding the inorganic-organic interactions between 

nanoparticles and capping agents is extremely important for being able to rationally select 

capping agents for nanoparticle synthesis. 
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Empirically choosing capping agents for nanoparticle synthesis is similar to finding a 

needle in a haystack due to virtually limitless combinations. Selecting peptides through a 

combinatorial approach, on the other hand, established particular binding motifs that induce 

faceted nanoparticles and gave insight to the types of interactions important for selective binding 

to metal surfaces.
6-9

 The peptide selection work in our group and detailed in Chapter 1 lead our 

group to begin studying individual amino acids effects’ on crystallographic surfaces, and 

eventually led us to judiciously choosing small molecules as capping agents in the work 

presented in this chapter. 

In our group, Ruan
10

 and colleagues mechanistically studied the effects of individual 

amino acids on inducing particular platinum crystallographic surfaces through density functional 

theory studies, Raman studies, and theories involving as energy interactions. The studies found 

that phenylalanine (Phe) was the major contributor to producing the (111) facet in platinum 

nano-octahedra and that the alternating sp
2
 hybridized carbon atoms of the phenyl ring of 

phenylalanine lay flat on the Pt (111) surface. Density functional theory (DFT) studies also 

revealed that it is both the unfavorable binding energy in addition to favorable binding which 

directed preferred binding of amino acids to noble metal surfaces. After this was established, 

peptides could be turned into platinum (111) binding or non-binding capping agents simply by 

the addition or removal of phenylalanine anywhere in the peptide. Based on these results, it was 

hypothesized that benzene ring-based small molecules alone could alone induce (111) faceted 

nanocrystal growth of platinum. The following work by Chiu
11

 found that small molecules with 

electronegative benzene rings and direct hydroxyl substituents such as hydroquinone, catechol, 

pyrogallol, and hydroxyquinol induced platinum (111) nano-tetrahedra. 
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I began working with small molecules with electropositive benzene rings in parallel of 

these studies to observe their effects on palladium nanoparticle synthesis. Platinum and 

palladium have similar electronic and physical properties such as Highest Occupied Molecular 

Orbital/Lowest Unoccupied Molecular Orbital (HOMO/LUMO) levels, lattice spacing, etc., so 

initial trends involving the organic-inorganic interface were applied to both systems. The results 

for rationally selected small molecules which induced the palladium (100) surface are shown 

below. 

2.2 Electropositive Small Molecules for Palladium (100) Nanoparticle Synthesis 

Small molecules were used separately as capping agents in a typical nanoparticle 

synthesis as follows: 1.25 mM of L-ascorbic acid (C6H8O6, Sigma) was placed in an aqueous 

solution with a total reaction volume of 5 mL at room temperature. Stock small molecule 

solutions of 2 mg/mL were placed in the reaction solution with a final concentration of 0.2 mM – 

1 mM small molecule to optimize nanoparticle shape. Sodium borohydride (NaBH4, Sigma) was 

injected into the solution at a final concentration of 0.02 mM NaBH4 immediately followed by a 

final concentration of 2.5 mM chloropalladic (II) acid (H2PdCl4, Sigma). The injection of the 

palladium precursor was considered the initial reaction time. The control reaction was performed 

identically except for the injection of small molecule, producing cuboctahedra nanoparticles 

around 20 nm in diameter, the most thermodynamically favored shape for fcc metals.
12-14

 The 

sodium borohydride was injected to provide a burst of nucleation of palladium,
15

 however it 

decomposes quickly in water.
16

 Ascorbic acid was added to the reaction solutions to provide a 

slow reducing agent for the monomer-attachment growth of palladium atoms onto higher-energy 

facets of which the small molecules show little to no binding.
6
 Additionally, the ascorbic acid 

helped to stabilize the initial nucleation of palladium. Without ascorbic acid in solution, 
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palladium was uncontrollably reduced by sodium borohydride and did produce well dispersed 

palladium nuclei. Although this mechanism is not well understood in literature, the addition of 

ascorbic acid was added to the control reaction and cuboctahedra were still produced indicating it 

did not interfere with the recognition properties of surfactants.
6,17

  

Cuboctahedra seeds were produced at the initial reaction stage (at about t= 10 sec), 

suggesting that nucleation did not produce the resultant shape difference. Differentiation of the 

nanocrystals occurred after the burst of nucleation during monomer attachment with the aid of 

the ligand between 1 min and 1 hour. Solution samples were taken at various times after the start 

of the reaction (2, 5, 10, 30 minutes and 1, 2, 5, and 10 hours) and after one hour, the 

nanoparticles did not change morphology or size and was then set as the final reaction time. 

Sizes of palladium nanocrystals were on the order of about 20 nm and only insignificant 

differences in size were seen within the optimal range of small molecule added. Concentrations 

of surfactants were slightly tuned to achieve the optimal concentration for the most pristine 

nanocrystal shape. However, it is important to note that the difference in concentration of any 

one small molecule did not lead to the formation of any other shape of nanocrystal other than 

that which it initially made. Concentrations of small molecules were relatively similar indicating 

growth kinetics were equivalent. Because the size of nanoparticles remained at about 20 nm 

regardless of the presence or relative concentration of capping agent, this project focused only 

nanocrystal shape. Additionally, nanoparticles with twinned structures or branched/pod-like 

structures typically grow through different growth models,
17-22

 so only single crystal 

nanoparticles were compared here to control cuboctahedra nanoparticles. Cuboctahedra are the 

most thermodynamically favored shape for fcc metals, including palladium, therefore any other 

shape formed was attributed to the added small molecules in solution. 
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Nanoparticle samples were prepared with carbon substrates on copper mesh grids with 20 

μL aliquots of reaction solution at various times. Transmission electron microscopy (TEM) 

images were imaged on a Phillips CM120 with a 120 keV operation voltage and high-resolution 

transmission electron microscopy (HRTEM) images were imaged on a FEI TITAN with a 300 

keV operation voltage. Average frequencies of faceted particles were performed on ~100 single 

crystal particles per sample. Lattice spacing and facet confirmation were performed on HRTEM. 

Spartan ’10 was used to simulate electrostatic potential 3D mapping and HOMO/LUMO levels 

of small molecules. Material Studio was used to provide epitaxial matching of small molecules to 

palladium (100) and (111) surfaces. 

3-hydroxy-2-phenylpropanoic acid (tropic acid), 2-hydroxy-2-phenylacetic acid 

(mandelic acid), phenylmethanol (benzyl alcohol), and 2-bromobenzoic acid were small 

molecules rationally selected with electro-neutral to electropositive benzene rings that 

successfully induced palladium (100) nano-cubes. The results are shown in Figure 2.1. 
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Figure 2.1 (a-d) Electrostatic potential maps and chemical structures of capping agents as well as 

TEM images of palladium nano-cubes with capping agents: a) 0.29 mM tropic acid b) 0.32 mM 

mandelic acid c) 1.0 mM benzyl alcohol and d) 0.24 mM 2-bromobenzoic acid. Scale bars of TEM 

images are 20 nm. (e) TEM image of control reaction palladium nano-cuboctahedra. (f) Cubic 

frequency plot of small molecules (a-d). 

 

Overall, the relative concentrations of small molecules in solution to induce palladium 

nano-cubes were very similar indicating identical growth kinetics. Additionally, similar 
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concentrations of small molecules yielded palladium nano-cubes that were close to 20 nm in 

edge length. All four small molecules produced nano-cubes, however the completeness of the 

(100) surfaces creating sharp cubes relative to the type of small molecule varied. For example, 

tropic acid and mandelic acid only differ by one extra carbon in the substituent side group and 

induced similar percentages of cubes relative to the control, yet tropic acid made much more 

complete cubes than mandelic acid. 

Also interestingly, 2-bromobenzoic acid induced very poorly formed palladium (100) 

nano-cubes. The percent frequency of cubes produced was low because it was often hard to 

detect nano-cubes from sphere-like nanoparticles; however the nanoparticles looked different 

from the control cuboctahedra nanocrystals indicating the small molecule did successfully 

interact with palladium. Literature reports that bromide ions bind very strongly to noble metal 

(100) surfaces.
23,24

 However, as will be described below, epitaxial binding of the aryl 

substituents are assumed to play a major role in the outcome of the binding to the metal surface. 

