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ABSTRACT

Biological building blocks served as excellent templates for the preparation of various

nano-materials due to their beneficial interactions at the molecular level. The bio-mineralization

of genetically engineered M13 bacteriophage resulted in one-dimensional nanowires having

outstanding properties in diverse applications. As a bridge between the chemical synthesis of

nanostructures and the bio-mineralization of M13 phage, surfactant molecules were introduced to

the biological systems. The specific affinity of M13 phage with Au-binding peptides was strong

enough to attract Au ions despite the existence of surfactant molecules. Consequently, the

surfactant-mediated bio-mineralization of M13 phage enabled us to precisely control the

morphologies and structures in nanometer scale.

The Au-binding M13 phage could also integrate other noble metals (Ag/Pt/Pd) to prepare

homogeneous Au-based noble metal alloy nanowires in structures and compositions, and their

electrochemical properties upon the systematic changes in compositions were investigated.

Especially for the Au-Pt system, the catalytic activity study on the two distinct structures, the

alloy and the core/shell, provided us important factors to design new catalysts with optimized

activities.
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Chapter 1. Introduction



The main goal of this work is developing new method for synthesis of inorganic

nanowires with the M13 phage template, the biological building block with filamentous

structure. The incorporation of surfactant molecules into the M13 phage system can

extend the application of M13 phage in diverse reaction condition, which was limited due

to the stability of M13. Moreover, the cooperative interaction between the surfactant

molecules and the inorganic nano-structures also improve the morphologies, yields, and

stability and results in state-of-the-art properties in materials for medical diagnosis and

fuel cell catalysts.

M13 phage has been utilized as templates for various one-dimensional nanowires

because of the structural advantage, the high aspect ratio with dimensions of 880 nm in

length 6 nm in diameter for wild type M13. The M13 phage consists of approximately

2700 major coat proteins (p8) helically wrapped around its single stranded DNA, and

minor coat proteins (p3, p6, p7, and p9) at each end. The modification of subunit protein

through the insertion of DNA fragments produces M13 phage with various peptide

sequences selected at each protein. The M13 phage with specific peptide sequence

against specific materials such as noble metal, carbon nanotubes, and semi-conductors

has been successfully utilized as template for fabricating delicate inorganic hybrid

structures. The ionic interaction between metal ions and E4 phage (M13 phage with four

glutamate) as well as the specific interaction between inorganic materials and M13 with

specific binding motifs provided nanowires of high quality and the cutting-edge

properties.

Here, to extend the opportunity of M13 phage in bio-mineralization with

delicately controlled structure, stepwise inclusion of surfactant molecules was proposed.



In chapter 2, as a first trial to check compatibility of surfactant molecules with M13

phage, magnetic nanoparticles coated with surfactant molecules, having positive charges,

were hybridized into E4 phage. In a similar way of the synthesis of cobalt oxide and

silver nanowires, which utilized the positive and negative charge interaction between E4

phage and cations, the negative charge on p8 major protein of E4 phage attracted

magnetic nanoparticles of positive surface charges and resulted in E4 phage covered with

magnetic nanoparticles. From the modification of p3 minor protein on E4 phage, specific

peptide sequence targeting SPARC (Secreted Protein Acidic and Rich in Cystein) on

prostate cancer cell lines was displayed, and M13 phage with dual functionality (targeting

and imaging) was proposed. The minor protein was stable even after the addition of

magnetic nanoparticles coated with surfactant molecules and showed enhanced selective

from the targeting peptide sequence on p8 and intensified contrasting under MR imaging.

The in-vitro and in-vivo experiments are currently the focus of my collaborator Dr.

Debadyuti Ghosh.

After confirming the robust M13 structure in the presence of surfactant molecules,

in chapter 3, surfactants were directly added during the bio-mineralization of Au

nanowires from the specific Au-binding M13 phage, the p8#9. The incorporation of

CTAB, an ionic alkylammonium surfactant, resulted in nanowires of well-defined

structure by stabilizing the high-energy surfaces without losing the benefit from the

specificity of p8#9. The well-defined surface of nanowires arising from the integration of

surfactant molecules further allowed fine control of diameter sizes of Au nanowires, and

the electrochemical properties of Au nanowires with various sizes were investigated for

the oxidation of CO molecules for the application of Au nanowires as a co-catalyst in low



temperature fuel cell electrodes. The electrochemical analysis of Au nanowires was done

by Dr. Junhyung Kim and professor Yang Shao-Horn.

The surfactant-mediated bio-mineralization of p8#9 was further extended to the

synthesis of Au-based alloy nanowires (Au-Ag, Au-Pt, and Au-Pt-Pd) in chapter 4 and 5.

In chapter 4, Au-Ag alloy nanowires with various compositions and different surface

characteristics (free surface vs. stabilized surface with surfactant) were prepared and

tested as Li-ion battery anodes. Despite the cost issue of Au and Ag for the practical

applications, the systematic changes in potential profile during the lithiation process and

the capacity retention with the surface structure and composition provided good model

systems for exploiting electrochemical properties of nanomaterials with multi

components. The chapter 4 was co-written by Dr. Yun Jung Lee and similar content is

available at part of her thesis. She prepared Ag viral nanowires and measured the

electrochemical properties of all samples. Theoretical explanations and thermodynamic

mechanisms in collaboration with professor Gerbrand Ceder.

In chapter 5, the incorporation of Pt, the most active catalyst metal in various

field, resulted in Au-Pt alloy nanowires with various compositions and morphologies.

The application of Au-Pt alloy nanowires as electro-catalysts verified synergistic effect:

the activity of Au-Pt alloy nanowires approaching that of Pt despite high contents of Au.

The promotional effect of catalyst from the combination of two active materials was also

verified in chapter 6, from the Au/Pt core/shell nanowires prepared by adding Pt nano-

shell on Au core nanowires described in chapter 3. The dendritic Pt shell was grown only

on the surface of Au nanowires selectively and the thickness (coverage of Pt shell) was

deftly controlled. The Au/Pt core/shell nanowires with various shell thicknesses, in other



words, various Au:Pt compositions were tested for electro-catalysts both in anodes and

cathodes requiring different criteria (Pt with co-catalyst preventing Pt poisoning for

anode and high loading of Pt for cathode) in low temperature fuel cell. The

electrochemical measurement of Au-Pt alloy nanowires and the Au/Pt core/shell

nanowires were done by Dr. Junhyung Kim and professor Yang Shao-Horn.
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Chapter 2. Magnetic phage as contrast enhancer in MR imaging



2-1. Introduction

Nano-technology has been one of the critical issues in science and engineering for

the last few decades. Nano-materials are defined as materials with scale of 10-9 m

dimension, and show different physical and chemical properties from the same materials

in bulk state1 . This different property, even in the same materials, can be explained as a

result of the vast increase in surface ratio upon the total volume. Because the nano-

materials are composed of hundreds or thousands of atoms or molecules assembled

together, its study can also bridge the atoms or molecules and the bulk materials that have

many important properties. The interesting feature of nano-materials is not only the

difference of property from its bulk state but the fact that the properties are also varied in

their size in the nano-meter scale. Magnetic nano-materials have different magnetic

coercivity and hysteresis as the particle size differs, and optical nano-materials absorb

different wavelengths of light, thus emitting different color2. Cadmium Selenide

nanoparticles, one of the well-studied semi-conducting quantum dots, are a good example

because they emit rainbow color, the full visible light color, when the particle sizes were

tuned from 1.5 nm to 8 nm3.

During the last few decades, much research was done to make new nano-materials

with various dimensions: nanoparticles, nanorods, and nanowires. Moreover, in some

fields, the real application of nano-materials into a device was successfully done and the

products are now commercially available. By reducing the device dimension to nano-

scale, computer chip size became compact even as the capacity increased, and we can use

much thinner and lighter electronic devices such as a laptop, an mp3 player, and a



memory card. By utilizing a new or an improved property in nano-materials, advances in

our daily life supplies such as cosmetics, house appliances, and clothing became feasible.

One of the milestones for the real application of nano-materials exists in

diagnostic and therapeutic medical treatment4 . Of course, from the development of

nanotechnology, people tried to use the nano-materials to solve intractable issues of life

science, and cancer was one of them5 . Nanoparticles seem to be a good candidate for

cancer research because they have higher surface area that can be utilized for attaching

therapeutic or diagnostic functional groups6 . The size (10 nm to 100 nm) is in the range

of proper interaction with the receptors located on the cell surfaces. Moreover, the tumor

cells usually show reduced efficiency for lymphatic drain, which results in accumulation

of nanoparticles inside. With these characteristics, much research was done with the

nanoparticles useful for detection of cancer cells with higher efficiency and accuracy and

for potentially therapeutic purposes7.

Despite the huge number of results reported previously, the application of nano-

materials into a real medical case is just being realized, and most of the research done for

cancer with nano-materials is the detection of tumor site with nanoparticles in vitro of

human cells or in vivo with mice8'9. The challenge in cancer research is the early and

incisive detection from a non-invasive method because cancer cells are easily activated

when they are exposed into the air or physically stimulated. Magnetic resonance imaging

(MRI) is one of the non-invasive in vivo conditions for cancer diagnosis. Metal ferrite

(MFe20 4, M could be Mn, Co, Fe or Ni) nanoparticles, loaded with enzyme targeting the

cancer cell surface ligands, were tested as a contrast enhancer in dark imaging MR

detection, and gadolinium oxide and manganese oxide are for bright imaging'"' 1 . Even



if there was a size effect in the same materials, among the ferrite nanoparticles,

manganese ferrite intensified the contrast significantly 3 . Nevertheless, for the safety

testing issue to the human body, iron-based ferrites are the only acceptable contrast

enhancer so far.

Initially, magnetic nanoparticles received attention due to its magnetism utilized

as magnetic storage media14: they maintained the magnetic moment after the magnetic

field removed. However, magnetic nanoparticles smaller than about 20 nm lose their

magnetism under the absence of magnetic field at room temperature because their

magnetism decreased as the particle size decreased, and the thermal fluctuation energy

overcome the magnetic moment of the individual magnetic nanoparticle14. The change of

magnetism is confirmed theoretically and experimentally and called superparamagnetism.

This paramagnetism of iron oxide nanoparticles at room temperature will be adopted in

MRI detection.

There are lots of reports about the synthesis of iron-based magnetic nanoparticles:

thermal decomposition of Fe(CO)5 complex in an organic solvent, co-precipitation of

ferric and ferrous ions in water, reverse micelles(modified co-precipitation of iron salt in

water nanodrop), sonochemical decomposition of iron ions5617'18. They all have

advantages and disadvantages when we evaluate them from a different point such as cost,

yield, scalability, safety, and reproducibility. Magnetic nanoparticles from the thermal

decomposition method of iron pentacarbonyl are of importance due to its monodispersity

and crystallinity. The co-precipitation method is the cost-effective and safe one because

they used iron salts even the nanoparticles show broader size distribution than those from

iron pentacarbonyl. The well-known LSS (Liquid Solid Solution) strategy is the middle



of two methods mentioned above15 In LSS strategy, cost-effective metal salts were used

to prepare a metal-surfactant complex, the precursor of nanoparticle synthesis in the

thermal decomposition method, and the precursor and solvent were refluxed at high

temperature to get nanoparticles with narrow size distribution comparable to those

prepared from iron pentacarbonyl.



2-2. Synthesis of magnetic nanoparticles

The synthesis of magnetic nanoparticle can be explained in two steps: preparation

of precursors and high temperature decomposition of the metal oleate complex. Figure

2.1 described the synthesis of nanoparticles from the precursor preparation to surface

modifications. As we explained in the previous section, hazadrous chemicals should not

be used during the synthesis and the application steps for our purpose here. Hydrated

metal precursors were dissolved in de-ionized water, and surfactants (sodium oleate)

were dissolved in hexane. The two mediums of water and hexane were not miscible

under these conditions due to their difference in polarity. However, the addition of

ethanol, miscible both in water and hexane, made the solution homogeneous with a

vigorous stirring at elevated temperature around 60 'C. In the solution, the metal ions

dissolved in water collided with surfactant molecules existing originally in the hexane

layer and then produced a metal-oleate complex. After about three hours at elevated

temperature, the interaction between metal ions and the surfactant molecules became

stable. The mixture then was cooled down to room temperature without any extra

cooling force. The transfer of metal ions from water to hexane was visible because of

their difference in gravity; initially metal ions were dissolved in the bottom layer and

finally they went to the upper layer. The first row of Fig. 2.1 illustrates the transfer of

the ferric ion during the precursor preparation. After the formation of Fe-oleate complex,

excess hexane and ethanol were removed by evaporation and viscous red-black

precursors remained.

The precursors were re-dispersed in solvents (boiling temperature increases as the

number of carbon of solvents increases) which have a high boiling temperature and then



mixed with additional surfactants. The solution was heated to temperature from 270'C to

350 'C according to the desired particle size. Usually the reaction mixture was heated to

optimum temperature within 30 minutes to get nanoparticles with narrow size

distribution. After the final reaction at high temperature, the solution was cooled down to

room temperature in an ambient condition. Nanoparticles were collected from the

excessive organic surfactants and the solvent medium by centrifugation. Because we have

a non-polar layer of surfactant on the surface of nanoparticles, the addition of polar

solvent precipitates the nanoparticles due to their density and leaves other chemicals in

the supernatant solution. After cleaning, synthesized magnetic nanoparticles were stably

stored in hexane more than a year. The synthetic method here is adapted from the

synthesis of maghemite nanoparticles, but due to the similar properties of maghemite (y-

Fe 20 3) and magnetite (Fe 30 4), confirmation of magnetic nanoparticle is challenging.

Moreover, the synthetic magnetic nanoparticles in nanometer sizes show mixed

composition of both maghemite and magnetite 7,20. Therefore we will used the notation of

magnetic nanoparticles as FeOx.