There may have been competition between the bromine substituent of the small molecule with 

the carboxylic acid substituent, lessening the overall effect of the small molecule on the (100) 

surface. 

The fundamental reasoning of why these small molecules induced palladium nano-cubes 

must be explained in terms of several factors. First it is important to understand the binding of 

capping agents and inorganic surfaces in terms of the HOMO levels of small molecules relative 

to palladium’s d orbital levels. It is understood that a benzene ring laying flat on the surface of a 

noble metal can form metal-carbon bonds with electron donation from the pi orbitals of benzene 

to the dz
2
 and dyz orbitals of the metal surface as well as back-donation from the metal to the pi

*
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orbitals of the benzene.
10,25-27

 The ability of a favorable interaction of the small molecule to the 

metal surface depends on how much the benzene ring can donate to the metal through its 

HOMOs and how well the metal can be an electron acceptor.
28

 In order for this type of binding 

to occur, the HOMO level of the small molecule must be less negative than the metal’s d orbital 

level. Our group showed that if the benzene ring is especially electronegative, for example from 

the addition of direct hydroxyl group substituents, the ring will have a higher HOMO level and 

thus increased pi electron donation to the metal atoms on the surface.
11

 Additionally, a metal 

surface with a higher work function would be a more effective electron acceptor. 

The HOMO levels of tropic acid, mandelic acid, benzyl alcohol, and 2-bromobenzoic 

acid are -6.73 eV, -6.90 eV, -6.39 eV, and -7.34 eV, respectively. Small molecules with 

electronegative benzene rings which induced platinum (111) nanocrystals reported in Chiu’s 

work such as hydroquinone, catechol, pyrogallol, and hydroxyquinol had HOMO levels of -5.4 

eV, -5.6 eV, -5.6 eV, and -5.2 eV, respectively. The HOMO levels of the electropositive small 

molecules were much more negative than the HOMO levels of electronegative small molecules, 

reinforcing the fact that the electropositive small molecules would be poor electron donators to 

the noble metal’s d orbitals. This information leads to one reason the electropositive small 

molecules mentioned here did not induce palladium (111) nanocrystals. Additionally, the work 

function of palladium (111) is 5.59 eV and (100) is 5.25 eV; the higher work function of 

palladium (111) favors electron donation from the HOMO level of small molecules as mentioned 

above. Figure 2.2 offers schematics illustrating the favorable electron donation from 

electronegative small molecules to palladium’s (111) surface (Figure 2.2a) and unfavorable 

electron donation from electropositive small molecules to palladium’s (111) surface (Figure 

2.2b). 
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Figure 2.2 (a) Schematic showing the favorable interaction between hydroquinone’s HOMOs to the 

dyz and dz
2
 palladium orbitals upon binding of the capping agent to palladium’s (111) nanoparticle 

surface. (b) Schematic showing the unfavorable interaction of mandelic acid’s HOMOs to 

palladium’s d orbitals upon binding to the surface of palladium (111). 

 

Figure 2.2 and the explanation provided above helps to explain why electronegative small 

molecules with less negative HOMO levels help to induce noble metal (111) surfaces and why 

electropositive small molecules with more negative HOMO level will not induce (111) metal 

surfaces. However this rationale does not explain why the four small molecules mentioned above 

induced palladium’s (100) surface in nanoparticle synthesis. Instead of favorable electron orbital 

interactions, there was an alternate driving force for these capping agents to induce palladium 

(100) nanocrystals. 

2.2.1 Epitaxial Binding of Small Molecules to Palladium (100) Nanoparticles 

Epitaxial binding of capping agents to metal surfaces is another important mechanism in 

understanding the relationship between inorganic-organic surfaces. Literature often reports 

functional groups that are important in binding to particular surfaces as mentioned above, yet 

newer reports suggest that it is not just the presence or absence of functional groups that induce 

favorable binding but also how the functional groups overlap with surface atoms.
7,9,29-32
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The electropositive small molecules mentioned above do not have favorable electronics 

to induce palladium (111) surfaces, however the location of their functional groups overlap 

beautifully with the top two layers of palladium (100) surface atoms. Figure 2.3 illustrates the 

concept of favorable epitaxial binding of tropic acid with the palladium (100) surface. 

 

Figure 2.3 (a) An illustration of tropic acid with its oxygen substituents numbered and atomic 

distances determined from Spartan ’10 as well as a table with substituent oxygen distances. (b and 

c) Illustrations of tropic acid laying flat on palladium’s (100) surface and atomic distances of 

palladium’s atoms determined from Spartan ’10. 

 

These results suggest that favorable epitaxial matching of the functional groups of small 

molecules plays the dominant role in inducing Pd (100) nano-cubes. All of the small molecules 

mentioned above had substituents that overlapped with palladium’s (100) surface atoms to a 

varied extent. Epitaxial binding may help to explain why tropic acid produced sharper cubes than 

mandelic acid. Although they had similar electronegativity and vary only by one carbon, tropic 

acid’s substituents more favorably overlap with palladium’s (100) surface atoms. To summarize, 

it is both the unfavorable electron donation from the electro-neutral/positive ring in addition to 
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the favorable geometric matching which are the central factors in controlling the shape evolution 

of palladium nanocrystals. 

2.3 Chemically Reactive Small Molecules with Palladium Nanoparticle Synthesis 

A different set of small molecules with electropositive benzene rings did not induce 

palladium (100) nanocrystals. Phenol, 2-(hydroxymethyl)phenol (2-hydroxybenzyl alcohol), 

benzene-1, 3, 5-triol (phloroglucinol), and 2-(4-nitrophenyl)acetonitrile (4-

ntirophenylacetonitrile) did not induce well-defined palladium nanoparticles but were 

significantly different from the control particles indicating that these small molecules played a 

vital role in altering morphology. As seen in Figure 2.4, these small molecules induced 

polycrystalline palladium nanoparticles with defects and irregular shapes. 
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Figure 2.4 (a-d) Electrostatic potential maps and chemical structures of small molecules as well as 

TEM images of palladium nanoparticles with capping agents: 0.26 mM phenol (a), 0.39 mM 2-

hydroxybenzyl alcohol (b), 0.16 mM phloroglucinol (c) and 0.30 mM 4-nitrophenylacetonitrile (d). 

Scale bars 20 nm. (e) TEM image of control reaction palladium nano-cuboctahedra. 

 

The results of nanoparticle synthesis with these small molecules indicate it is not simply 

the lack of an electronegative benzene ring and favorable epitaxial matching that induce a 
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particular crystal facet. Instead, the reactivity of these small molecules may be playing a 

dominant role in nanocrystal formation. If the capping agents were simply non-binding 

molecules, no change of Pd growth would be seen and cuboctahedra would be formed. 

Additionally, if the small molecules were not somehow otherwise reactive, they would have 

followed the electronic/epitaxial trends of forming palladium (100) as detailed above. However, 

twinning planes and coalescence of the nanocrystals occurred, suggesting there may be local 

environment changes around the nanocrystal. 

These small molecules have high reduction/oxidation potentials and may be locally 

reducing or oxidizing the metal surfaces, inducing twinning planes, defects, or coalescence. High 

strain rate, low deformation temperature, and low stacking fault energy can cause deformed 

twins in nanocrystalline fcc metals
22

 and these conditions may provide the environment to create 

high energy facets through various mechanisms. Other literature reports some ligands are able to 

form complexes with metal precursor which cause twinning in growth.
33

 

Figure 2.4a and b show nanoparticles made with phenol and hydroxybenzyl alcohol that 

have large defects in their surfaces. Phenol auto-decomposes into hydroquinone in solution and 

2-hydroxybenzyl alcohol can also be oxidized in solution. Interestingly, the nanocrystals 

produced by these two small molecules look similar to palladium hexoctahedral nanoparticles 

with (431) surface facets exposed reported in other literature.
34

 It is possible the chemical 

reactivity of these two small molecules are disturbing regular growth conditions and inducing 

kinks and steps of palladium on the surface which make up high energy facets. Benzyl alcohol, 

on the other hand, which has a very similar chemical structure to these two molecules but is 

much less reactive, induced regular low energy (100) faceted palladium nano-cubes. 
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Nanoparticles made by phloroglucinol and nitrophenol were branched and/or had pod-

like structures connected to the bulk of each nanoparticle. The NO2 substituent is a strong 

oxidizer and may be locally oxidizing the nanocrystal already formed by sodium borohydride 

reduction.
35

 The Pd
2+

 formed by local nanoparticle oxidation would disrupt typical nucleation 

and growth mechanisms required for monomer attachment growth. On the other hand, 

phloroglucinol is also reactive and may reduce palladium monomers onto the surface of 

nanoparticles out of turn of typical monomer growth attachment.
36

 Instead of forming single 

crystal nanoparticles through the traditional growth method, highly irregular nanoparticle shapes 

may form due to the local oxidation/reduction of palladium around the surface of the 

nanoparticles. Interestingly, the morphology of these nanoparticles look similar to palladium 

nanoparticles that have undergone leaching processes, where atoms of palladium leach and re-

attach to the bulk of nanoparticles.
37

 

To understand the behavior of these reactive small molecules, phenol was chosen as a 

model candidate to study in more detail. Phenol is known to auto-oxidize into hydroquinone, and 

upon introduction of a strong oxidation agent such as hydrogen peroxide, will oxidize much 

more quickly. Without injection of an oxidizing agent such as hydrogen peroxide, phenol 

induces nanoparticles with surface defects as seen in Figure 2.4a and 2.5a, indicating there is no 

preferential binding to a particular crystal facet, normal nanoparticle growth does not occur, and 

defects are created in the nanoparticles. However, upon the addition of hydrogen peroxide 

minutes after the irregular nanoparticles have formed (100 μL of 30 % hydrogen peroxide, H2O2, 

Fisher) palladium (111) octahedra are formed (Figure 2.5b). In this system, phenol, an unstable, 

electropositive small molecule, is converted to a more electronegative molecule in-situ on the 

nanoparticle surface, and in turn converts the nanoparticle to its predicted nanoparticle shape in 
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the presence of electronegative hydroquinone. This shows that phenol is a highly reactive small 

molecule and is not stable for single nanocrystal formation, however if it is transformed to a 

stable, non-reactive small molecule, even on the surface of the nanoparticle, its new stable form 

can induce single crystal faceted nanoparticles. This model shows the capability of altering 

nanoparticle surfaces in-situ after it has already been formed or potentially damaged by previous 

processes. 

 

Figure 2.5 Electrostatic potential maps and chemical structures of small molecules as well as TEM 

images of palladium nanoparticles with: 0.26 mM phenol (a) and hydroquinone from oxidation of 

phenol after 1 hour (b) Scale bars 20 nm. 

 

These results show that the electronegativity of small molecules, the geometric epitaxial 

matching of the substituents on small molecules, as well as the local chemical reactivity of the 

small molecules in solution, all must be carefully considered for nanoparticle synthesis. Reacting 

capping agents on the surfaces of nanoparticles is an important, yet relatively underestimated, 

new factor that can be manipulated to alter nanoparticle shape and size. This type of nanoparticle 

growth/alteration using chemical reactivity of capping agents could offer a new way of post-

modifying noble metal nanoparticles. 

This report shows that it is both the unfavorable electron donation from an electro-

positive ring of a small molecule to palladium, in addition to the favorable geometric matching 
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of small molecule substituents on palladium (100) surfaces which dominate the shape evolution 

of palladium (100) nanocrystals for some rationally selected organic capping agents. However, 

when using relatively chemically unstable electropositive small molecules as capping agents, 

such as phenol, palladium nanoparticles can be post-modified in-situ by chemically changing the 

small molecule on the surface of the nanoparticles. Controlling nanoparticle synthesis creating 

twinning planes can provide nanocrystals with high index facets and therefore high catalytic 

activity.
38

  

The organic-inorganic interfacial interactions of small molecules and noble metals are of 

high interest as they provide an understanding to the rational engineering of nanocrystal 

synthesis system. Steering away from choosing capping agents based on empirical results and 

having a logical system for choosing them based on electronics and physical interactions is key 

for the future in using noble metal nanocrystals in a variety of applications, such as catalysis, 

charge transport, functionalization and assembly. Additionally, post-modifying nanoparticles 

may be a promising technique for reusing nanoparticle catalysts or “self-fixing” nanoparticles in 

various reaction conditions. 
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CHAPTER 3: THE SYNTHESIS OF GOLD-

PALLADIUM NANOPARTICLES FOR THE BENZYL 

ALCOHOL OXIDATION REACTION  
 

3.1 Gold-Palladium Synergistic Effects in Catalysis 

Gold (Au) and palladium (Pd) as solitary catalysts are effective heterogeneous catalysts 

for a wide range of organic reactions.
1-3

 However in the last several decades, the combination of 

the elements has been proven to be much more active in catalytic reactions,
4
 including hydrogen 

fuel cells,
5
 pollution control,

6
 hydrogen peroxide formation,

7,8
 carbon monoxide oxidation,

9
 the 

hydrodesulfurization (HDS) reaction,
10

 alcohol oxidation,
11-14

 and acetoxylation. For example, in 

the United States alone, 4.8 million tons of vinyl acetate are produced over AuPd catalysts 

annually.
4
 

There are two proposed mechanisms by which gold and palladium synergistically affect 

each other’s catalytic properties: the ensemble effect and the ligand effect. The ensemble effect 

occurs in a catalyst when a certain number of atoms in a particular geometric orientation either 

facilitate a particular catalytic process or prevent a specific catalytic process. The ligand effect 

occurs from electronic modifications due to hetero-nuclear metal bonding. Both effects are 

generated when making alloy or bimetallic nanoparticle systems, however one effect usually 

plays a larger role depending on the specific system. In this report, as in most accepted literature, 

the term “alloy” will refer to two metals that are mixed irrespective of their intimacy or amounts 

of mixing, and “bimetallic” will refer to two metals segregated within a (nano) structure. 

“Intermetallic” is a more general term, which may refer to either alloy or bimetallic. 
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In AuPd systems, the ligand effect, or sometimes known as the electronic effect, occurs 

when charge is transferred from palladium to gold. This occurs inherently because of gold’s very 

strong electron affinity, higher electronegativity, and lower work function (ΦAu = 5.3 eV, Work 

function of Pd: ΦPd = 5.6 eV). Specifically, Au gains s and p electrons from Pd, but loses some of 

its 5d electrons,
15

 whereas Pd loses some of its s and p electronic character, but gains some d 

electrons.
10,15-17

 Adding d electrons to palladium shifts the d band center away from the Fermi 

level and causes the d band to narrow. For late transition metals like Au and Pd, the enhancement 

of d electrons is much more important than s or p character in terms of chemisorption and 

catalytic properties because of the Fermi level shifts. A result of this effect prevents palladium 

from binding to substrates as strongly, which in turn prevents poisoning of the catalyst and 

hence, more catalytically active overall.
18

 

There is a ~5% lattice mismatch between Au and Pd (the lattice constant of Au = 4.080 Å 

and the lattice constant of Pd = 3.890 Å). Upon alloying, some literature reports Pd may adopt 

the lattice spacing of Au in certain cases.
17,19

 By stretching the Pd-Pd bond lengths, the Fermi 

level within palladium’s d band rises, which narrows its d band even further.
4
 This also prevents 

poisoning based on the same principles described above. 

The small mismatch of Au and Pd’s lattice spacing and the charge transfer from Pd to Au 

because of the Coulomb attraction presented above helps to describe the reason for the ensemble 

effect between Au and Pd. The ensemble effect, sometimes referred to as the promotional effect, 

occurs in AuPd systems because of the easy diffusion of Au and Pd. The ensemble effect is 

considered a “diluting” effect, because gold, which is sometimes considered the less active 

metal, covers palladium until there is a critical number of palladium atoms exposed on the 

surface in the right orientation/spacing for desired catalytic reactions.
16,20-22

 This effect is unique 
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to gold and palladium because of their electronic attractions described above and small lattice 

mismatch. The ensemble effect is considered more dominant than the ligand effect for direct 

catalytic enhancement and selectivity,
18,23

 whereas the ligand effect is essential for catalytic 

recyclability. 