Nano-materials exhibit different properties from their bulk materials, and the

properties of nano-materials are influenced by their size and dimension. Therefore, for

example, if we measure several properties of 4 nm and 12 nm magnetic nanoparticles,

respectively, they will show different magnetic hysteresis, coercivity, and susceptibiliy,

even if they are the same magnetic nanoparticles with the same lattice parameter and

composition. Magnetic nanoparticles in this research are utilized for MRI application, so

their magnetic relaxation under the magnetic field is the key value for our experiment. If

the nanoparticles have diverse size distribution in one sample, we cannot get relaxation



time with high signal to noise ratio because nanoparticles with different sizes give

diffferent values. Thus, the magnetic nanoparticles should have narrow size distribution

to give consistent response signal and to minimize noise under the magnetic field.

Particle size was confirmed with transmissional electron microscopy (TEM) analysis.

Figure 2.2 (a) represents the TEM image of 12 nm magnetic nanoparticles taken at lower

magnification and higher magnification (inset), and Fig. 2.2 (b) is the TEM image of 4

nm magnetic nanoparticles. 4 nm sized nanoparticles were stacked like atoms in a lattice

structure due to their conformal size. The images showed narrow size distribution of

nanoparticles so that the nanoparticles can be utilized for our research, which requires

consistent magnetic property. We confirmed the crystallinity of nanoparticles from high

magnification TEM and from the X-ray Diffraction (XRD).



Methods

Preparation of Fe(oleate) 3 precursors: 5.4 gram of FeC13*6H 20 was dissolved in 30

mL of de-ionized water completely. In a round bottom flask, 18.25 gram of sodium oleate

with 70 mL of hexane were mixed gently with magnetic stirring at mild temperature

around 30 'C. The addition of brownish clear solution of Fe to the homogeneous solution

of sodium oleate witth hexane resulted in two phases in the flask. The solution was

heated to 70 'C for three hours after the addition of 40 mL of ethanol to make one phase

solution. When the final solution was cooled down to room temperature, viscous brown

precursor floated on top of clear solution. The final solution was washed with de-ionzed

water to remove any residual salts and then dried to remove hexane.

Synthesis of magnetic nanoparticles: 1.5 mL of viscous Fe(oleate) 3 was carefully

transferred to round bottom flask with 0.5 mL of oleic acid 7 mL of 1-octadecene. The 1-

octadecene could be substituted by other hydrocarbene solvent with more carbon

numbers. The solution was heated to 300 'C in 15 minutes, boiled for another 30

minutes, and was cooled down to room temperature by removing the heat source. The

very oily resultant solution with black color contains excess organic surfactant and

solvents, so nanoparticles were collected after consecutive washing with acetone and

ethanol followed by centrifugation.



2-3. Surface modification of magnetic nanoparticles for water-stability

Because the magnetic nanoparticles are stable only in organic solvents such as

hexane, they are not directly applicable to most of biological systems. Several leading

groups already reported bare magnetic nanoparticles with good crystallinity and magnetic

property in aqueous system2 0 , but they were not applicable to our system. Because

magnetic nanoparticles without any surfactant on their surface inherently have magnetic

affinity between themselves, they cannot keep optimum distance from each other and

thus cannot interact with the biological template (the M-13 phage in this research). So we

chose the magnetic nanoparticle system with biologically friendly chemical surfactants

on its out side and treated the surface to be incorporated into the condition for living cells

and phages with various pH and buffer strengths.

Magnetic nanoparticles were chemically modified to be stable in water by

functionalizing the surface with the amine or carboxyl group. We adopted the well-

known approach with the lipid layer chemistry but modified it for our purpose; we used

surfactant molecules, which have smaller molecular weight and shorter hydrocarbon

chain length than the typical lipids. According to research papers about water stable

nanoparticle treated with lipid molecules after the synthesis, it was not easy to make a

stable water solution as they were in organic solvents21-23. It is assumed that in the water

solution, nanoparticles were located in a distance because their hydrodynamic radius was

increased due to the incorporation of water molecules between lipids. For example,

people reported that the Cross Linked Iron Oxide (CLIO: one of the most widely used

magnetic nanoparticle for biological application) sample with 4 nm core magnetic

diameter showed hydrodynamic diameter bigger than 40 nm24 . As a result, the TEM



images of water-stable nanoparticle prepared typical methods showed sparsely located

nanoparticles over the whole grid area, and the solution of nanoparticles just retained

very diliute concentration compared to when they were in organic solvents22,25 . The

increased volume of magnetic nanoparticles in the water system was not a problem for

the signalling itself, but it limited the transfer or movement of nanoparticles under

magnetic field, which is essential for in vivo experiments and real application.

By using surfactant molecules with a shorter carbon chain, we achieved two

advantages over the typical methods: reduced the hydrodynamic radius, similar to that of

in an organic solvent and increased concentration comparable to that in an organic

solvent. Figure 2.3 (a) shows magnetic nanoparticles, from a water solution after the

surface modification, closely packed together in a monolayer even though it's not perfect

coverage. Nanoparticles can be located right next to the others because their diameter is

not greatly increased. This implies that nanoparticles from the surfactant modification

system have a smaller hydrodynamic radius than the typical water-soluble nanoparticles

treated by lipid molecules. This hypothesis was proved by light scattering data.

Nanoparticles showed slightly positive and slightly negative charges on their surface

according to the functionality of surface modification and that the value of hydrodynamic

radius of nanoparticles in water was slightly bigger than the radius observed in TEM

analysis: the average hydrodynamic radius value obtained by light scattering was 25%

larger than the value observed from TEM image of nanoparticles in hexane solvent for 12

nm nanoparticle case.



Methods

Modification of surface of magnetic nanoparticles: in a 20 mL glass vial, 1 mL

of FeOx nanoparticles dispersed in hexane with concentration about 6.2 mg/mL was

transferred. The magnetic nanoparticles were slowly stirred with magnetic stirring bar at

mild temperature around 30 'C. In a 15 mL falcone tube, 13 mL of DI water and 1 mL of

3% wt HCl solution were mixed. 0.5 mL of oleylamine was transferred to 14 mL of very

diluted HCl solution and slightly vortexed. The oleylamine solution was then added to the

FeOx solution with mild heating and stirring. 0.5 mL of ehtanol was added to the

nanoparticle solution and the solution was heated to about 80 'C with vigorous stirring.

After two hours reaction, the solution turned to be homogeneous. The solution was

collected by centrifugation and transferred to de-ionized water after washing.



2-4. Stability test of water-soluble magnetic nanoparticles

Another advantage of the reduced hydrodynamic diameter of nanoparticles is that

the nanoparticle solution can stably retain higher concentration of nanoparticles

comparable to the concentration in organic solvent. The picture image of two solutions in

Fig. 2.3(b) was taken from magnetic solution kept in ambient static condition for 30 days

after the preparation. Any aggregation or precipitation was visible for all 30 days, and

TEM image taken from the solution sample after 30 days was the same with the image

taken right after the synthesis. It was still impossible to increase the concentration of the

water-stable solution to the level of organic nanoparticle solution with stability for over

30 days, but the concentration of water-stable nanoparticles was increased up to 70 mM

Fe concentration. The stability of nanoparticle solution was tested in various conditions:

temperature, pH, and buffer strength.

In terms of the temperature, solutions were stable at room temperature and human

body temperature in the static condition but started to show phase separation in 4 'C after

15 days when the nanoparticles were dispersed in de-ionized water. The surfactants

which were used for stabilizing nanoparticles during the chemical synthesis and surface

modification began to solidify due to their melting temperature and floated near the top of

the solution.

By adding hydrochloric acid and acetic acid, we also controlled the solution pH

from 7 to 1 and tested the stability of nanoparticles with amine coated sample at static

condition. The solutions showed no aggregation or phase separation, but in the solution

with pH lower than 3, changes of solution color was observed. Generally magnetic

nanoparticles are susceptible to acidic condition. Solutions were also tested in various pH



from 7 to 13 with sodium hydroxide solution. Nanoparticles were stable up to pH 10 both

in solution and TEM images, however, at pH higher than 11, nanoparticles were

separated from the whole solution after mixing and made two phases: one is the top oily

solution of nanoparticles and the other is slightly turbid aqueous solution at the bottom.

Figure 2.4, the TEM image of nanoparticles aggregated in pH 11 solution after one day,

shows aggregated microstructure with organic layer covering the nanoparticles. The

nanoparticles were stable despite the aggregation at pH 11 (Fig. 2.4(b)). We found that

the aggregation from the high pH solution was reversible. Acid solution was added to the

phase separated magnetic nanoparticle solution at pH 11, and after short agitation, the

solution was kept at room temperature for about 5 days. Then the solution showed

homogeneous color without any phase separation, and from the TEM image taken after 5

days of acid addition, we confirmed the reversibility of aggregation of magnetic

nanoparticles in different pH solution.



2-5. Multi-functional magnetic phage with specific binding to cancer cell

The N-terminus of p8 can be genetically engineered to display peptides along the

virus. Previously, a tetraglutamate motif (E4) was displayed on the p8 surface and their

carboxylic acid side chain groups resulted in the slightly negative charge of the modified

E4 virus in buffer conditions. The M-13 phage with tetra-glutamate on the major protein

named E4, was utilized as a wire template for bio-inorganic materials due to its stable

structure and high affinity for several metal cations27 ,28 Here, we expanded this affinity

concept from ions to nanoparticles.

We succesfully prepared water stable magnetic nanoparticles with carbonyl group

and amine group in physiological buffer condition (pH -7). Amine-functionalized

nanoparticles were used for attachment due to potential electrostatic interactions with the

negatively charged E4 phage. Initially, magnetic nanoparticles resupsended in water were

mixed with E4 phage in TBS at various concentrations. The final TBS concentration

ranged from 20 to 75% of the original concentration. Any significant aggregation of

nanoparticles or phase separation after the mixing was not observed for a week, but the

solution color was darker on the bottom. One drop of solution mixture was taken for

TEM analysis. Figure 2.5, the low magnification TEM image, demonstrates the uneven

distribution of black color (the magnetic nanoparticles) over the whole range and implies

nanoparticles have the tendency to locate along the E4 phage, despite the phage

entanglement. The magnetic phage, E4 phage decorated with magnetic nanoparticles, was

successfully prepared by incubating E4 phage in buffer solution with magnetic

nanoparticles dispersed in de-ionized water as shown in Fig. 2.6 (b).



2-6. Response of magnetic nanoparticles and magnetic phage under external

magnetic fields

The application of magnetic phage as a selective targeting agent on prostate

cancer cell line is simply sketched in Fig. 2.6(c). To explore appropriate enhancement of

contrast in MRI (Magnetic Resonance Imaging), the magnetic repsonse of the water-

stable magnetic nanoparticles was measured by using magnetic spectrophotometry.

Maghemite nanoparticles were detectable under the dark imaging mode of MRI, so R2

value, which defines the relation between the transversal spin-spin relaxation time (T2)

with various Fe concentration (mM), was obtained. The R2 value of magnetic

nanoparticles is also a size-dependent property, so we have different R2 values upon the

nanoparticle sizes. As the nanoparticle size increases, the R2 value showed a higher

value from 15 % up to 100 % than the typically used CLIO (Cross Linked Iron Oxide)

samples 29. The R2 value of typical CLIO sample is about 30 to 40 [mMs]-.

In addition to the examining the magnetic response of the nanoparticles, we

looked at the magnetic reponse of magnetic phage. The R2 values of magnetic phage

changed as the magnetic nanoparticle size changed, but generally the R2 value of the

magnetic phage was about 10 % to 20 % lower than that of the free nanoparticles. As

shown in Fig. 2.7, the R2 value of 12 nm magnetic nanoparticle solution was about 65.1

[mMs]-1 but the value of magnetic phage loaded with 12 nm nanoparticles was about 58.7

[mMs]- 1. This result suggests that monodisperse nanoparticles can be loaded onto phage

and exhibit a magnetic response under a magnetic field, therefore, the magnetic phage

could be utilzed as targeting agent to enhance MR contrast at selective region of prostate

cancer cell lines by adding a targeting peptide sequence on p3.



2-7. Preparation of magnetic phage with targeting peptides

As previously mentioned, M-13 has proved a useful tool for peptide display.

Previous work has shown phage display can be used to identify peptides and single chain

antibodies as cell targeting ligands in vitro and in vivo30 . Since the DNA that encodes for

the virus is encapsidated by virus, there is a physical linkage between the peptide

displayed on the surface and its DNA sequence. This enables screening of random library

of peptides displayed on phage to screen potential peptides against target molecules and

easy identification via DNA sequencing. We can combine our approach to identify

peptide binders against inorganic mateials with selection of peptide binders against

biomolecule targets, such as cell surface receptors overexpressed on tumors. Kelly et al

used in vivo phage display to select a peptide with specificity towards the the secreted

protein, acidic and rich in cysteine (SPARC) receptor. 3 1 This protein is involved in a

signaling loop with vascular endothelial growth factor (VEGF) 30 . Upon ligand-receptor

binding, this activates production of VEGF, which in turns bind to VEGF receptor and

activates further SPARC expression. This molecular pathway is overexpressed in prostate

cancer and SPARC has been shown to be a biomarker indicative of the stage of prostate

cancer and the potential for metastasis.

We modified the p3 proteins with selective targeting peptide sequence and added

magnetic nanoparticles to prepare bi-functional M13 phage toolkit for both targeting and

imaging of special cell lines. The result shown in Fig. 2.8 confirms the intact structure of

targeting sequence after the addition of magnetic nanoparticles on p8 to prepare magnetic

phage. When the concentration of magnetic phage with targeting sequence decreased, the

absorbance also decreased systematically. Therefore, the targeting peptides are



considered to be as active after the formation of magnetic phages in solution. As shown

in the control set of phage, without targeting sequence on p3, any correlation between the

phage concentration and the absorbance was observed.