The promotional role of gold onto palladium was recently suggested by Mingshu Chen 

and coworkers for the different facets of AuPd.
24

 They found that the rate of formation of vinyl 

acetate was significantly enhanced on the AuPd (100) surface compared with the AuPd (111) 

surface. In both cases, gold functioned to isolate palladium atom pairs on its surface. However in 

the AuPd (100) case, two noncontiguous, suitably spaced palladium atoms were formed from the 

addition of the gold, which facilitated ethylene surface species suitably spaced apart to make 

desirable products (vinyl acetate) and prevent undesirable by-products. To our knowledge 

however, this was the first paper that described a “structure-activity” relationship between gold 

and palladium and their (100) and (111) surfaces. 

Both the ligand and ensemble effect of Au on Pd ultimately help to promote weaker 

binding of substrates which prevents self-poisoning of the catalyst and turns-off side reactions. 

Additionally, gold with palladium has been proven to enhance both metals’ overall catalytic 

activity, selectivity, and stability. These advantages, along with primitive data about the 

difference between the (100) and (111) AuPd surfaces for catalysis inspired our knowledge of 

controlled nanoparticle synthesis to be applied to a catalytic experiment involving the 

comparison and efficiency of (100) and (111) AuPd nanostructures. 

In this study, AuPd nanoparticles were synthesized in a solution starting with Pd nano-

cubes as seeds. Both AuPd nano-cubes exposing (100) facets and nano-octahedra exposing (111) 
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facets were produced, and both nano-cubes and nano-octahedra each had two morphologies, a 

coreshell type structure and a pod-like structure. These nanoparticles were used in a model 

benzyl alcohol oxidation study to determine which nanoparticle facet was more catalytically 

active. To our knowledge, this was the first experimental study of the (100) and (111) AuPd 

nanoparticle surfaces in catalysis. 

3.1.1 The Importance, State-of-the-Art, and Mechanisms of the Benzyl Alcohol Oxidation 

Reaction 

There are several model heterogeneous catalysis reactions to consider when testing a 

catalytic material such as alcohol oxidation,
11-14

 decomposition reactions,
10

 hydrogen peroxide 

formation,
7
 and hydrogenation reactions.

25
 The benzyl alcohol oxidation reaction is an especially 

useful probe-reaction for illustrating basic and foundational properties of a catalyst for multiple 

reasons. Alcohol substituents of phenols are much easier to oxidize than those on primary or 

secondary carbons; therefore they offer a reaction that is viable to catalytic systems in their early 

stages. Also, it is beneficial to use a catalytic substrate that is at least partially water soluble 

(solubility of benzyl alcohol in water, 4.29 g/100 mL) and also produces water soluble products 

when using nanoparticle systems made from solution phase nanoparticle synthesis. In most noble 

metal nanoparticle reactions,  catalysts are coated with water soluble capping agents during their 

synthesis such as polyethylene glycol (PEG), polyvinylpyrrolidone (PVP), ethylene glycol (EG), 

cetyltrimethylammonium bromide (CTAB), trioctylphosphine oxide (TOPO), or others.
26

 And 

despite washing techniques, capping agents remain on the surface of heterogeneous catalysts, so 

it is advantageous to use a substrate that is soluble with all other species in the reaction, 

including capping agents, solvents, co-solvents, etc. Additionally, benzyl alcohol is readily 

available, relatively non-toxic, and is stable within a wide range of temperatures and pressures. 
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After the reaction is complete, the solution can be handled and analyzed in air with very few 

precautions. 

Benzaldehyde is the most desirable product from the benzyl alcohol oxidation reaction 

because it is extremely valuable in both commercial and laboratory processes.
27,28

 For example, 

benzaldehyde is an important intermediate in in the perfume industry,
29

 as well as in laboratory 

settings.
30

 The other products of benzyl alcohol oxidation are benzoic acid, benzyl benzoate, 

toluene, dibenzylether, the hemiacetal, dibenzylacetal, anthracene, stilbene, and water through 

various pathways. Great care is taken in creating the right catalyst under the right conditions to 

selectively make benzaldehyde. 

The exact mechanisms of benzyl alcohol oxidation in the presence of AuPd structures is 

still somewhat controversial and seems to depend on the  specific catalysts as well as the reaction 

parameters used. Literature reports that the adsorption of the hydroxyl hydrogen is the first step 

of the catalytic cycle and that removing the beta-hydrogen from benzyl alcohol is the rate 

limiting step in catalysis.
31,32

 Other research has shown that once formed, benzaldehyde and 

benzoic acid may be compete for active sites with benzyl alcohol, inhibiting continued catalysis, 

and that the addition of a base may prevent the competition.
33

 Additionally, a base may function 

as a “promoter” or “co-catalyst” to deprotonate benzyl alcohol, ensuring the oxidation step the 

rate-limiting step. Yet still others claim the addition of a base is not necessary.
14

  

Despite the kinetic details and ambiguities, it is accepted that there are four pathways for 

the conversion of benzyl alcohol catalysis: oxidation, disproportionation, dehydration, and 

condensation reactions.
13,14,32,34

 The oxidation reaction forms benzaldehyde directly and benzoic 

acid when over-oxidized (Equations 1a and 1b). The disproportionation reaction forms 
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benzaldehyde, toluene and water (Equation 2). The dehydration reaction forms dibenzylether 

(Equation 3). The self-condensation reactions may form benzyl benzoate, dibenzyl acetal, 

anthracene and stilbene (Equations 4a, b, c, and d).
35

 The two main pathways for benzyl alcohol 

oxidation in solution phase synthesis are the oxidation and disproportionation reactions. 

Oxidation Reactions:   

 

 

Disproportionation Reaction:  

 

Dehydration Reaction: 

 

Condensation Reactions: 
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Catalytic activity is typically measured in terms of percent conversion, the relative ratio 

of the product of interest over the remaining starting material in solution, turn over number 

(TON), which is defined as the moles of the product of interest over the moles of the catalyst 

being used, and/or turn over frequency (TOF), which is the moles of product produced over the 

moles of catalyst used per unit of time. Activity, selectivity, and recyclability of catalysts for the 

benzyl alcohol oxidation reaction differ dramatically based on experimental conditions. Solution-

phase benzyl alcohol oxidation is categorized by “mild condition” catalysis and regular catalysis. 

Mild condition benzyl alcohol oxidation occurs at temperature below 120 °C and pressures 

below 0.3 MPa of gas above solution. A table of different parameters and their ranges for the 

mild condition benzyl alcohol oxidation reaction is summarized below: 

Parameter Range 

Temperature Mild Conditions: ≤ 120 °C 

Pressure Mild Conditions: ≤ 0.3 MPa 

Phase Solution-Phase 

Gas Above Reaction Solution Air, O2, N2 
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Oxidant Air, O2, H2O2, Chromate, Permanganate 

Solvent None, Toluene, Ethanol, Water 

Base Diols (1,2-propanediol), Triols, NaOH, K2CO3, KF 

Support 

Titania (TiO2), Activated Carbon (AC), Alumina 

(Al2O3), Silica (SiO2), Ceria (CeO2), Fe2O3, 

hydroxyapatite (HAP) (Ca10(PO4)6(OH)2), Nb2O5, 

MgO, ZnO, Zeolites 

Wt % of Catalyst on Support 1%-5% by Mass of Catalyst on Support 

Mass Ratio Benzyl Alcohol: 

Catalyst 

50-40,000:1 

 

Table 3.1 Common parameters of mild condition benzyl alcohol oxidation reactions. 
 
 

 

All parameters vary widely from group to group, and there are many variables to choose 

from for each parameter. None of the parameters listed are more accepted than any others, and 

scientists still constantly look for newer choices of supports, bases, etc. as well as methods of 

preparation of their catalysts to increase performance. For example, oxidants such as chromate 

and permanganate were used more in the past but are more often replaced now by oxygen gas, 

air, or hydrogen peroxide, which are less expensive, more environmentally friendly, and less 

toxic.
29

 Choosing the detailed parameters of the benzyl alcohol oxidation reaction depends on the 

particular AuPd nanoparticle catalyst system made, and many parameters are adjusted over time 

to find the most suited for the catalyst to thrive. 
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3.2 The Synthesis of Palladium Nano-Cubes and Etched Nano-Cubes as Seeds for 

Subsequent AuPd Nanoparticles 

Palladium nano-cubes were synthesized according to a previously reported method by 

Xia and coworkers.
36

 In short, 87 mM PVP (polyvinylpyrrolidone, average molecular weight 

40,000 g/mol, Sigma), 31 mM L-ascorbic acid (C6H8O6, Sigma), and 230 mM potassium bromide 

(KBr, Fisher) were added together in equal ratios of water while stirring. After the mixture was 

heated to 80 °C, 17.4 mM Na2PdCl4 (sodium tetrachloropalladate (II), Sigma) was injected in 

one shot to the mixture and the solution was left stirring at 80 °C for three hours. 

Nanoparticle samples were prepared with carbon substrates on copper mesh grids with 20 

μL aliquots of reaction solution at various times. Transmission electron microscopy (TEM) 

images were imaged on a Phillips CM120 with a 120 keV operation voltage and high-resolution 

transmission electron microscopy (HRTEM) images were imaged on a FEI TITAN with a 300 

keV operation voltage. Average frequencies of faceted particles were performed on ~100 single 

crystal particles per sample. Lattice spacing and facet confirmation were performed on HRTEM. 

Scanning transmission electron microscopy (STEM) was also performed on the FEI TITAN for 

elemental mapping, lines scans, and high-angle dark field imaging (HAADF) of nanoparticles. 
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Figure 3.1 Transmission Electron Microscope (TEM) image of palladium nano-cubes and nano-

rectangular prisms known collectively as palladium nano-cubes. Scale bar is 20 nm. 
 

When the reaction was complete, the nanoparticles were collected and washed through 

three cycles of a standard ethanol (Pharmco-AAPER) and acetone (Sigma) washing technique to 

remove excess chemicals in the reaction and to remove some of the PVP from the surface of the 

nanoparticles. Briefly, the nanoparticles were collected by centrifuge at 12,000 rpm for 20 

minutes. The supernatant was decanted and then ethanol and acetone were added in a volumetric 

ratio of 1:3. The solution was sonicated for 10 minutes and then centrifuged at 12,000 rpm for 20 

minutes. This washing cycle was performed three times. The nano-cubes were re-dispersed into 

10 mL of water and used as “seeds” for some of the subsequent nanoparticle synthesis in this 

work. The average edge-length of the nanoparticles was ~11 x 13 nm. As previously reported, 

the nanoparticles are a range of nano-cubes and nano-rectangular prisms, all with (100) surface 

facets, herein simply described as nano-cubes.  
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Using bromide ions as a capping agent in solution phase synthesis for making palladium 

(100) nano-cubes is an established chemical route because of bromide’s preferential binding to 

(100) surfaces over (111) surfaces.
37

 However, removing the bromide ions from the (100) 

surfaces is difficult. Xia and co-workers showed through XPS (X-ray photoelectron 

spectroscopy) and ICP-MS (Inductively Coupled Plasma-Mass Spectrometry) that there are is 

crucial ~0.8 bromide ions per surface Pd atom for the nano-cubes reported here to make sharply 

faceted palladium nano-cubes. With no bromide in solution (and only PVP as a stabilizing agent) 

palladium cuboctahedra were formed, with insufficient bromide on the surface of palladium 

truncated cubes were formed, and with too much bromide in solution, palladium nuclei were 

decreased and nanoparticle size was increased due to a bromide-palladium complex formed. 

They found a strong chemisorption interaction between bromide and palladium (II) on the 

surface of the cubes and that the only way to remove the majority of the bromide ions was 

through either a reduction process or further growth of the nano-cubes. 
38

 Washing the 

nanoparticles was not enough to remove the bromide to grow gold on the palladium; the 

nanoparticles needed to be stringently chemically processed or used as seeds to remove the 

bromide ions and used as potential effective catalysts. 

Other papers have shown that oxidation of palladium nano-cubes could remove bromide 

ions from the surface, creating new shapes and allowing subsequent growth more easily. To 

remove the bromide ions from palladium nano-cubes through an oxidation process, several 

methods were considered.
39

 A combination of air/Cl
-
 in solution has been shown to etch Pd 

nanoparticles and even prevent twinning in early stages of growth.
40

 Oxygen gas could be 

bubbled into solution. Iron (III) chloride can etch palladium seeds in early stages of growth, 

altering its growth pattern without including iron into the palladium nanoparticles.
41
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Hydrochloric acid can perform oxidative etching of palladium in aqueous solution, and its 

mechanisms have been studied and controlled in several works.
42,43

 Using hydrogen peroxide 

was also considered as an oxidizing agent from work in earlier studies in our lab with palladium. 

Oxygen gas (O2), hydrochloric acid (HCl) and hydrogen peroxide (H2O2) oxidations offer the 

“cleanest” methods of chemical oxidation, not leaving behind additional ions that could 

potentially alter the growth of Pd. 

In an attempt to remove bromide from the (100) surfaces of palladium, HCl was used as 

an oxidative etchant through the following process: in an 8 mL reaction solution, 200 µL of 

washed Pd nano-cubes and 6 mM PVP was mixed and heated to 80 °C. Various amounts of 1.2 

M HCl was added to reaction solutions to see the effect of increasing amounts of HCl on 

palladium nano-cubes. Reaction samples were taken from solution after 20 minutes of reaction 

time and observed by TEM to see the effect of HCl on the system. 

 

Figure 3.2 (a) Pd nano-cubes before reaction with HCl. (b) Pd nano-cubes after 20 minutes with 3.7 

mM HCl. (c) Pd “nano-cubes” after 20 minutes with 31 mM HCl. (d) Pd “nano-cubes” after 20 

minutes with 73 mM HCl. All scale bars are 20 nm. 
 

After 20 minutes of reacting with HCl, there was no (100) facets remaining although 

bromide was still in solution, indicating the hydrochloric acid successfully removed enough 

bromide from the surface of palladium to lose the (100) shape. However the PVP-Pd interactions 

were not disrupted by HCl as nanoparticles remained mono-disperse in solution. Increasing the 
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amount of HCl in solution eventually to over-etching as seen by the disappearance of mono-

disperse nanoparticles and the appearance of fused, enlarged palladium masses in solution. 

In a parallel attempt to etch the palladium nano-cubes, palladium nano-cubes were etched 

with oxygen gas and hydrochloric acid through a synthesis as follows: in an 8 mL reaction 

solution, 200 µL of washed Pd nano-cubes and 6 mM PVP was mixed and heated to 80 °C. 

Oxygen gas was purged into the system through a needle at a rate of about one oxygen bubble 

every two seconds. Once mixed and heated to 80 °C, 200 µL of 1.2 M HCl was added to the 

reaction solution (final concentration of HCl = 30 mM). Reaction samples were taken from 

solution at different time intervals and observed by TEM to see the effect of HCl/O2 on the 

system. 

 

Figure 3.3 (a) Pd nano-cubes before reaction with HCl/O2 gas. (b) Pd “nano-cubes” after 20 

minutes of reacting with 30 mM HCl/O2 gas. (c) Pd “nano-cubes” after 45 minutes of reacting with 

30 mM HCl/O2 gas. All scale bars are 20 nm. 
 

As shown above, the addition of oxygen gas with hydrochloric acid reacted aggressively 

with the nano-cubes. (The addition of oxygen gas alone in a similar reaction had no effect on the 

nanoparticles.) The loss of (100) facets by HCl/O2 showed that bromide ions must have been 

removed from the palladium surface in this oxidation process. Based on the results, loss of 

mono-disperse nanoparticles indicate that either too much bromide and/or PVP must have been 

removed from the surface of the nanoparticles to cause the fusion of the nanoparticles. Even 
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when limiting the oxygen gas bubbling time and amount, these systems could not be used for 

subsequent gold addition to make well dispersed AuPd nanoparticles. Overall, this process 

proved too intense for the removal of some bromide ions on the palladium (100) surfaces. 