After confirming the stability of targeting peptides in magnetic phage, the

SPARC-targeted magnetic phage solutions of vairous concentrations (10' and 1010 pfu)

were tested on two cell lines. One is a prostate cancer cell line with highly expressed

SPARC (C42B) and the other is a low-expressing negative control prostate cancer cell

line (DU145). The cells were incubated with magnetic phage with SPARC-targeting

peptides and then harvested and lysed (in vitro). The lysates were measured for the

transversal relaxation time (T2) as shown in Fig. 2.9. The reduced value of T2 (shorter

relaxation time) at C42B cell lines clearly proved better uptaking of magnetic phage on

SPARC-positive cell lines, implying enhanced contrast under MR field.



2-8. Conclusion

Mono-disperse magnetic nanoparticles were prepared from cost-effective and

less-toxic Fe(oleate) 3 precursors. With the surface modification of as prepared magnetic

nanoparticles, which were only dispersed in organic solvents, water-stable magnetic

nanoparticles with reduced hydrodynamic radius were successfully prepared. The

magnetic nanoparticles were then fused with M13 phage with additional four glutamate

functionality on major protein coat on p8. The resultant magnetic phage, E4 phage with

magnetic nanoparticles on p8, showed relaxivity comparable to that of CLIO

nanoparticles widely used as contrast enhancer in biological labs. The modification of p3

on E4 phage followed by the addition of magnetic nanoparticles to build bi-functional

magnetic phage witih targeting peptide sequence on SPARC exhibited excellent

selectivity over SPARC positive prostate cell lines in vitro.
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Figure 2.1 Schematic diagram for the preparation of water soluble FeOx nanoparticles. The
precursor was prepared by the LSS method described above. After the formation of precursor,
hexane was evaporated and viscous Fe(oleate) 3 was transferred to a round bottom flask.
Additional surfactant, oleic acic and solvent were mixed with viscous precursors and the resultant
mixture was heated to temperature above 270 0C very quickly. The solution was then boiled for
thirty mintues and cooled down to the room temperature. The nanoparticles were washed and
purified by the addition of the polar solvent (mixture of acetone and ethanol with 1:1 vol. ratio)
followed by centrifugations. As-prepared nanoparticles are stable in organic solvents such as
hexane. Surface modification with oleylamine or PEG successfully transferred the FeOx
nanoparticles into water.

Figure 2.2 TEM images of magnetic nanoparticles (FeOx) dispersed in hexane after
purification. (a): 12 nm and (b): 4 nm.

...... ........ .... .. .. .. ........................................... = - :r.:::::::::::: .................. ::::::::::: ......................................................................................................................... .......................... ............. . .. ...... - --- --- _ _ _ ----



Figure 2.3 Water-stable magnetic nanoparticles after surface modification. (a) TEM image
of magnetic nanoparticles dispersed in water solution after the surface modification, (b) Picture of
solution of magnetic nanoparticles dispersed in hexane (left) and de-ionized water (right) in 30
days after the preparation at room temperature.

(a)

Figure 2.4 TEM images of amine-treated magnetic nanoparticles at pH=11. (a) The low-
resolution TEM image shows aggregated nanoparticles with organic layer covering the them. (b)
The individual nanoparticles were stable in solution of high pH.

............ .................... ......... ...... ...................... .



Figure 2.5 Low-magnification TEM images from the mixture of water-soluble magnetic
nanoparticles with E4 phage. (a) The dark filamentous line appeared aggregated E4 phage with
magnetic nanoparticles functionalized with amine. (b) When the image was magnified, magnetic
nanoparticles were dispersed selective area TEM grid, implying interaction between E4 phage
and magnetic nanoparticles.

(C)
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Figure 2.6 TEM images of magnetic phage and the simplified mechanism for targeting
prostate cancer from magnetic phage with specific peptides. (a) Magnetic phage structure in
de-ionized water: E4 phage with amine functioned magnetic nanoparticles from electrostatic
interaction (b) When the magnetic phage was prepared in the buffer solution, the density of
nanoparticles was decreased. (c) M13 phage as a multifunctional genetic scaffold with specific
cancer targeting and contrast enhancement in MR imaging.
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Figure 2.7 Magnetic responses of magnetic nanoparticles and magnetic phages. (a)
Relaxation of magnetic nanoparticles and (b) magnetic phages confirmed enhancement of
magnetic phage as contrasting agent in MRI than the typical CLIO materials.
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Figure 2.8 Confirmation of targeting ability of peptides on magnetic phage. M13 phage with
targeting peptide sequence at pllI was decorated with magnetic nanoparticles and tested against
target molecules. The quantitative analysis was done by ELISA (Enzyme-linked immunosorbent
assay). The systematic decrease in absorbance when lowering the phage concentration suggests
that the nanoparticle attachment on M13 phage does not interfere the ability of pill to target
molecules.
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Figure 2.9 Specificity test of magnetic phage with SPARC targeting peptides at various
phage concentrations. Prostate cell lines with different SPARC expression were incubated with
magnetic phage with SPARC targeting peptides. DU 145 (negative control with lower SPARC
expression, shown as blue bar) and C42B (highly expressed SPARC, shown as red bar) clearly
exhibited differences in T2 relaxation time, implying higher uptake of magnetic phage in C42B cell
lines (the SPARC-positive cell lines).
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Chapter 3. Synthesis of Au nanowires from p8#9 template



3-1. Introduction

Reports of low temperature catalytic activity of nanometer-sized Au reinforce the

utility of Au as a highly stable, highly active noble metal' 2 . The catalytic activity of Au

nanoparticles is greatly dependent on their sizes, surface structures, substrates, and

impurities, and as a result much attention has been given to designing new catalysts based

on high quality Au nanoparticles 3,4,5 ,6,7. For instance, Au nanoparticles are being used as

catalysts in fields as diverse as seed materials for nanowire growth, electro-catalysts for

fuel cells, hydrogenation and oxidation of organic compounds, and constituents of

pollution control materials 91 o'ii,12. There has been notable progress made recently in

synthetic methods and characterizations for Au nanoparticles and Au nanorods13' 14 . The

latter can be prepared by the seed-mediated synthesis, a modification of the conventional

synthesis of colloidal Au nanoparticles, yielding Au nanorods with anisotropic

dimensions and high aspect ratio15 '16 '17. Although less progress has been made in

developing high yield Au nanowire synthesis methods in aqueous phase, several groups

have prepared Au nanowires of micrometer length in organic solvents resulting in higher

yields, excellent transport properties, and at relatively low reaction temperatures18 19 20

A significant challenge in this research is the development of synthetic methods

capable of producing uniform monometallic and alloy nanowires in useful quantities with

controlled size and composition for applications in electrocatalysis. In particular,

applications of Au nanoparticles have been limited by the price of the material and by a

21low yield of about 20 % in making high quality products from precursors . Moreover,

exploiting new properties and activities of noble metal alloy nanowires has been

challenging for several reasons: the non-uniformity of nanowires, inhomogeneous



nanowires with by-products, and uncontrollable variations in composition. Here we

report a facile synthetic method in aqueous phase at room temperature for preparing high

aspect ratio Au nanowires with various diameters. Uniform Au nanowire diameters can

be controlled by surfactant-mediated bio-mineralization of genetically engineered M13

bacteriophage. This method has the following advantages: (i) a genetically selected M13

phage virus acts as a template in a process that produces homogeneous nanowires; (ii) the

specific interaction between the Au-binding M13 phage and the Au precursor yields an

unprecedented conversion efficiency of Au ions to Au nanowires at room temperature;

(iii) the incorporation of surfactant molecules into this bioinorganic hybrid system tunes

the control of diameters and morphologies of the nanowires that makes it possible to

prepare nanowires with well-controlled properties. Here, we report a generalized

synthetic route to prepare Au nanowires with finely tuned diameters.

M13 phage has been shown to be a functional template for fabrication of

nanowires due to a filamentous structure that is composed of an identical pattern of

amino acids displayed along the length of its major coat protein22,23,24. An insertion of

additional DNA sequences into specific virus genes enables the expression of a peptide

sequence on the virus that has specific affinity to select inorganic materials25. Here, a

sequence previously selected by our group with high affinity to bind Au is displayed on

100 % of the copies of the p8 major coat protein.



3-2. Synthesis of Au nanowires from M13 phage with specific gold binding

peptides

Our group previously reported specific gold binding M13 phage with peptide

sequence on the major protein coat of M13 body and named it as p8#9 26. The resultant

M13 phage clone, named p8#9, displays the peptide sequence Val-Ser-Gly-Ser-Ser-Pro-

Asp-Ser (VSGSSPDS) on the N-terminus of the p8 protein and thus provides strong

adsorption sites along the dimensions of the phage. Each p8#9 has 2,700 copies of gold

binding peptides that serve as adsorption sites both for gold ions and gold metals. The

synthesis of Au nanowires with p8#9 through the direct reduction of Au3+ ions from

sodium borohydride (NaBH 4) in an aqueous system was reported previously. The

introduction of gold nanoparticles to the dispersion of p8#9 phage resulted gold

nanowires decorated with gold nanoparticles along the M13 phage, and also the addition

of gold ions followed by the reducing agent, sodium borohydride, also results gold

nanowires with gold nanoparticles nucleated on the surface of M13 phage. The Au

nanowires were composed of 5-7 nm Au nanoparticles that had been nucleated onto p8#9

Au binding sites (Fig. 3.1)26. The results demonstrated the specificity of the p8#9 phage

as an excellent gold binder, but some limitations to make continuous and homogeneous

gold nanowires still remained: the gold nanowires from this methods end up with

nanowires composed of discrete gold nanoparticles along the phage, which is a collection

of gold nanoparticles along one-dimensional biological template, and due to the fast

reduction from the strong reducing agent, there were significant population of free gold

nanoparticles outside of the p8#9 phage.



In this study, in order to make continuous nanowires and increase the yield of

nanowires formed while decreasing the amount of extraneous nanoparticles, a mild

reducing agent (ascorbic acid) was selected to suppress the fast reduction of Au 3 ions to

Au nanoparticles and the precursors were incubated with the phage solution before the

reduction. P8#9 phage does not only attract Au3+ ions, but also partially reduce Au3+ ions

(yellow) to Au* ions (colorless) as occurs in amine group supported Au reduction

systems. The partial reduction of Au3 * ions via templating onto the p8#9 phage

minimized the population of free Au3+or Au* ions in solution, and then subsequent

introduction of ascorbic acid completed the formation of continuous Au nanowires shown

in Fig. 3.2(a). These nanowires exhibit a continuous structure with a very rough surface

that can be smoothened (Fig. 3.2(b)) by adding Ag* ions immediately after introducing

the reducing agent. The addition of Ag* ions not only resulted in well-defined nanowire

structure with less branched connection but also reduced the time for the preparation of

Au nanowires, so we concluded that the Ag ions catalyzed the formation of Au

nanowires. Using this sequential reduction of Au3+ ions with a mild reducing agent, the

population of free Au nanoparticles was significantly decreased, however, the nanowires

could not be easily separated and showed non-uniform structures locally.



Materials: p8#9 phage (4 x 109 pfu/mL) in TBS buffer, Hydrogen

tetrachloroaurate (III) trihydrate (HAuCl4 3H20), Alfa Aesar, Au 49.5%, L- (+)

Ascorbic Acid Powder, J.T. Baker, Silver nitrate (AgNO 3), Alfa Aesar Ag 63%

Experimental procedures

Au nanowires: 1 mL of 10 mM aqueous Au3* ions were introduced to the

mixture of 20 mL of p8#9 phage and 50 mL of de-ionized water and gently mixed

in a horizontal shaker at room temperature for 30 minutes. Solution was shaken

for another five minutes after the addition of 0.6 mL of 0.1 M L-ascorbic acid and

then kept in static condition at 50 *C oven for overnight.

Au nanowires from Ag assisted growth: nanowires prepared with the same

incubation and growth step from that of Au nanowires except that 0.2 mL of 10

mM aqueous Ag* ions introduced right after the ascorbic acid.



3-3. Synthesis of Au nanowires from a surfactant-mediated biomineralization

The introduction of CTAB (Cetyl trimethylammonium bromide), a widely used

surfactant for the synthesis of Au nanoparticles, to our p8#9 phage synthesis improved

the surface uniformity of Au nanowires. CTAB is water-soluble and is also compatible

with p8#9 phage, which is not easily stabilized in organic and alcohol solvents. A

simplified schematic diagram over the reaction time frame from 0 to 9 hours is available

in Fig. 3.3. Using a surfactant-mediated synthesis technique, p8#9 phage was dispersed in

CTAB solution, and Au3+ ions were then added to the mixture. Because the interaction

between the Au3 * ions and p8#9 is sufficiently strong, the ions can penetrate the

surfactant layer surrounding the phage and bind to its surface to make a solid nanowire.

During the incubation of Au 3+ ions, the partial reduction from Au3+ ions to Au* ions also

occurred with time and was confirmed both by the solution color change and UV-Vis

absorption peak. The templated Au+ ions were then further reduced by ascorbic acid and

Ag+ ions subsequently at static condition. After within thirty minutes, the nucleation of

Au nanoparticles initiated and the solution color started to turn pale pink from colorless.

The progress of nanowire growth was easy to observe via color changes in the solutions

that arise due to changes in the oxidation states (Au3+ to Au*) during the incubation stage,

followed by the surface plasmon resonance peak of the Au colloid solution from the Au

nanoparticles forming Au nanowires during the growth stage (Fig. 3.4).