3.2.1 The Synthesis of Gold-Palladium Core-Shell and Pod-Like Nano-Cubes 

 

Though oxidative etching was found to be an effective method of removing some 

bromide ions and creating new shapes, gold had the ability to etch palladium directly through a 

type of galvanic replacement reaction. Because the standard reduction potential of an AuCl4
-
/Au 

pair, 0.99 V vs SHE (standard hydrogen electrode) is higher than that of Pd
2+/

Pd pair, 0.92 V vs 

SHE, palladium nanostructures suspended in solution can be oxidized by HAuCl4 according to 

the following replacement reaction: 

3 Pd (s) + 2 AuCl4
-
 (aq) → 2 Au (s) + 3 Pd

2+
 (aq) + 8 Cl

-
 (aq)   Equation 5 

 

In our novel synthesis, 37 mM PVP, 2 mL of washed Pd nano-cubes, and 1.96 mM citric 

acid (Sigma) was added together and heated to 80 °C in a total of 152 mL of water. After five 

minutes at 80 °C (to ensure the solution was thoroughly heated), 8 mL of 0.25 mM HAuCl4 

(chloroauric acid, Sigma) was added to the mixture in one shot. The nanoparticles were collected 

and washed by a stringent washing technique to obtain clean surfaces for the following benzyl 

alcohol oxidation reaction. First, the nanoparticles were collected by centrifuge at 12,000 rpm for 

20 minutes and then washed three times with ethanol and acetone in a volumetric ratio of 1:3 as 

described above. Following this, the nanoparticles were dispersed in 20 mL of glacial acetic acid 

(J. T. Baker) and stirred for 5 hours. Then, the nanoparticles were collected from the glacial 

acetic acid through centrifuge and washed with ethanol: acetone for five cycles. At the end of 
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this procedure, the nanoparticles were re-dispersed into 2 mL of ethanol for the subsequent 

synthesis and catalysis. 

 

Figure 3.4 TEM image of AuPd coreshell nano-cubes. Scale bar is 20 nm. 
 

Heat and time were extremely important in this reaction as Au
3+

 is readily reduced to Au
0
 

in solution, especially when heated or in the presence of a reducing agent such as citric acid. 

Additionally, only a very small amount of gold precursor was necessary to perform this reaction 

without over growing the gold on palladium; based on the equation above, two gold atoms 

replace three palladium atoms per oxidation. Other scientists have made large, overgrown, 

bulbous structures by using more gold than reported here.
44

 The reducing agent, citric acid, was 

responsible for the coreshell structure produced. Without citric acid, the gold in solution took 

longer to reduce and formed pod-like structures as mentioned in the next section. With citric 
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acid, the gold reduced quickly and all directly onto the nano-cubes without time to produce 

directionally grown structures on itself. 

 

Figure 3.5 (a) TEM image of AuPd coreshell nano-cubes. Scale bar is 20 nm. (b) HR-TEM image of 

AuPd coreshell nano-cubes. Scale bar is 2 nm. (c) A High Angle Annular Dark Field (HAADF) 

STEM image of AuPd coreshell nano-cubes. Scale bar is 20 nm. (d) An STEM line profile of AuPd 

coreshell nano-cubes. 
 

The morphology of the AuPd coreshell nanoparticles were nano-cubes with (100) facets 

exposed. These nanoparticles were slightly smaller compared with the seed palladium 

nanoparticles, indicating that gold etched the palladium successfully. Furthermore, gold replaced 

much of the palladium based on STEM data. The STEM line scan profile (Figure 5d) shows that 

both Au and Pd reside in the entirety of the nanoparticle, indicating an alloy-type structure. 

However, there is more gold on the outside of the nanoparticles as indicated by higher gold 

counts near the edges of the nanoparticles, so these nanoparticles are referred to as “coreshell” 

structures. Based on the size of nanoparticles and the easy diffusion of Au into Pd as detailed 

above, it makes sense that the nanoparticles retain an alloy structure throughout the nanoparticle. 
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For pod-like morphologies of AuPd nano-cubes, the synthetic conditions were very 

similar to AuPd coreshell nano-cubes except there was no citric acid added to solution and 

slightly more gold precursor was added. 37 mM PVP and 2 mL of washed Pd nano-cubes was 

added together and heated to 80 °C in a total of 136 mL of water. After five minutes at 80 °C, 24 

mL of 0.25 mM HAuCl4 was added to the mixture in one shot. The nanoparticles were then 

collected and washed in the same way described for the AuPd coreshell nano-cubes. 

 

Figure 3.6 (a) TEM image of AuPd pod-like nano-cubes. Scale bar is 20 nm. (b) HR-TEM image of 

AuPd pod-like nano-cubes. Scale bar is 2 nm. (c) A High Angle Annular Dark Field (HAADF) 

STEM image of AuPd pod-like nano-cubes. Scale bar is 20 nm. (d) An STEM line profile of AuPd 

pod-like nano-cubes. 
 

The bulk of the AuPd pod-like nano-cubes had similar atomic morphology as the AuPd 

coreshell nano-cubes described above; an alloy-type structure of Au and Pd throughout the 

nanoparticle with slightly more Au on the outside of the nanoparticle. However, these AuPd 

nano-cubes additionally have gold growths in the corners of the nanoparticles. The nanoparticles 

were the same size as the AuPd coreshell cubes with the addition of the pods that were ~1-2 nm. 

There are about three gold pods per nanoparticle, meaning that about 3/8 of the corners of 
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palladium nano-cubes were replaced with gold. The galvanic replacement that occurred of the 

corners gave rise to directional growth of gold. Because no citric acid was used in this reaction, 

gold reduced more slowly in solution and was able to preferentially reduce and bind to itself 

instead of palladium. This has been reported elsewhere for different types of AuPd structures, 

such as AuPd “bulb” structures
44

 and AuPd “tad-pole” structures.
45

 These nanoparticles represent 

a novel structure of Au and Pd together, and may prove to be useful for catalysis. However in 

studying the difference between AuPd (100) and (111) surfaces, it was not appropriate to use 

these nanoparticles (or the AuPd pod-like nano-octahedra) since the pods were entirely gold and 

spherical (non-faceted).  

3.2.2 The Synthesis of Gold-Palladium Core-Shell and Pod-Like Nano-Octahedra 

To synthesize palladium nano-octahedra, the palladium nano-cubes described above were 

used as seeds.105 mM PVP and 1 mL of un-washed palladium nano-cubes were added together 

in a total of 8 mL water while stirring and heated to 90 °C. Then, 2 mL of 21 mM Na2PdCl4 was 

injected in several shots into the reaction mixture. The solution was left stirring for 24 hours. The 

nano-octahedra were collected and washed for two cycles in a standard ethanol/acetone washing 

technique and then re-dispersed into 5 mL of water for subsequent gold replacement reactions. 

The palladium nano-octahedra collected here had an average edge length of ~19 nm. They are 

significantly larger than the palladium cubes due to the seeded growth synthesis. However, all 

catalytic activities are surface site normalized and did not disrupt the catalytic study between the 

(100) and (111) AuPd surfaces. 
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Figure 3.7 TEM image of palladium nano-octahedra. Scale bar is 20 nm. 
 

The synthesis of AuPd coreshell nano-octahedra was exactly the same as the one reported 

for the synthesis of AuPd coreshell nano-cubes, except that cubes were replaced for octahedra. 
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Figure 3.8 TEM image of AuPd coreshell nano-octahedra. Scale bar is 20 nm. 
 

Small palladium nuclei were present in the final washed solution of palladium nano-

octahedra and remained present for the AuPd nano-octahedra reactions. However, AuPd 

coreshell and pod-like morphologies looked similar to the AuPd cube structures overall, 

indicating the palladium nuclei did not play a negative role in the synthesis of the AuPd nano-

octahedra. Additionally, because our study focused on the catalytic activity of (100) and (111) 

surfaces of AuPd, the small nuclei were not considered as an important factor for the benzyl 

alcohol oxidation reaction because spherical nanoparticles have equal ratios of (100) and (111) 

surfaces exposed. 

As in the bulk palladium octahedra, the AuPd coreshell octahedra had an overall 

morphology of octahedra with (111) surface facets exposed. These nanoparticles were slightly 

larger than their Au-lacking counterpart. This is different from the AuPd coreshell cube reaction, 
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where the AuPd nanoparticles were smaller than their Pd cube counterpart. There may have been 

less galvanic replacement in this reaction and just more growth and diffusion. One reason for this 

may have been due to the fact that making the palladium octahedra required more PVP than 

making palladium cubes, which could have protected the outer layer of palladium from galvanic 

replacement. The STEM line profile scan for these nanoparticles show an alloy-type structure of 

Au and Pd, with slightly more Au on the outside of the nanoparticles. 