The color change observed was also confirmed by UV-Vis absorption spectra in

Fig. 3.5. Each curve is labeled with yellow solution, after incubation, Au nanoparticles,

and Au nanowires respectively. As shown in Fig. 3.5(a), the yellow solution after the

addition of Au3+ ions into the phage solution dispersed in CTAB showed strong



absorption around 400 nm, and after the three-hour incubation, any obvious absorption

from the colorless solution was not detected. With the addition of ascorbic acid with Ag*

ions, strong absorption from the spherical Au nanoparticles around 520 nm appeared and

the peak became weakened and broadened with the formation of Au nanowires. The Au

nanowires absorbed light with wavelength larger than 600 nm and the absorbance

increases to longer wavelength until 1100 nm, which is the limitation of the instrument of

initial UV-Vis spectrometer. Further measurements also show continuous increase of

light absorption up to 1800 nm in solution phase (3.5(b)). The gradual increase of light

absorption from inorganic nanowires distinguishes from any chemical infrared absorption

exhibiting sharp absorption peaks. The average length of Au nanowires is about 5

micrometers, and the aspect ratios are at least 20, so based on the formula calculated for

one-dimensional structure with increased aspect ratio, the existence of characteristic

absorption peak at longer wavelength is expected even though these Au nanowires are

not as straight as nanorods.

The advantage of using p8#9 soft templates for the preparation of Au nanowires is

the production of homogeneous Au nanowires obviating the need for size selection or

separation of other products such as short rods and particles. For the preparation of

Scanning Electron Microscopy (SEM) image, as-prepare Au nanowires were collected

after centrifugation at 7,000 rpm for ten minutes. Au nanowires, obtained as a thin film

inside of the centrifuge cell were dried at ambient condition and transferred to carbon

coating on SEM sample holder. The Au nanowires then further treated with thin Pt

coating to prevent charging problems during the imaging. The meshwork of nanowires

(Fig. 3.6(a) and (b)) has an undulating structure with well-developed pores between them.



To check the nanowire morphologies in detail, as-prepared Au nanowires without

any purification step were imaged with Transmission Electron Microscopy (TEM). Due

to the existence of surfactant molecules on the surface of Au nanowires, the precipitated

Au nanowires were easily dispersed into the solution after vortexing (Fig. 3.4). For TEM

images, samples were taken from the solution and casted to carbon-coated copper grids

before and after vortex. Figure 3.6(c) is a TEM image from the nanowire precipitates

showing entangled Au nanowires. Figure 3.6(d) is the TEM image from the

homogeneous solution after vortexing showing discrete Au nanowire with a uniform

diameter and dimensions of approximately 30 nm in diameter and 5 micrometer in length.

The length is about five times the length of the M13 phage, which we believe resulted

from the interaction between M13 phage and the surfactant during the mineralization.

The high-resolution TEM analysis confirmed the crystalline structure of the nanowires:

single crystalline (Fig. 3.6(e)) and polycrystalline (Fig. 3.6(f)) domains alternate within a

nanowire. This rippled structure suggests the formation of Au nanowires that arose from

the smoothening of Au nanoparticles along the phage. This growth mechanism is

substantiated by the early TEM images (Fig. 3.3 lower) taken at different reaction times

during nanowire growth with 40 nm in diameter. Furthermore, the pale pink color of the

solution (Fig. 3.4) during the first step of growth, the nucleation of nanoparticles and the

UV-Vis absorption peak around 520 nm (Fig. 3.5) all changed with the formation of

continuous nanowires.

Materials: p8#9 phage (3.5 x 1010 pfu/mL) in TBS buffer, 10 mM hydrated

hydrogen tetrachloroaurate (HAuCl4-3H 20), 0.1 M L-ascorbic acid, 10 mM silver



nitrate (AgNO 3), and 0.1 M CTAB (Cetyl trimethylammonium bromide,

Molecular Biology Grade, Calbiochem)

Experimental procedures

This is the protocol for the preparation of Au nanowires with 40 nm diameter

sizes. Firstly, 0.1 M of CTAB solution is prepared by heating the solution around

30 'C with stirring. In a 50 mL plastic falcon tube, 15 mL of 0.1 M CTAB, 10 mL

of de-ionized water, and with 10 mL of p8#9 dispersed in TBS buffer were added

sequentially. The whole solution was mixed with a short vortex for 5 to 10

seconds. For starting the incubation and templating, 1 mL of 10 mM of Au3 +

aqueous solution was injected to the resultant mixture of phage and CTAB and

the whole solution was gently shaken for three hours at room temperature. During

the incubation, the initial yellow color became paler with incubation and finally a

colorless solution was prepared. The solution was then further reduced by the

addition of 0.3 mL of 0.1 M ascorbic acid and 0.15 mL of 10 mM Ag* solution,

and kept in room temperature for another six hours or more without agitation.

After the formation of Au nanowires, the solution is stable at room

temperature without any purification, but for collecting nanowires as powder,

solution was spun at 3200 rpm for 15 minutes with centrifugation.

Due to the concentration errors for counting the M13 plaques from titer

plates, there exists some shift in diameter sizes, but the uniformity of nanowires is

maintained.



3-4. Control of diameter size of Au nanowires

To exploit the unique properties of nanowires, which is strongly dependent upon

the dimensions (the size and the aspect ratio), the uniformity of nanowires is firstly

required. The uniformity of as-prepared Au nanowires was confirmed from the low

magnification TEM and SEM analysis. To further investigate the size-dependent

properties of nanowires, Au nanowires with different diameter size and with narrow size

distribution were successfully prepared by changing the concentration of phage, CTAB,

and Au3" precursors. The average diameter sizes of Au nanowires were controlled from

10 nm to 50 nm (Fig. 3.7) in increments of 5 and 10 nm throughout the range. The

experimental procedure is almost the same with that of 40 nm Au nanowires described

later this section, and the detailed information is summarized in Table 3-1. The

reproducibility of Au nanowires here is affected by the concentration of p8#9, which is

usually determined by counting the active colonies from the power dilution of original

phage solution after each amplification, so it is possible to see a shift in mean-diameter-

sizes in the synthesis from different p8#9 phage solution, but the homogeneity and the

distribution of diameter size are maintained with on a phage solution. The TEM images

shown in Fig. 3.7 were prepared from six different reactions to control the diameter sizes,

and the average diameter obtained from the statistical calculation deviated slightly from

the protocol. The average diameters of each sample in Fig. 3.7 are 9, 18, 24, 31, 38, and

50 nm from the protocol for the preparation methods of 10, 20, 25, 30, 40, and 50 nm,

respectively. The histograms for the size distribution of diameter of Au nanowires are

also available in Fig. 3.7. The diameter sizes of synthesized Au nanowires from the

change in reactant solution shown in Table 3.1 usually results in a shift less than 3 nm in



average diameter size with similar size distribution due to the errors in phage

concentration from the colony counting after each amplification step. The average

diameter of each sample was determined using statistical methods after measuring the

diameter of Au nanowires at more than 500 positions, where the zone axis can be

defined.

The diameter of Au nanowires was thickened from 10 nm to 30 nm by changing

the concentration of Au, CTAB and ascorbic acid, but there was a limitation to increase

the diameter size over 30 nm. In this surfactant mediated bio-mineralization, decreasing

the number of templates does not increase the diameter sizes as in general synthesis with

templates. Moreover, as seen in Fig. 3.8(a), reducing the phage concentration to 10% of

the original protocol resulted in small nanoparticles along the phage structure instead of

continuous nanowires. The Au nanowires of larger than 35 nm diameters were formed

when we doubled the concentration of phage solution while keeping the other reactants

almost unchanged. We therefore concluded that a single M13 phage does not become a

nanowire with larger diameter, but rather more than one M13 phage layered and

conglomerated with Au 3 ions to produce a larger Au nanowire in this surfactant

mediated system.



3-5. Control experiments from different M13 phages and different reaction

conditions

As explained in previous chapter, the Au-binding M13 phage, the p8#9, resulted

very homogeneous Au nanowires without size selection or separation. The p8#9 template

also resulted in long-term stability of as-synthesized nanowires, which distinguishes these

Au nanowires from unstable intermediate nanowires or network structures observed

during the Au nanoparticle synthesis. Au nano-chains and networks can be prepared

when the ions were reduced in citrate solution, but the structures are susceptible to break

down to Au nanoparticles with time. Au nanorods after each synthesis is washed and

collected before any un-reacted ions disrupt the structure or the uniformity. The particle

size distribution of Au nanorods, prepared in the lab as a preliminary experiment for the

Au nanowires, actually became worse with time when they were not washed after the

synthesis and stored at room temperature. After a month, there were more nanoparticles

with an ellipsoidal structure than nanorods. However, as-prepared Au nanowires in

solution were stable in morphology and homogeneity more than six months at room

temperature.

The advantage of p8#9 phage as a selective template for the preparation of Au

nanowires over other genetically engineered M13 bacteriophage was confirmed with

control experiments. There is a report for the preparation of nanowire structure from wild

type M13 phage due to the various amino acids already exited on the surface of M13

coat. Moreover, both Au ions and metals have good affinity toward amine and thiol

(-SH) groups, it is necessary to compare with other M13 bacteriophage as a possible



template for Au nanowires. The same experimental procedure was done with two

different M13 bacteriophages, one with pure filamentous structure without extra DNA

insertion for specificity (wild type, M13 KE), and the other with more negative charges

(E4 phage, four glutamates on N terminus of p8). IX TBS (Tris-Buffered Saline) was

also tested in the same reaction condition because it was the dispersion medium for the

p8#9, M13KE, and E4 phage used above. M13 phage without Au binding peptides

(M13KE and E4 phage) were found to nucleate Au nanoparticles (Fig. 3.8(b) and (c)),

but the structures were random in size and shape, and distribution of nanoparticles also

varied due to the lack of specificity to bind Au 3 ions. The nanoparticles associated with

M13KE and E4 assisted growth were smaller in size than in TBS because of the presence

of nucleation sites on the M13 phage. The TEM images of Au nanoparticles prepared

from E4, M13KE, and buffer solution are presented in Fig. 3.8.



3-6. Conversion efficiency of Au ions to Au nanowires

The conversion efficiency, so-called yield of the synthesis is very important for

the synthesis of Au or other noble metal nano-materials, because the materials are

expensive and supply-limited. Achieving the highest yields could facilitate the

application of noble metal nano-materials in real devices. For the nanorods, the yield of

Au nanorods from the silver-ion assisted growth was about 20 % in Murphy's synthesis

using the weak reducing agent, ascorbic acid2 1 . Nikoobakht and El-Sayed's approached

of 99% of Au nanorods by modifying the seed capping agent from citrate to CTAB, but

the aspect ratios in their synthesis were up to 5 in CTAB surfactant and up to 8 in a

binary surfactant mixture with benzyldimethylammoniumchloride (BDAC), which is

more hydrophobic than CTAB2 7. For the nanowires from chemical synthetic methods,

yield has not been addressed much yet, but Xia and coworkers reported that the

introduction of Ag nanoparticles increased the yield from 20% to about 70% in the

synthesis of Au nanowires from elevated temperature in organic solvent' 8 .

The specific binding affinity of p8#9 clone enabled us not only to synthesize

homogeneous nanowires through a straightforward technique, but also to increase the

conversion efficiency of Au3 * ions to micron length Au nanowires to an unprecedented

degree. UV-Vis spectroscopy and Inductively Coupled Plasma Optical Emission

Spectroscopy (ICP-OES) were used to quantify the amount of Au ions converted into

nanowires in the synthesis using p8#9 phage and nanoparticles using other templates such

as E4 phage, wild type M13 phage, and TBS buffer.

The final solutions of Au nanowires (p8#9) and nanoparticles (other genes and

TBS) from each experimental set were separated after centrifugation at 5,000 rpm for 7
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minutes, and each of the supernatant solution was transferred to another clean tube. Un-

reacted Au ions remaining in the supernatant solution were reduced to Au by adding 1 M

sodium borohydride solution. A pink to violet color, which suggests the presence of Au

ions, appeared within a minute in all solutions except the supernatant solution associated

with the p8#9 phage, which showed no significant absorption over the entire UV-Vis

spectrum. The as-prepared Au nanowires and Au nanoparticles were collected from each

experimental set and were digested with aqua regia (a mixture of hydrochloric acid and

nitric acid) for two days. The amount of Au products in each sample was analyzed with

inductively coupled plasma optical emission spectroscopy (ICP-OES) and the results are

summarized in Table 3-2. The conversion efficiency of Au 3 ions to Au nanowires using

p8#9 phage template assisted synthesis was found to be greater than 98%, and 44%, 31%,

and 27% for E4 phage, wild type phage, and TBS buffer solution, respectively.



3-7. Confirmation of Au nanowire structure

As-prepared Au nanowires can be transferred as a thin film onto various

substrates using polymeric membrane filter, which is soluble in acetone. As seen in

Figure 3.9, the Au nanowire solution after the synthesis was transferred to the filtration

funnel with de-ionized water (Fig. 3.9(b)). Because the solution contains extra salts from

precursor and buffer solution, nanowires were washed with excess water before stamping

onto a substrate. The Au nanowires collected on the white membrane filter (Fig. 3.9(c))

can be transferred to various substrates such as polycrystalline Au (Fig. 3.9(d)) and ITO

(Indium Tin Oxide) glass (Fig. 3.9(e)) by stamping the nanowire film followed by

removal of polymer membrane with excess acetone in static condition.

To confirm the structure of Au nanowires from X-ray Diffraction (XRD), the Au

nanowire film was transferred onto an amorphous glass substrate. Figure 3.10(a)

represents the XRD data matches the JCPDS data of pure Au, but the Energy Dispersive

X-ray spectroscopy (EDX) revealed the existence of Ag atoms in the Au nanowires as

seen in Fig. 3.10(b). The Ag atoms showed a similar pattern with Au atoms, so where

the Au is highly concentrated, the Ag is also highly concentrated. Because both Au and

Ag have face centered cubic structure and the lattice parameters of them are fairly

similar, it is not easy to distinguish them from XRD analysis. Ag atoms, initially

introduced to expedite the reaction, were found to be involved in nanowire structure, so

the Au nanowires reported here are not pure Au nanowires but a mixture of Au-Ag with

about 10% atomic content Ag2 8. Au-Ag nanoparticles with a core-shell structure usually

exhibit two characteristic plasmon bands absorption with intensities corresponding the

thickness of the shell, the nanowires here were found to be an alloy.



3-8. Role of Ag in the synthesis of Au nanowires

The role of Ag ions in the synthesis of Au nanorods both in electrochemical

methods and seeded growths method is still not clear even though the synthetic methods

are well established and easily reproducible. Nevertheless, the existence of Ag ions in the

preparation of Au nanowires is an important factor in controlling the aspect ratio and the

synthetic yields of Au nanorods. In the electrochemical synthesis, the length of the

nanorods strongly depends on the concentration and the release rate of Ag ions into the

system. In the seeded growth method for the preparation of Au nanorods, the addition of

Ag ions in the form of AgNO 3 influences the yield, aspect ratio, and the crystal structure

even though the mechanism is not yet elucidated. In a simple case, the increase in Ag

concentration resulted Au nanorods with high aspect ratios until they reach the critical

concentration limit to reduce the aspect ratio again. Murphy and coworkers could

increase the yield of rods up to 50 % by adopting Ag ions in their initial procedure for the

long nanorods29.

The addition of Ag ions in these Au nanowires were initially for improving the

surface structure of pure Au nanowires prepared without surfactant (Fig. 3.2), but it also

reduced the reaction time to initiate changes in solution color implying the formation of

Au nanoparticles. For the synthesis of Au nanowires (especially with CTAB stabilized

ones), the existence of Ag is critical to obtain continuous nanowire structure, and

moreover, the sequence of Ag solution introduction varied the final product as

nanoparticles, nanorods, or nanowires. In a typical seed-mediated Au nanorod synthesis,

CTAB, water, Au ions, Ag ions, ascorbic acids are mixed in order, and the addition of

seed starts the reaction. However, in our Au nanowire synthesis, the sequence is slightly



different: in the incubation stage, CTAB, water, phage and Au ions were mixed with a

short vortex and the resultant mixture was incubated for three hours. Ascorbic acid and

Ag ions were introduced later to the solution in the growth stage one after another

(ascorbic acid and the Ag).

The additional sequence of ascorbic acid and Ag ions to the incubated solution

determines the final structure. When the Ag ions were introduced prior to the ascorbic

acid like in the normal Au nanorod synthesis, short rods will agglomerate together on the

surface of p8#9 phage as shown in Fig 3.11 (a) and (b). The individual particle appeared

to be uniform in size, but the secondary structure formed an entangled mat. Early TEM

image (Fig. 3.11(c)) revealed the initial structure as discrete nanowires with aligned short

rods, but free nanoparticles not templated on the phage were observed. When the sample

was prepared without Ag ions, formation of spherical nanoparticles and ellipsoidal short

rods dominated, and the uniformity of the final nanoparticle was greatly decreased (Fig

3.11(d)).



3-9. Preliminary experiment of Au nanowires for the electrocatalysis

For testing the activity of as prepare Au nanowires, the nanowire solution was

cleaned with de-ionized water for three times to remove excess surfactant and salts in the

solution. The concentrations of Au nanowires were confirmed with ICP-OES, and the

concentration of final aqueous solutions were around 150 ppm (pg/mL). For the

preparation of working electrodes, 20 ptL solution of the Au nanowire suspension in

Milli-Q water was applied onto a glassy carbon disk electrode (0.196 cm2 geometrical

surface area) substrate at an Au nanowire loading of a several pg (Table 3). After

evaporating the solvent, the deposited Au nanowires thin film was covered with 15 1iL of

0.05 wt% Nafion* solution to attach the Au nanowires to the glassy carbon disk. The

electrode was then dried under air atmosphere with a cover glass and transferred to the

electrochemical cell in Ar saturated 0.1 M KOH electrolyte.

The electrochemical studies were carried out in a three-electrode cell using a

saturated calomel electrode (SCE) as the reference and a platinum wire as the counter

electrode. The electrochemical measurements were conducted by using a voltamaster

potentiostat (Radiometer analytical, France). All potentials, however, are referenced to the

reversible hydrogen electrode potential, calibrated via the hydrogen oxidation/reduction

reaction on a pure Pt rotating disk electrode in the same cell and electrolyte at the same

temperature. For CO oxidation, cyclic voltammetry (CV) was conducted at a scan rate of

20 mV/s in Argon purged 0.1 M KOH electrolyte and the continuous oxidation of CO

was measured in CO saturated 0.1 M KOH after bubbling CO for 25 min. In the rotating

disk electrode (RDE) experiments, the working electrode was rotated in the range of 100



- 2500 rpm using a PINE Instruments AFMSRCE rotator. The electrode potential was

maintained at -0.20 V 29 for 1 min prior to recording the positive potential sweep.

Au nanowires attached to a glassy carbon rotating disk electrode (RDE) without

surface engineering were found to be very active for CO electro-oxidation in CO-

saturated 0.1 M KOH solution (Fig. 3.12(a)). In the same condition, negligible current

was detected for Au nanowire itself in Ar saturated 0.1 M KOH nor GCE alone.

To compare the activities of nanowires more quantitatively, the electrochemically

active surface area was also calculated: Cyclic voltammograms of nanowires in Fig.

3.12(c) show that increasing potential in the Argon (Ar) saturated 0.1 M KOH solution in

the positive sweep led to increasing current in the cyclic voltammogram, which is

associated with adsorption of oxygenated species and the formation of oxides on the Au

nanowires surfaces at potentials greater than -0.85 V and -1.25 V vs. RHE, respectively.

In the negative sweep, surface oxides were reduced as indicated by a single reduction

peak in the cathodic potential scan at ~1.05 V vs. RHE. The charges associated with

oxide reduction on nanowires were obtained from integrating current in the CV data,

where double layer current was subtracted, as shown in Fig. 3.12(c) 78 ptC, 65 pC, and

45 ptC for Au nanowires of 15, 30, and 40 nm, respectively. Based on 400 pC/cm2 Au for

surface oxide reduction reported previously, the electrochemical surface areas (ESA)

were calculated to be 0.2 cm 2, 0.16 cm2, and 0.11 cm 2 for Au nanowires of 15, 30, and 40

nm, respectively. Cyclic voltammograms with current normalized to Au ESA are shown

in Fig. 3.12(b).

For 02 reduction reaction, all CV measurements were conducted in Ar saturated

0.1 M KOH solution with 02 saturated reduction conditions.



3-10. Electrocatalytic activities of size controlled Au nanowires for CO

oxidation reaction

To test the utility of these nanowires as electrocatalysts, for fuel cell applications,

we measured the electro-catalytic activity of Au nanowires of 15, 30 and 40 nm diameter

sizes for the electro-oxidation of CO molecules (Fig. 3.13). Intrinsic activity of Au

nanowires with different diameters was compared in RDE measurements, where the

current density (normalized to RDE geometric area) for bulk CO electro-oxidation at

different rotation rates are shown in Fig. 3.13(a)-(c), displaying a mixed kinetic-diffusion

controlled current from ~ 0.4 V to 1.2 V vs. RHE. In the positive-going sweep, the CO

oxidation current initiates at - 0.4 to 0.6 V, reaching a maximum at ~ 0.8 to 1.0 V; at

higher potentials, the increasing coverage with surface oxides/hydroxides (OHad) leads to

a decrease in CO electro-oxidation activity, as was observed previously for Au (100)

single crystal surfaces30 . Subsequently, the gradual reduction of surface oxides in the

negative-going potential scan leads to high CO oxidation currents, which are diffusion-

controlled and thus strongly dependent on rotation rate30 31

The mass activity and specific activity are calculated from the Koutecky-Levich

analysis (Fig. 3.14). Geometric RDE current density (mA/cm2geo) consists of kinetic and

diffusion components, ik and id, respectively. The Koutecky-Levich plots (i' vs o0-1/2) at

four different potentials 1.02, 1.20 V vs. RHE in the positive sweep and 0.80 and 0.60 V

vs. RHE in the negative sweep are shown in Fig. 3.13(d)-(f), where the simplified

1 1 1
equation is as followed. -= -+

i i Bcow 1/ 2



The intrinsic activity of Au nanowires for bulk CO electro-oxidation in terms of

kinetic current per electrochemically active surface area (ESA) of Au in the positive-

going sweep is shown in Fig. 3.14(c), where kinetic currents were extracted from the

RDE data by means of a Koutecky-Levich analysis and the ESA of Au nanowires was

obtained from cyclic voltammetry32 . The intrinsic activity, i.e., the activity normalized to

the electrochemically active Au surface area, for CO oxidation on Au nanowires of 40

nm is much greater than those of Au nanowires with diameters of 15 nm and 30 nm as

indicated by their much higher kinetic current density at voltages lower than 1.1 V vs.

RHE (Fig. 3.14(c)). For example, at 0.6 V vs. RHE, a CO electro-oxidation current of

21.20 mA/cm Au was observed for 40 nm Au nanowires, while much lower values of ~

0.08 mA/cm2Au were found for Au nanowires of 15 and 30 nm.

Gold bulk surfaces are very active for CO electro-oxidation, and it is of particular

interest to examine and compare the activity of Au nanowires to that of bulk A3133,34*

The intrinsic activity for CO electro-oxidation on Au nanowires of 40 nm is comparable

to that of low-index single-crystal Au surfaces under similar conditions; for example, at

0.5 V, the 40 nm diameter Au nanowires yield -0.3 mA/cm2Au (Fig. 5d), while current

densities of -0.1, -0.3, and -0.7 mA/cm 2Au are obtained for Au (110), Au (100), and Au

(111), respectively31 . The CO electro-oxidation activity of Au nanowires may be

compared to the heterogeneously catalyzed gas-phase oxidation of CO with 02 on Au-

based catalysts dispersed in a CO and 02 saturated water at room temperature. There, the

maximum observed CO oxidation TOF (turnover frequency) was reported to be 5.4 s-1,

which is significantly smaller than the highest TOFs of 11 to 14 s-1 obtained for the

electro-oxidation of CO on the most active 40 nm Au nanowires in the potential range



between 0.85 and 1.15 RHE3 5 . The synthesized Au nanowires could be applied to the

development of anode catalysts for the electro-oxidation of methanol in direct methanol

fuel cells, for fuel cells running on CO contaminated industrial hydrogen, where CO

removal via electro-oxidation is desired, or for fuel cells running on pure CO as

suggested before'0 .

The activities and specific value of electrochemical study are available in Table 3-

3.
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3-11. Electrocatalytic activities of size-controlled Au nanowires for 02

reduction reaction (ORR)

After confirming the activities of Au nanowires in CO oxidation, we also

measured the electro-catalytic activity of Au nanowires of 15, 30 and 40 nm diameter

sizes for the electro-reduction of 02 molecules. There are two different reaction pathways

for reducing 02 molecules in fuel cells. Direct pathway results water molecule without

making hydrogen peroxide (H20 2), the intermediate species, and is known to as 4-e-

process 36. The other pathway is interactive serial reaction of 02 molecules to hydrogen

peroxide followed by further oxidation of hydrogen peroxide to water molecules. This

process is considered a less efficient way of reduction due to the possible contamination

of catalysts from the adsorbed hydrogen peroxide and retarded kinetics that went through

the multi-step 2-e- process. Au is generally known to be involved in 2-e- process and Pt is

the most efficient 4-e- process catalyst for the direct reduction of 02. Here we tested three

Au nanowires with three different diameter sizes, 15, 30, and 40 nm to investigate the

size effect of catalysts that could propose any possible applications of Au nanowires as

for fuel cell cathodes. Figure 3.15 shows the onset potentials of Au nanowires for ORR at

rotating speed 1600 rpm in alkaline solution. Currents were not normalized to the surface

area or the mass of Au nanowires, but the potential shifts toward favorable direction

(0.9V vs. RHE) when the nanowire size decreases. However, the potential value is not in

the working potential of commercial fuel cells, so the Au nanowires are not suitable for

feasible applications so far.