 

Figure 3.9 (a) TEM image of AuPd coreshell nano-octahedra. Scale bar is 20 nm. (b) HR-TEM 

image of AuPd coreshell nano-octahedra. Scale bar is 2 nm. (c) A High Angle Annular Dark Field 

(HAADF) STEM image of AuPd coreshell nano-octahedra. Scale bar is 20 nm. (d) An STEM line 

profile of AuPd coreshell nano-octahedra. 
 

The synthesis of AuPd pod-like nano-octahedra was exactly the same as the one reported 

for the synthesis of AuPd pod-like nano-cubes, except that cubes were replaced for octahedra. 
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Figure 3.10 (a) TEM image of AuPd pod-like nano-octahedra. Scale bar is 20 nm. (b) HR-TEM 

image of AuPd pod-like nano-octahedra. Scale bar is 2 nm. (c) A High Angle Annular Dark Field 

(HAADF) STEM image of AuPd pod-like nano-octahedra. Scale bar is 20 nm. (d) An STEM line 

profile of AuPd pod-like nano-octahedra. 
 

The morphology of the AuPd pod-like nano-octahedra shows similar morphology and 

structure as the AuPd coreshell nano-octahedra. The overall structure is an alloy structure of Au 

and Pd with more Au on the outside of the nanoparticle. The nanoparticles were the same size as 

the AuPd coreshell octahedra with the addition of the pods that were ~1-2 nm. Interestingly, the 

gold pods on these structures were much less defined than on the AuPd pod cubes. This is 

consistent with the fact that the gold did not etch the palladium as much as with the cubes, but 

instead grew onto the nanoparticles. In this way, there were not etched and re-grown portions of 

gold but rather more uniformed growth on the nanoparticles. However, gold pods were still 

produced and these nanoparticles still present a novel AuPd (111) structure that should be 

considered for future catalytic purposes. 
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The atomic spacing of all of the AuPd nanoparticles was found to be ~2.78 Å, which is in 

range of the accepted value for Pd-Pd (bulk Pd = 2.75 Å) and near the range of Pd-Au atomic 

spacing (~2.83 Å).
19

 The lattice spacing found from HRTEM helped to confirm the presence and 

morphology of AuPd structures and insinuates there is a presence of Pd-Au bonding. Conclusive 

evidence regarding the bonding modes of Au and Pd would require more advanced studies using 

EXAFS and XRD to determine if palladium’s lattice spacing expanded to take on gold’s lattice 

spacing or if there was a mutual change in lattice constants, etc. To summarize, the four types of 

AuPd nanoparticles made are shown below: 

 

Figure 3.11 TEM images and model nanoparticles of AuPd coreshell and pod-like nano-cubes and 

nano-octahedra. Scale bars are 20 nm. 
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3.3 The Synthesis of Gold-Palladium Nanoparticles on Titania as a Support for the Benzyl 

Alcohol Oxidation Reaction 

Only the coreshell AuPd structures were used for the benzyl alcohol oxidation reaction. 

In order to test the behavior and difference of the (100) and (111) surfaces, the pod-like 

morphologies of gold on palladium were not considered as they add non-(100) surfaces of only 

gold into the reaction mixture. In this report, Degussa P25 TiO2 (Aeroxide) was used as a support 

for the AuPd nanoparticles for several reasons that were believed to create the best three-phase 

heterogeneous catalytic system possible.  

In general, a nanoparticle catalyst support must have high surface area, be highly 

miscible in the reaction solution, and is desirable to be electronically conducting in order to assist 

in the catalytic process. Supports are used in heterogeneous nanoparticle catalysis to ensure 

nanoparticles remain well-dispersed during catalysis. However, they can also play a vital role in 

the chemical and physical activity of the catalysts, and may even be involved in the catalysis 

itself. For model oxidation reactions, activated carbon, titania, or other metal oxides such as 

SiO2, CeO2, Al2O3, Fe2O3, MgO, or ZnO are usually considered. However, activated carbon must 

be prepared through several washing cycles before it can be used in reactions. And some metal 

oxides such as Al2O3 and Fe2O3, as well as some zeolites, have been known to be too acidic for 

the benzyl alcohol reaction and led to enhanced by-product formation such as benzyl benzoate, 

dibenzyl acetal, and dibenzylether.
11,34

 On the other hand, titania is readily available in most labs, 

is not overly acidic, has a high surface area, and has been shown to turn off the 

disproportionation and self-condensation reactions in literature.
13

 

To adsorb AuPd nanoparticles onto titania (TiO2) for catalysis, both the titania and 

nanoparticles were stirred in an ethanol solution for one hour. Our best results yielded 2.5 % by 
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mass of Au and Pd on titania. In a typical reaction, 0.002 mmol of Au and 0.042 mmol of Pd was 

attached to 2.44 mmol of TiO2 in 10 mL of ethanol. The reaction mixture was then drop-casted 

onto glass slides and dried by air. Oxygen plasma was applied to the thin films for 5 minutes to 

try to remove remaining PVP and bromide on the surfaces of the AuPd nanoparticles. Lastly, the 

thin films of supported catalyst were placed into the catalytic reaction solution for catalysis. 

 

Figure 3.12 TEM image of AuPd pod-like octahedra on TiO2. Scale bars are 20 nm. 
 

3.4 The Catalytic Behavior of Gold-Palladium Nano-Cubes and Nano-Octahedra on 

Titania in the Benzyl Alcohol Oxidation Reaction 

The benzyl alcohol oxidation reaction was carried out under mild conditions due to our 

group’s interest in ambient condition, green chemistry. Our system occurred at a temperature of 

85 °C and a pressure of 0.2 MPa O2, both on the milder side of the mild oxidation conditions. In 

a typical reaction, a total of 0.002 mmol of Au and 0.042 mmol of Pd were used on 2.44 mmol of 

titania. A low-pressure reactor was used in an oil bath while stirring at 1200 rpm for a total of an 

eight-hour reaction. Both solvent-free conditions and using ethanol as a solvent gave similar 

results, so the solvent-free method was continued for simplicity of the reaction. After eight hours 

of reaction, a portion of the solution was centrifuged and then tested on a Gas Chromatography 
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Mass Spectrometer (GCMS) for relative amounts of chemicals in the reaction solution. The table 

below summarizes the data of the benzyl alcohol oxidation reaction for the coreshell Au/Pd 

nano-cubes and nano-octahedra. 

 

Table 3.2 Benzyl alcohol oxidation results for various AuPd@TiO2 nanostructures. 
 

The TON in Table 2 was measured in terms of the total moles of gold present in the 

reaction. Based on newer reports involving AuPd catalysts, it is believed that gold is the active 

metal in this reaction, especially under mild conditions.
4,14,33

 However, the electronic and 

ensemble effects that gold and palladium have with each other were essential for the reaction’s 

performance, as detailed previously. Testing gold nanoparticles alone was not appropriate as the 

catalytic test was based on gold on palladium nanoparticles. However, reports of AuPd 

nanoparticle systems have surpassed Au systems alone in many works.
4,11,13

 The palladium 

cubes’ performance on the catalytic reaction was clear evidence that the gold in the reaction 

played the essential role in oxidation. Support-free catalysis did not work in this system due to 

nanoparticle aggregation in the reaction solution. 
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These results show that the AuPd (100) surface is more catalytically active for the benzyl 

alcohol oxidation reaction than the AuPd (111) surface. Under the same conditions, the AuPd 

nano-cubes were twice as effective as oxidizing benzyl alcohol. Interestingly, the only product in 

all of our syntheses was benzaldehyde. The selectivity of benzaldehyde may have been due to 

several reasons. In general, mild conditions generally yield benzaldehyde, benzoic acid, and 

sometimes benzyl benzoate.
13

 However, the fact that only benzaldehyde was produced in the 

reactions indicate that some other driving force may have been the cause. Titania has been 

known to help inhibit the over-oxidation from benzaldehyde to benzoic acid, and this may be the 

cause of the high selectivity in these reactions.
34

 In the reactions without titania (Pd cubes and 

AuPd coreshell cubes) such a small amount of benzaldehyde was produced and any amount of 

benzoic acid produced from that may have been undetected in the GCMS. 

Conversion did not reach 100 % possibly due to inhibition of active sites from 

benzaldehyde under solvent-free conditions,
33

 however the superior performance of AuPd (100) 

nano-cubes shows that AuPd (100) surfaces are more catalytically active for the benzyl alcohol 

oxidation reaction than AuPd (111) surfaces. The reaction used here was environmentally 

friendly and highly selective. The majority of current literature reports involving the benzyl 

alcohol oxidation reaction use AuPd nanoparticles that have been made through impregnation, 

sol-immobilisation, or basic co-reduction methods without any type of face-specific control. This 

project reveals a novel approach of applying controlled nanoparticle synthesis on heterogeneous 

organic catalysis to help elucidate the specific mechanisms by which catalysts perform. 
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CONCLUSION AND OUTLOOK 
 

In my thesis work, I found interesting functional peptide motifs for palladium, platinum, 

and titania which induced morphological and crystalline nanoparticles. For the noble metals 

platinum and palladium, I found that hydroxyl and amide groups bind well to noble metal 

surfaces, and that hydroxyl groups bind to the (100) surface more effectively whereas amide 

groups bind better to the (111) surfaces. For titania, I found that histidine, lysine, and serine bind 

particularly well to this semiconductor and are even involved in the initial formation of titania 

from its water-stable precursor. Additionally, proline and other ring group amino acids were 

found frequently in the peptides selected for titania. These results show that it is both the 

conformation of peptides as well as functional groups that are important for the specific binding 

to inorganic surfaces in solution. Peptides as capping agents also allowed for the successful 

creation of heterostructures exemplified between nanoparticles of platinum and titania. These 

results further show that peptides are not only good capping agents in ambient condition 

nanoparticle synthesis for controlling morphology of metals but also that they can be versatile, 

dynamic ligands in solution. 

In the second chapter of this work, I showed that electro-neutral to electropositive aryl 

small molecules are driven by their substituents’ epitaxial binding to noble metal surfaces and 

less by their electrostatic potentials. A special set of reactive electropositive small molecules 

create defects and irregularly shaped nanoparticles. These results offer the potential of post-

modification of nanocrystals as well as make nanoparticles with high energy facets for catalysis 

and electronic applications. 
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AuPd nano-cubes and nano-octahedra were the focus of the third chapter of this work. 

These nanostructures were made to detect the difference in catalysis of (100) and (111) surfaces 

of AuPd for the benzyl alcohol oxidation reaction. It was found that the (100) AuPd surface was 

more catalytically active under mild oxidative conditions and that the system used for this work 

had selective conversion to benzaldehyde. 

Since the beginning of this work, studies have been published adding the knowledge of 

the capping agent-nanoparticle surface relationship in combination with the interactions of the 

solvent, the ligand-ligand interactions, etc. to make 3D superstructures of nanoparticles 

suspended in solution as well as to make more complex nanoparticle structures in solution. In 

2011, Chad Mirkin and colleagues paved the way to making a variety of rational 3D colloid 

suspensions using DNA as ligands by outlining general guidelines.
1
 Since then, various groups 

have taken advantage of creating unique nanocrystal suspensions with interesting properties. 

Earlier this year, Chan and colleagues made satellite-core structures of gold nanoparticles linked 

together by unique strands of DNA to create different 3D shapes in solution.
2
 Figure 1 shows 

various gold superstructures made from the same approach but with different-sized linkers of 

DNA, different lengths of ligand PVP, and different sized gold nanoparticles. Not only is the 

synthesis of these systems interesting for future nanoparticle superstructure synthesis, but the 

literature also reported in-vivo studies of the efficiency of the superstructures being endocytosed 

by macrophages as well as their fluorescence properties in rat tumors in vitro. With improved 

understanding of nanoparticle synthesis, more complex systems will be made and used for every 

field of science. 
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Figure 1 (a) Schematic showing core-satellite structures are made through a dynamic relationship 

between linker size and functionality (y-axis), nanoparticle size (x-axis) and nanoparticle 

composition (z-axis). (b) A schematic of a core-satellite structure, where the yellow and red spheres 

represent the core and satellite nanoparticles, respectively. The black lines around the satellite 

structures represent polyvinylpyrrolidone (PVP), and the blue/purple lines between the core and 

satellite structures represent the DNA linkages. (c) Transmission electron microscopy (TEM) 

images of gold core-satellite structures with various core to satellite ratios. (d) TEM images of gold 

core-satellite structures with increasing molecular weights (lengths) of PVP. (e) TEM images of 

core-satellite nanostructures with various DNA linkages and the introduction of other types of 

nanoparticles.
2
 

 

As technology advances in terms of equipment for physical observation of materials as 

well computer software, so will our understanding of the fundamental concepts of nanocrystal 

systems. There are constantly new reports of density-functional theory (DFT) studies on 

nanoparticle surfaces and their relationship to ligands,
3-6

 which all add to the consideration of 

how nanoparticles can be more successfully made under the most environmentally friendly 

conditions. Additionally, new novel morphologies of nanocrystals will continue to evolve their 

optical, physical, and chemical properties. For example, high index facets can be more 

catalytically active than lower energy facets for many reactions; however their synthetic 

conditions are usually more complex and harder to stabilize in solution for long periods of time, 

especially with noble metals. In a recent report, colleagues in Ireland have successfully made 
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(730) high index palladium nanocrystals and used them to show their superior activity to low 

energy (100) facets in Suzuki-Miyaura coupling reactions.
7
 Figure 2a shows palladium nano-

cubes made through the same approach as detailed in Chapter 3 of this work and then used as 

seeds to create surface concave palladium nanoparticles with (730) facets exposed (Figure 2b). 

During the catalytic reaction, the concave nanoparticles were not stable and faced severe 

leaching. The increased leaching of the high energy facets compared to the low energy facets 

actually allowed for better performance, and in this way, a negative effect of high energy facet 

stabilization was turned into a helpful part of the catalytic system. 

. 

Figure 2 (a) TEM image of palladium nano-cubes made through the same approach detailed in 

Chapter 3. (b) TEM image of palladium concave cubic nanoparticles used for the Suzuki-Miyaura 

coupling reaction. (c) TEM image of leached palladium concave cubic nanoparticles after the 

Suzuki-Miyaura coupling reaction. (d) The Suzuki-Miyaura coupling reaction performed in this 

study. (e) The % conversion of substrate from the various types of palladium nano-cubes.
7
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High energy facets also enhance optical properties, as shown in work by Zhang and co-

workers in China.
8
 In their work, convex hexoctahedral AuPd core-shell nanoparticles with (431) 

index facets exposed show enhanced electrochemiluminescence (ECL) properties compared to 

their lower energy facet counterparts due to the abundant AuPd kinks and steps as surface sites 

for the ECL reaction of luminol and hydrogen peroxide. This work offers the potential for more 

intricate bioanalytical detection methods using high index nanoparticles. 

 

Figure 3 (a and b) TEM images of AuPd core-shell convex hexoctahedral nanoparticles. (c) A graph 

of extinction spectra of palladium nano-cubes and different-sized hexoctahedral nanoparticles. (d) 

Electrochemiluminescence (ECL) potential curves for the reaction of luminol and hydrogen 

peroxide with AuPd core-shell convex hexoctahedral (inset a), concave trisocahedral (inset b), 

truncated octahedral nanoparticles (inset c), and the bare glassy carbon electrode (inset d). (e) A 

schematic of the ECL reaction mechanism of luminol and hydrogen peroxide on the convex 

hexoctahedral nanoparticles.
8
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In years to come, I see the field of nanoparticle synthesis continuing to grow as 

nanoparticles become increasingly popular in catalysis, electronics, and the environmental and 

medical industries. My work adds knowledge to an area of Inorganic Chemistry and Materials 

Science and Engineering that yearns to be further studied.  As we continue to better understand 

nanoparticle systems, we will also be able to be more creative in our syntheses, structures, and 

applications of these materials.  
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