3-12. Conclusion

M13 phage with specific Au binding sequences on the p8 body, p8#9 phage, was

utilized as a template for the preparation of Au nanowires in a facile way. The specific

interaction between the Au ions and the p8#9 resulted in homogeneous Au nanowires in

CTAB solution. This surfactant mediated bio-mineralization of M13 phage enabled us to

prepare Au nanowires with uniform diameter, which is tuned from 10 nm to 50 nm with 5

to 10 nm differences. Another virtue of this template is the production of very high yield

of Au nanowires from precursor ions at low temperature. These micron-length Au

nanowires are expected to have NIR absorption, which makes the materials a promising

optical component, and we also confirmed one possible application of the Au nanowires

for CO oxidation in low temperature fuel cells.
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Figure 3.1 TEM images of Au nanowires26. M13 phage with specific Au binding sequence was
utilized as a template for the preparation of Au nanowires. The nucleation of Au nanoparticles on
the surface of M13 filamentous virus resulted in 1 micron-meter length nanowires at room
temperature.
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Figure 3.2 TEM images of Au nanowires with free surfaces. The incubation p8#9 and Au ions
followed by the addition of mild reducing agent resulted in continuous Au nanowires. The as-
prepared Au nanowires showed rough surfaces (a and b), but the addition of Ag ions during the
reaction improved the surface roughness (c and d).
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Figure 3.3 Schematic diagram for the preparation of Au nanowires from surfactant-
mediated biomineralization. The preparation of Au nanowires is summarized as three different
reaction stages: incubation, reduction, and growth. P8#9 phage was dispersed into the CTAB
solution and Au precursors were introduced to the mixture. The resultant solution was then further
incubated for three hours at room temperature. During the incubation, the Au3+ ions were
gradually attached to the surface of p8#9 phage and partially reduced to Au+ ions simultaneously.
Additional reduction was done by the addition of ascorbic acid and silver ions sequentially. After
half hour, nucleation of spherical nanoparticle initiated, and the TEM analysis from this point
showed small nanoparticles in a short chain. With time, the population of Au nanoparticles
increased and the chain lengths were also increased. At a certain point, the continuous Au
nanowires were observed and finally the formation of Au nanowires was completed within six
hours.
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Figure 3.4 Pictures of solution taken at different reaction stages. Solutions were taken from
the reaction medium to compare the color at various reaction time frames. During the incubation,
the mixing of Aus+ ions with p8#9 dispersed in CTAB solution resulted in deep orange color (0h).
The color gradually became pale yellow as Au3' ions were templated to M13 phage and finally
turned colorless (Au* at 3 hours). When the solution was further reduced by ascorbic acids and
silver ions, the growth of Au nanowires initiated with the nucleation of spherical Au nanoparticles
(pink solution). The pale pink color got deeper with time, and finally the deep violet precipitates,
the Au nanowires, were observed in the bottom of reaction tube. The precipitates are easily
dispersed into a homogeneous solution with vortex due to the existence of CTAB layer on the
surface of Au nanowires.
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Figure 3.5 UV-Vis and NIR absorption data of Au nanowires. (a) UV-Vis absorption spectra
were measured from the solutions shown in Fig. 3.4. After the addition of Aua+ precursor to the
phage dispersion in CTAB, strong absorption peak around 400 nm appeared labeled as yellow
solution. The solution color became paler with incubation, and any distinguishable absorption
peak was observed from the colorless solution labeled as after incubation. With the addition of
ascorbic acid and Ag+ ions, strong plasmon absorption peak appeared around 520 nm indicating
the formation of spherical Au nanoparticles. The peak from the Au nanoparticles decreased and
broadened, and new absorption phenomena appeared with the formation of continuous Au
nanowires. As shown both in (a) and (b), the Au nanowires absorb light with wavelength longer
than 600 nm and the absorbance increases to 1800 nm. The noise around 1400 nm came from
the device setting.



Figure 3.6 SEM and TEM images of Au nanowires. As-dried Au nanowires were uniform
without any big particles in the images taken by SEM (a and b) and low-resolution TEM (c). The
aggregated Au nanowires shown in (c) were imaged after casting the nanowires from the
precipitates in static condition. (d) The discrete Au nanowires were imaged from the Au nanowire
solution after vortex. Au nanowires showed crystalline structure with alternating single crystalline
(e) and poly crystalline (f) domains.



(a) 200-

100-

so-

(b) 20

500

ISO

100

so-

Si Obo,.le

SlW% d0ulo (B)

ledsaluon (f)

d iaea nl
Figure 3.7 TEM images and the size distributions of Au nanowires with different diameters.
Au nanowires with various diameter sizes were prepared by changing the concentration of phage,
CTAB, and precursors. The TEM images were taken at a same magnification at 41,OOOX to
compare the sizes. Due to the surface roughness between smaller crystalline domains in the
nanowires, the nanowires show deviations. The average diameter sizes with the standard
deviations are (a) 9±1.3 nm, (b) 18±2.7 nm, (c) 24±4.1 nm, (d) 31±3.8 nm, (e) 38±4.0 nm, and (f)
504.8 nm.
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Figure 3.8 TEM images of Au nanoparticles prepared from control experiments. (a)
Reducing the concentration of phage template to 10% resulted in Au nanoparticles along the
phage structure instead of nanowires. (b) E4 phage of four-glutamate functionality produced
random nanoparticles in sizes and distributions. (c) The wild type M13 phage (M13KE) also
produced Au nanoparticles, which are smaller than other cases, but filamentous structure from
the phage was not observed. (d) Due to the absence of nucleation sites from M13 phage, the Au
nanoparticles prepared from the TBS buffer were much bigger than other particles.



(al
(c)

Au nanowire
solution

(d)

Au nanow re film
on polycrystaillne

Au nanowires
on membrane

Au naowire film
on ITO glass

Figure 3.9 Preparation of Au nanowire film on a substrate. The as-prepared Au nanowires
dispersed in water can be transferred to a thin film on various substrates. (a) Au nanowire
solution after the vortex was diluted with additional de-ionized water. (b) Nanowire solution was
transferred to filtration unit with membrane filter between the glass funnel and the adaptor, and
the aspirator slowly pulled down the nanowire solution and the nanowires remained on top of the
membrane filter. (c) Au nanowires were collected as a circle on white membrane filter. Au
nanowires attached to membrane filter was transferred to (d) polycrystalline Au substrate or (e)
ITO glass by dissolving the polymer membrane filter with excess acetone.
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Figure 3.10 XRD and EDX result of Au nanowires. (a) The X-ray Diffraction result was
matched with pure Au in JCPDS data with FCC (face-centered-cubic) structure. (b) Energy
dispersive X-ray spectroscopy exhibited the existence of Ag atoms in nanowires. The distribution
of Ag atoms in the nanowire structure was uniform and from the point analysis, the concentration
was found to be similar with the amount of Ag added during the synthesis of nanowires.
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Figure 3.11 TEM images from controlled Ag experiments. When the Ag ions were introduced
to the incubated solution before the addition of ascorbic acid, different structure was obtained: (a)
Low-resolution TEM image shows entangled bundle structure of Au nanoparticles along phage
length, (b) the individual particle looked similar in size and shape. At very early stage of particle
growth, the templated structure of Au nanoparticles along the phage length was more precisely
imaged (c). (d) When the sample was prepared without Ag ions, the structure looked very similar
with the others.
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Figure 3.12 CV result of Au nanowires as preliminary experiment. (a) Cyclic voltammograms
of CO oxidation with 40 nm Au nanowires/GCE in the absence (black solid) of CO and with
saturated CO (red solid) in 0.1 M KOH solution with a sweep rate of 20 mV/s at a rotational speed
of 2500 rpm. The cyclic voltammogram of GCE alone in saturated CO is shown for comparison
(blue dot). (b) Cyclic voltammograms of Au nanowires/GCE with diameters of 15 nm, 30 nm and
40 nm in Ar purged 0.1 M KOH electrolyte at a scan rate of 20 mV/s after normalized to Au
Electrochemical surface area (ESA) calculated from (c) and (d). (c) Cyclic voltammograms of Au
nanowires/GCE with diameters of 15 nm, 30 nm and 40 nm and GCE alone in Ar purged 0.1 M
KOH electrolyte at a scan rate of 20 mV/s, (d) integration of 40 nm Au nanowire reduction peak.
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Figure 3.13 Geometric RDE current density of CO oxidation on Au nanowires with different
diameter sizes. Au nanowires with different average diameters (15 nm, 30 nm, and 40 nm) were
prepared and tested for CO oxidation. Geometric RDE current density of CO oxidation on Au
nanowires/GC with (a) 15 nm, (b) 30 nm, and (c) 40 nm diameter in CO saturated 0.1 M KOH
collected at 20 mV/s. Rotating rates are indicated in figures. Koutecky-Levich plots of (d) 15 nm,
(e) 30 nm and (f) 40 nm Au nanowires from RDE measurements (a-c). Insets: (+) and (-) denote
positive and negative potential sweep directions, respectively.
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Figure 3.14 Activities of Au nanowires for CO oxidation with different diameter sizes. (a)
Mass activities of Au nanowires normalized with Au mass loaded onto the electrode. (b) Specific
activities of Au nanowires with deviation bar. The specific activities were normalized by the
electrochemical surface area (ESA) calculated from Fig. 3.12.
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Figure 3.15 Geometric RDE current for the oxygen reduction reaction on Au nanowires
with different diameter sizes. (a) The onset potential of Au nanowires shifted from 0.6 to 0.8 V
vs. RHE with decreasing diameter sizes at rotation speed 1600 rpm. The Koutecky-Levich plots
suggested that the three Au nanowires underwent oxygen reduction between 2 and 4 electron
process.
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Average CTAB P8#9 AU3+ [M] Ascorbic Ag.[M]
diameter [MI [pfu/mL] acid [M]

50 nm 0.41 9.45 X 109  4.1 X 10-4  8.1 X 10~4 6.1 X 10-5
40 nm 0.41 9.60 X 10g 2.7 X 10-4  8.2 X 10-4 4.1 X 10-5
30 nm 0.41 4.80 X 109  2.7 X 10-4  8.2 X 10- 4.1 X 10-
25 nm 0.48 5.59 X 109  3.2 X 10-4 4.8 X 10-4 4.8 X 10-5
20 nm 0.80 5.59 X 109  3.2 X 10-4 4.8 X 10-4  4.8 X 10-5
10 nm 0.82 5.71 X 109  1.6 X 10-4  2.4 X 10-4  2.4 X 10-5

Table 3-1. Table of concentrations for the preparation of Au nanowires with different
diameter sizes. All the concentration except phage is in M [mol/Liter]. The unit for the phage
concentration, pfu, means plaque-forming unit of M13 phages. The total volume of each synthesis
varied from 30 mL to 38 mL.

Template Product Concentration [ppm] Conversion
Au3 * Au product efficiency [%]

15 nm x 5 um 55 53.9 98
P8#9 30 nm x 5 um 55 54.3 99

40 nm_ x 5 um 55 54.1 98
E4 Nanoparticles 55 24 44

Wild type Nanoparticles 55 17 31
TBS buffer Nanoparticles 55 15 27

Table 3-2. Conversion efficiency of Au" ions to Au nano-structures. P8#9 template converts
more than 98 % of Au ions to Au in Au nanowires. The top three results come from the diameter
controlled nanowires, and the conversion efficiencies from M13 phage with different genes yield
values that are lower than 50 %.

AuNW A / reucon ESA of CO oxidation Activity' @ 0.6 V Activity" @ 0.85 V
AuW GCE rdcin Au onset .

(nm) G charge (cm2Au) potential') 'specific TOF2) ispecific TOF2
)

(pC) (mA/cm 2A) (mA/cm 2Au)

15 3.2 78 0.20 0.64 0.08 0.2 0.62 1.6

30 3.4 65 0.16 0.70 0.08 0.2 0.58 1.5

40 2.4 45 0.11 0.40 1.20 3.1 4.15 10.8
Table 3-3. Summary of the electrocatalytic activities on CO oxidation from Au nanowires of
different diameter sizes. (in CO saturated 0.1 M KOH solution)
1) Potential (V) vs. RHE and positive scan, 1600 rpm, 20 mV/s
2) Turnover frequencies, TOFs (in units of s-1), are calculated from the measured specific current
density (A/cm2 Au) divided by [2.0 x Faraday constant (96485 A-s/mol) x mole of Au surface atoms
per unit area (2 nmolAu/cm Au)].



Chapter 4. Synthesis of Au-Ag alloy nanowires and the applications as Li-ion

battery anodes



4-1. Introduction

The amount of energy stored in the lithium ion battery clearly depends on the

cell's output potential and capacity, which are determined by the thermodynamics and

chemistry of the system. To minimize the reduction of cell voltage and thereby

maximize the energy density, anode materials with very negative potential and high

capacity have been searched for and studied. Metals or inter-metallic compounds that can

be alloyed with lithium are promising candidates due to the high theoretical capacity 2,3.

Major challenges in these materials lie in the mechanical stress related to large volume

changes and structural changes accompanied by lithium uptake and release. This

mechanical stress results in pulverization and rapid capacity fading4, which render these

materials not very practical for prolonged usage. Among those materials capable of

alloying with lithium, silver (Ag) and gold (Au) react with lithium at low voltage5 . Ag

and Au form several alloy phases with lithium and can alloy with a very high percentage

of Li (up to AgLi 9 and Au4 Liis) as shown in Fig. 4.1. However, little is known about the

electrochemical response of Ag and Au with lithium. The available reports are mostly

limited to thin film materials mainly due to the challenges in mechanical stress during the

formation of alloy with Li5'6,7,8. When test electrodes were prepared by a normal

fabrication process from powder, the capacity of Ag electrodes rapidly decays below 100

mAh/g within 10 cycles2 . Although a thin film material can mitigate the stress related

problems, the total energy stored in a thin film battery is not high enough for practical

application due to the limited amount of materials in the thin film.

There is already prevailing evidence that nanostructured materials can improve

the electrochemical properties of electrode materials compared to the bulk counterparts.



One-dimensionally structured nanomaterials such as SnO2 and Si have shown improved

performance as anodes for lithium ion batteries4'9 . In addition to excellent surface activity

provided by the high surface-to-volume ratio, nanowires with small diameter can relieve

mechanical stress associated with the large volume change upon lithiation, as well as

reduce the distance over which Li needs to diffuse.

In this work, we have synthesized nanowires of pure Ag and Au noble metals and

their alloys with control over diameter, morphology and composition using two

independent M13 clones, one each for specificity (p8#9) and versatility (E4). The virus-

enabled synthesis of noble metal nanowires was remarkably facile resulted in high-yield

compared to the traditional methods for making noble metal nanomaterialsl0 .



4-2. M13 phage as nanowire template of specificity and versatility

The inherent structural characteristic of the M13 virus makes this biological

building block an excellent template for the synthesis of various functional nanowires

with small diameter. The wild type filamentous M13 virus has a high aspect ratio with,

approximately, a 6.5-nm diameter and an 880-nm length". Roughly 2700 copies of p8

coat protein self-assemble into the capsid of the wild-type virus, resulting in 5 fold

symmetry along the length of virus. Computational simulation of M13 virus shows that

the closest distance of p8 protein neighbors is around 3 nm 2 . In addition to these

structural advantages, the functionality of subunit proteins of the M13 virus can be

altered through genetic engineering. Previously, the virus has been engineered to display

peptides which have affinity to specific target materials and used to bind, organize and

further nucleate those specific materials 12,13,1. For example, a gold-binding virus was

selected through an evolutionary screening process called biopanning. The M13 virus

with a gold-binding peptide motif (VSGSSPDS) on the p8 major coat protein was named

p8#9 and used for assembling gold nanoparticles 3 . In addition to the biomolecular

recognition of specific materials identified through biopanning, the surface functionality

of M13 virus can be modified independently through genetic engineering. The E4 virus is

a modified M13 virus that has tetraglutamate (EEEE) fused to the amino terminus of each

copy of the p8 major coat protein. Due to the presence of extra carboxylic acid groups

compared with wild type M13 virus (M13KE), the E4 virus exhibited increased ionic

interactions with cations and can serve as a template for materials growth. With this E4

virus, materials specificity was diminished, but versatility was enhanced. Our group

reported successful nanowire synthesis of several functional materials such as Co 30 4 ,



amorphous FePO4 and single crystalline- Ag nanowires on the E4 templatesi 1"6"7 . Here,

we report the facile synthesis and improved electrochemical activity of noble metal and

metal alloy nanowires using multiple virus clones for lithium ion battery anode materials.

The fabrication of nanowires was done on the M13 phage modified with different p8

peptide sequences as shown in Fig. 4.2. The Ag nanowires were prepared from E3/E4

phage with three/four glutamate and all other nanowires with Au and Au-Ag alloy

nanowires were grown on p8#9 phage.



4-3. Ag viral nanowires as anode

Synthesis of pure Ag nanowires was demonstrated in our previous work with E4

virus using spontaneous photo-reduction 7 . The spontaneous reduction produced straight

single crystalline nanowires along the length of the virus, but the product yield was not

high enough for practical application in bulk devices such as battery electrodes. To

increase Ag nanowire yield, a reducing agent, sodium borohydride (NaBH4), was

introduced. The detailed information about the synthesis of viral Ag nanowires is

available at the end of this chapter and detailed information is available in Dr. Yun Jung

Lee's thesis. The clone we used was termed E4. However, upon repeated rounds of

amplification and followed by sequencing, the population of virus was determined to

consist of mixture of three glutamate and four glutamate residues, so it is termed E3/E4.

The From the Transmission Electron Microscopy (TEM) image shown in Fig. 4.3(a),

wavy polycrystalline Ag nanowires with rough surfaces were generated with the

reduction with NaBH 4. The nanowire size was estimated to be 15 nm in diameter. The

different morphology could be associated with the increased nucleation sites from the

NaBH 4 reduction, in contrast to the limited nucleation and specific growth on the seeds

already formed in a self-catalyzed spontaneous reduction. The electrochemical properties

of viral Ag nanowires were tested in the voltage window of 0~2.0 V against lithium foil

in Fig 4.3(b), which shows the first two discharge/charge curves. The viral Ag nanowires

show pseudo-plateaus at 0.08 V and 0.02 V during the lithiation process while the

removal of lithium from the alloy occurred in two steps at 0.14 and 0.3 V, in fairly good

agreement with the previously reported values 6'7 . The plateaus in the potential profile

stem from the two-phase coexistence regions in the phase diagrams. For a two-



component system such as Ag-Li and Au-Li, Gibbs Phase Rule determines the degree of

freedom in a two-phase equilibrium regime as zero which renders the electrode potential

independent of composition. While in principle all two-phase regions in the binary phase

diagram should appear as plateaus, only two alloy phases have been reported to occur

reversibly in the reaction with lithium6'18 . One unknown phase (designated as phase I)

appeared during the first lithiation, however, this phase was still present at the end of the

de-alloying process and hence is considered irreversible6 . Unknown phase II was related

to the plateaus at 0.08 V (alloying) and at 0.3 V (de-alloying) and the AgLi P phase was

associated with the 0.02 V (alloying) and 0.14 V (de-alloying) plateaus6 . In Fig. 4.3(b), a

large irreversible capacity from 0.7 V down to the first alloying plateau appeared during

the first discharge. The irreversible capacity in this voltage range was partly attributed to

the formation of solid electrolyte interface (SEI) formation on the electrode surface with

the decomposition of electrolyte 19,20,21,22 . The irreversible capacity also arises from the

Super P@ carbon in the electrode. The irreversible capacity from Super P@carbon was

previously reported as ~600 mAh/g 2 3. This capacity from Super P@ carbon was very

irreversible and negligible in the following cycles. The viral Ag nanowires delivered 534

mAh/g discharge capacity in the second cycle, which corresponds to the alloy

composition of AgLi2.15.

Method

Preparation ofAg nanowires

For the viral Ag nanowires synthesis, 50 pl E3/E4 virus solution in 0.1 M TBS

buffer (2x10 11 PFU/mL) was dialyzed against pH=9.5 water overnight, followed by



incubation with 2 mM, 1 mL silver acetate (AgOOCCH 3) solution for 12 hours in the

dark at 37 'C. All solutions were aqueous after the virus dialysis. The Ag nanowires

were reduced from 1 mL of 10 mM sodium borohydride (NaBH4) after 4 hours at room

temperature. The resulting viral nanowires were collected through filtration and washed

with water several times. The collected powder was dried in a 50 'C vacuum oven

overnight.



4-4. Au viral nanowires as anode

For the synthesis of pure Au nanowires, the p8#9 virus was selected for having a

peptide motif expressed on the major coat protein with specific affinity to both Au ions

and Au13. The specific Au binding sites on p8#9 not only attract the Au ions in the

solution but also initiate the nucleation of spherical Au nanoparticles on the virus, so the

final product was a collection of 5-7 nm Au nanoparticles along the M13 virus, rather

than continuous nanowires. Therefore, we were not able to address the specific properties

of Au with high aspect ratio from the previous method. To exploit the unique property of

one-dimensional Au nanowires, several criteria are required: homogeneous nanowires

without small particles, uniform diameter along the length, and high nanowire yield from

precursors. A stepwise reduction of Au3+ ions from the first partial reduction during the

incubation for templating to the final reduction of Au+ ions with mild reducing agent

(ascorbic acid) resulted in Au nanowires with increasing the yield of continuous

nanowires while decreasing the amount of extraneous free nanoparticles. Au3* ions were

introduced to the dilute aqueous p8#9 virus solution and the resultant mixture was

incubated for half hour. During the incubation, the p8#9 virus attracts Au3 * ions in the

solution and also partially reduces Au3+ ions to Au* simultaneously. The growth of Au

nanowires was completed by the addition of reducing agent at an elevated temperature to

get continuous nanowire structures. Methods are available in chapter 3-2. In Fig. 4.4(a),

pure Au nanowires with diameter around 40 nm demonstrated rough surfaces, which can

be smoothened either by the addition of Ag ions and surfactants.

The electrochemical response of viral Au nanowires with lithium was examined

in the voltage range of 0-2.0 V (measured against metallic Li) (Fig. 4.4(b)). Well-defined



plateaus were observed at 0.2 V and 0.1 V during alloying with lithium, and at 0.2 V and

0.45 V during the de-alloying process. These values are in good agreement with the

limited number of reported values3,5 ,8. A large irreversible capacity was also observed

between 0.7 V and 0.2 V. The specific discharge capacity was 501 mAh/g at the second

cycle, which corresponds to the alloy composition of AuLi3 .69 .



4-5. Synthesis of Au-Ag alloy nanowires stabilized with CTAB

To investigate the effect of noble metal alloying on the lithiation behavior, Au-Ag

alloy nanowires with controlled composition were produced on p8#9. Due to the Au-

specificity in the p8#9 virus, preparation of Au-Ag alloy nanowires with homogeneous

composition without any segregation of single atom was done without difficulty.

However, the addition of Ag atoms not only increased the Ag contents in the alloy

nanowires but also reduced the roughness of the nanowires by reducing the branched

structures observed in pure viral Au nanowires. To create a well-developed surfaces

regardless of the Ag contents in the alloy nanowires, CTAB (cetyl trimethylammonuium

bromide), a water-soluble and M13 compatible surfactant molecule was required. As we

confirmed in previous chapter about the synthesis of Au nanowires (Ch. 3), the Au

nanowire prepared from the surfactant-mediated bio-mineralization is strictly an alloy of

Au and Ag, with Ag atoms uniformly distributed over the nanowire structure. When the

concentration of Ag* ions was increased, the composition of Ag atoms in nanowires

increased systematically and resulted Au-Ag alloy nanowires. The compositions were

confirmed both by EDX and ICP-OES, and Au-Ag alloy nanowires with 20, 33, 50, and

67 atomic % Ag content with less than 2% deviation of alloy composition were

successfully prepared. Table 4.1 summarized the various compositions of Au-Ag alloy

nanowires from Au and Ag precursors reproducibly prepared from p8#9 phage. The

detailed synthetic methods both for the preparation of Au-Ag alloy nanowires with

various compositions is as followed.

Figure 4.5(a) is the UV-Vis absorption data from nanowire with different Ag

compositions, the peaks with various Ag ratios was also plotted (Fig. 4.5(b)). The fact



that the transversal band absorption in UV-Vis spectra shifted to a lower wavelength as

the concentration of Ag* ions increased suggests that the synthesized material is not a

core-shell structure but an alloy of Au and Ag atoms2 4 . We therefore suggested the role of

Ag atoms in this bio-mineralization from the p8#9 phage is different from the preferential

adsorption of Ag-Br on a specific crystal facet and also dissimilar from the role in the

synthesis of Au nanorods to control the aspect ratios or the yields25 ,2 6,2 7,28

Methods

For the synthesis of CTAB-stabilized alloy nanowires, 40 mL of p8#9 virus (1.75

x 1010 PFU/mL for Auo.9Ago.1, 3.5 x 10'0 PFU/mL for Auo. 67Ago. 33, Auo.33Ago.67, and

Auo.5Ago.5) was dispersed in 100 mL of 0.6 M CTAB solution with simple vortex. 4 mL

of 10 mM Au3 * ions was mixed to the phage solution by inverting the solution tube. The

mixture of Au 3+ ions, p8#9, and CTAB was incubated for three hours until the yellow

color completely disappeared. To complete the formation of alloy nanowires, 0.1 M

ascorbic acid and 10 mM aqueous AgNO 3 solution were used.

For Auo.9Ago.1 alloy nanowires, 1.2 mL ascorbic acid and 0.6 mL AgNO 3 solution

were added and the reaction was completed at room temperature in static condition. For

Auo.67Ago.33 alloy nanowires, 0.6 mL of 0.1 M ascorbic acid and 2 mL of Ag, and for

Auo.5Ago.5 alloy nanowires, 0.6 mL of 0.1 M ascorbic acid and 4 mL of Ag were added to

the solution and kept at room temperature in static condition. In case of alloy nanowires

with Auo.33Ago.67, initial volume of Au3 * ions was reduced to 3 mL and 6 mL of Ag was

added. For all alloy materials, composition was determined in EDX quantitative point

analysis and also confirmed with DCP-AES. The composition from EDX showed less



than 3% deviation from the composition, and the overall concentration measured by ICP-

OES were 35:65 Auo.33Ago.67, for 52:48 for Auo. 5Ago. 5, 66:34 for Auo.6 7Ago.33 , and 89:11

for Auo.9Ago.1 alloy nanowires. The diameter of alloy nanowires from each experimental

set changed slightly due to the error for determining the concentration of M13 virus after

each amplification step, but still maintains narrow distribution of diameter size.



4-6. Analysis of Au-Ag alloy nanowires

The representative SEM image of Au-Ag alloy nanowires prepared from p8#9

shown in Fig. 4.6(a) reveals uniform diameter along the nanowire length, and the EDX

line scanning result (Fig. 4.6(b)) shows consistent tendency of the two Au and Ag atoms

at different positions. The point analysis gives better numbers for indexing the nanowires

(Fig. 4.9(a)). TEM image from alloy nanowires without purification step in Fig. 4.7(a)

also showed homogeneous nanowires of uniform diameter without side product. The

entangled nanowires can be separated after short sonication of the solution as imaged in

Fig. 4.7(b). Compared with the nanowires with free surfaces shown in Fig. 4.3 and 4.4,

the nanowires prepared from the surfactant-mediated method have the advantage of

having more uniform diameter and reduced aggregation between nanowires. We assume

that these morphological changes are related to the addition of CTAB surfactant, which

serves as a surface stabilizer reducing surface energies, thus can enhance the uniformity

of surface morphology. Even though the addition of CTAB diminished the surface

roughness, the high-resolution TEM imaging in Fig. 4.7 (c) and (d) revealed the uneven

contrast domains in a single nanowire, implying different ability to transmit electronic

beam exposed to nanowires. The irregular pattern of darker and brighter contrast of

nanowire was found to be alternating crystalline domains with different crystallographic

domains perpendicular to the beam as shown in Fig. 4.7 (e) and (f).

These experiments uncovered a maximum limit to the Ag atom content in the Au-

Ag alloy nanowires from p8#9 phage template. When the Ag* precursor concentration

became more than twice that of Au3+, the composition of the alloy nanowires did not

change, meaning that the excess Ag atoms were not incorporated into the nanowires. The



highest Ag content with the p8#9 phage template was found to be 67 atomic%. The

homogeneity of alloy nanowires from the p8#9 phage was significantly disrupted when

the addition of Ag* became more than twice that of Au 3+ (67% atomic Ag). As shown in

Fig. 4.9(a), where four times concentration of Ag to Au was added into the phage

solution, the nanowire structure appeared to be discontinuous with more Au content than

Ag.

The homogeneity of the Au-Ag alloy nanowires is a critical property that depends

on either the strong tendency for Au and Ag atoms to mix or the template's specific

affinity to Au and Ag, or a combination of these two factors. In order to investigate the

origin of the homogeneity, wild type M13 phage was tested for the growth of the Au-Ag

alloys. While similar Au-Ag nanowire structures could be obtained using the wild type

M13 phage as templates (Fig. 4.9(b)), the composition of Ag atoms as determined by

EDX point analysis was random and differed up to five times in atomic composition

within a single nanowire. The atomic composition from point analysis on Au-Ag alloy

nanowires prepared from p8#9 and wild type M13 is available in Fig. 4.10. Because both

Au and Ag nanomaterials were successfully prepared with CTAB surfactant, the phase

separation of the two atoms is most likely due to the difference in interaction between the

metals and the phage template not the surfactant molecule29. The versatility of E4 phage

cannot uptake both Au and Ag in a consistent way resulting homogeneous alloy

nanowires, therefore, the p8#9 template is found to be crucial for the preparation of alloy

nanowires with well-defined structures and compositions. Therefore, to make Au-Ag

alloy nanowires with excess Ag content, M13 phage with specific Ag binding peptide

sequence is considered as better template.



4-7. Electrochemical study of Au-Ag alloy nanowires as Li-ion battery anodes

To explore how the degree of alloying (composition) affects the lithiation process,

alloy nanowires with three different compositions were prepared and tested in a Li cell:

Auo.9Ago.1, Auo. 67Ago. 33 and Auo.5Ago.5. Compositions were determined from quantitative

TEM-EDX analysis and ICP-OES. The diameters of the nanowires tested are: 30 nm for

Auo.9Ago.1, 20 nm for Auo.67Ago.33 and 25 nm for Auo. 5Ago. 5 (Fig. 4.11 (a), (c), and (e)).

The galvanostatic response of the AuxAg1.x alloy nanowires did not show discrete

plateaus but gradual changes in potential from 0.2 V to 0 V during discharge, and from 0

V to 0.5 V during charge, indicative of a single-phase evolution (Fig. 4.11 (b), (d), and

(f)). However, as the Au composition increases close to 1, the potential profile starts to

resemble that of pure Au.

To find out the alloy phases that form in the electrochemical lithiation process,

XRD patterns were obtained at different stages of Li-alloying for pure Au and Auo.5Ago.5

nanowires (Fig. 4.12). Since the potential profile of Au with Li is strikingly similar to the

one for Ag-Li (except for the absolute values of the plateau potentials), and Au and Ag

have the same crystal structure, we consider that similar alloy structures may form,

including phase II and the p phase (AuLi, in this case) during the lithiation process. The

B2-structured P phase is common to both the Au-Li and Ag-Li phase diagram. In Fig.

4.12(a), Au and ordered Au 3Li ai phases were identified at stage #1 of the 0.2 V

discharge plateau. (Refer to Fig. 4.4(b) for the position of stage #1 and #2) At stage #2 of

the 0.1 V plateau, peak intensities from Au3Li ai phase were increased while the intensity

of peaks from Au was decreased. No obvious formation of AuLi P phase was observed.

For the Auo. 5Ago. 5 alloy nanowires, only a single peak can be observed at stage #1



indicating that lithium was incorporated into a single phase of Auo.5Ago.5. (Refer to Fig.

4.11(f) for the position of stage #1 and #2) The peaks at stage #2 were indexed as an

Au3Li-like ai phase with a small amount of the initial-Auo.5Ago.5-like phase. Since the

(Auo.5Ago.5)3Li ai phase has not been previously reported, further chemical composition

analysis is required to identify the exact phase.

The electrochemical responses of AuxAg 1.x alloy nanowires for different x are

compared in Fig. 4.13. This comparison clearly shows that while Ag and Au react with

significant voltage plateaus, the alloys present gradual changes in the potential profile

with lithiation. In particular the Auo. 5Ago. 5 material shows pseudo-single phase behavior

with lithium. The single-phase like potential profile can arise for several reasons. If Ag

and Au cannot separate on the time-scale of the lithiation, the starting material essentially

acts like a single component material with substantial disorder. The substitutional

disorder of Au and Ag creates locally varying site energies for lithium resulting in a

changing potential as lithiation proceeds. Hence, such a "disordered" system acts as a

single phase when lithiated with no discrete phase transitions. However, even the

formation of two phases upon lithiation does not necessarily imply that the potential

should be constant. If Au and Ag are mobile enough to partition between the two phases,

the system can be considered a ternary with respect to the Gibbs Phase Rule and

coexistence of two phases (host AuxAgi_x and ternary alloys of Au-Ag-Li) leaves one

degree of freedom (Gibbs Phase Rule, F=C-P=3-2=1). Therefore the potential can be

dependent on the Li content. Note that this argument becomes invalid if the kinetics of

Au and Ag is so slow that they would not be able to redistribute. In that case, no



equilibrium condition can be applied for the Au and Ag distribution and the system will

act as a pseudo binary.

As the Au content increases in AuxAgix alloys, the discharge/charge potentials

increase. The discharge/charge potentials were clearly dependent on the composition.

Since the potential is determined by thermodynamics, the activity of Li in the materials

could be changed in the homogeneous alloy structure having values dependent on the

composition. The first discharge capacity of all the alloys were all similar with values

900 - 965 mAh/g, but due to the high first cycle irreversible capacity, the second

discharge capacities dropped to 440 -534 mAh/g depending on the alloy composition.

For most Ag and Au thin film anodes, the discharge capacity was previously reported as

500-600 mAh/g at the first cycle and decreased to 100 -200 mAh/g in 10 cycles8 30. The

best reported Ag thin film maintained 520 mAh/g for 10 cycles6'7 . When a Ag electrode

was prepared from bulk powder forms, the discharge capacity faded rapidly and dropped

below 50 mAh/g in 10 cycles 2. In Fig. 4.13(c), the capacity retention of the viral pure Ag,

Au and alloy nanowires for 10 cycles is shown. While the pure, surfactant-free Au and

Ag nanowires show rapid capacity fading, the alloys display improved capacity retention.

There have been several reports that some alloys that make an active/inactive composite

structure with lithium can improve cycling performance due to the buffering effect of the

inactive component31 . Other alloys that have components both active with lithium

displayed stable capacity retention when the components make inter-metallic compounds

that have little/moderate volume changes when alloyed with lithium2. Since both Au and

Ag are able to alloy with lithium and their alloys have the same structure as Au and Ag,

the improvement in our Au-Ag alloy system cannot be explained with the reasons listed



above. Instead, we speculate that the improvement of capacity retention in our alloy

system is associated with CTAB surface stabilization and/or the pseudo-single phase

behavior in potential profiles.



4-8. Composition and surfactant effects on electrochemical properties

To demonstrate how the surface stabilization and alloy formation affect the

electrochemical performance of noble metal alloys, Auo.9Ago.1 and Auo.5Ago.5 nanowires

were synthesized without CTAB surfactants. As shown in Fig. 4.14(a) and (b), surfactant-

free Auo.9Ago.1 nanowires with an average 35 nm in diameter having rough surface were

templated on the virus. For facile comparison, the TEM image of Auo.9Ago.1 nanowires

stabilized with CTAB is also available in Fig. 4.14(c). The electrochemical responses in

the first three galvanostatic cycles from the two nanowires with different surfaces were

almost identical with slightly different specific capacities (Fig. 4.14(d)). However, as

shown in Fig. 4.14(e), capacity retention for 10 cycles shows a clear difference. The

specific capacity of surfactant-free nanowires decreased rapidly within 10 cycles, while

that of nanowires with CTAB-stabilized surface showed rather moderate fading. For the

nanowires with CTAB-stabilized surface, particle-coalescence upon cycling could be

suppressed due to presence of the surface adsorbed CTAB. In addition, nanowires grown

without CTAB are more branched, thus could experience more homogenizing force by

Oswald ripening which leads to poor cycling performance.

One might argue the different number of virus template is the reason for better

cycling performance for the CTAB-stabilized alloys, since the virus to metal ratio is

higher (about 5 times) for CTAB-stabilized alloys than for surfactant-free ones

(Supporting information). When surfactant-free nanowires with the [virus]/[metal] ratios

as high as CTAB-stabilized ones were synthesized and tested, there was no significant

change in the cycling performance thereby ruling out the possible template effect in the

experimental condition used here.



Although CTAB stabilization can improve cycling performances, there can be

another explanation for the better capacity retention for the AuxAg1.x alloy nanowires.

Strain in a material depends not on the overall volume change of the lithiation reaction,

but on the inhomogeneity of that volume change. Two-phase reactions are inherently

inhomogeneous with a reaction front separating both phases. Similarly, poor diffusion

kinetics can lead to concentration gradients and hence inhomogeneous volume change.

These inhomogeneities caused by direct lithium gradients in two-phase coexistence are

believed to be one of the reasons for poor capacity retention32 . In terms of reaction

homogeneity, the pseudo-single phase behavior in the potential profile for AuxAg1.x

alloys can therefore be beneficial. However, it is difficult to tell in this study if both

homogeneity and surface stabilization are relevant or if only one of them is relevant for

the better cycling performance.

In order to clearly check the importance of surface stabilization and reaction

homogeneity, surfactant-free Auo. 5Ago. 5 alloy nanowires were also investigated. The

TEM images of both surfactant-free and surfactant-stabilized Auo. 5Ago.5 alloy nanowires

are available in Fig. 4.15. The potential profiles of the two Auo. 5Ago. 5 alloy nanowires

with different surfaces were almost identical but the surfactant-free one displayed lower

specific capacity (Fig. 4.15(d)). Contrary to the Au-rich Auo.9Ago.1 alloy, the capacity

retention for 10 cycles was similar for both CTAB-stabilized and surfactant free

nanowires for Auo. 5Ago.5 alloy (Fig. 4.15(e)). The specific capacity was moderately stable

for 10 cycles for both nanowires. This result implies that the capacity retention can be

improved by forming alloys with composition close to Au: Ag = 1: 1 even without



surface stabilization. However, for an Auo. 9Ago.1 alloy that is less alloyed and more close

to pure Au, surface characteristics dominate capacity retention.

The synthetic condition of surfactant free alloy nanowires is described below.

Methods

Synthesis of Auo. 9Ago. 1 viral nanowires Au-Ag alloy nanowires with 10% Ag

contents were prepared from the same incubation condition with Au viral nanowires

described above, but the addition of 1.5 mL of 10 mM aqueous AgNO 3 solution, which

was immediately followed after the addition of ascorbic acid, resulted in Au-Ag alloy

nanowires with smoother surfaces when the solution was kept in static condition at 50 'C.

Synthesis of Auo. 5Ago. 5 viral nanowires To make alloy nanowires with higher Ag

content, the amount of Au3+ ions introduced to the phage solution was reduced. For the

preparation of Au-Ag alloy nanowires with 50% Ag contents, 7.5 mL of 10 mM Au3+

ions were added to the mixture of 200 mL of p8#9 phage (4 x 109 PFU/mL) and 500 mL

of de-ionized water. The resultant solution was incubated for 30 minutes at room

temperature, and the sequential addition of 1.2 mL of 0.1 M L-ascorbic acid and 7.5 mL

of 10 mM aqueous AgNO 3 solution resulted in Au-Ag nanowires with 1:1 atomic ratio.

Synthesis of CTAB-free AuxAg1.x alloy nanowires with higher virus concentration

As described in synthetic methods (also see the synthesis for CTAB-stabilized

alloys), the ratios of virus templates to metal precursors varied in two cases: the

surfactant free synthesis and the CTAB-stabilized ones. The ratios for both cases were



optimized from experiments. Since the [virus]/[metal] ratio is about five times lower in

synthesis of CTAB-free than those with CTAB surfactant, surfactant-free nanowires with

the [virus]/[metal] ratios as high as CTAB-stabilized ones were also synthesized and

tested for Auo.9Ago.1 and Auo.5Ago.5 to rule out the concentration effect of M13 phage

template. The performance improvement from the virus template was found to be

saturated after the optimum point of [virus]/[metal] in surfactant-free synthesis, so

retention property from increased number of [virus]/[metal] did not resulted in any

significant improvement.



4-9. Conclusion

Reducing the material dimension proved to be effective in decreasing mechanical

stress, however, other factors such as homogeneity and surface stabilization appeared

more influencing for the nanowires with diameter below 50 nm in this study based on

capacity retention of pure Ag nanowires. Surfactant-free pure Ag nanowires with rough

surface showed poor cycling performance even with the smallest particle size among the

tested nanowires (15-20 nm). To numerically show the importance of surface

stabilization and alloy formation, the 2nd and 1 0 th discharge capacities and diameters for

various viral nanowires tested are summarized in Table 4-2. Although the alloy

nanowires with diameters below 30 nm showed moderate improvement in cycling

performance up to 10 cycles, all alloy nanowires eventually failed to maintain stable

capacity when tested up to 20 cycles. Further designing alloy nanostructures on the virus

template to suppress coalescence is under investigation for better cycling performance.

Biological systems offer capabilities for environmentally benign materials

synthesis. The two M13 viruses, genetically engineered for specificity (p8#9 virus) and

versatility (E4 virus), served as a template for the synthesis of noble metal nanowires

with diameters below 50 nm. The inherent structural characteristic of the M13 virus

enabled the synthesis of high aspect ratio nanowires. With the synergetic combination of

biological building blocks and synthetic chemistry, this facile and high yield synthesis

conferred controls over particle size, morphology and compositions. The biologically

derived noble metal and alloy nanowires with diameter below 50 nm showed

electrochemical activities toward lithium comparable to thin film electrodes.

Improvement in capacity retention was achieved by tailoring particle size, alloy



formation and surface stabilization. Because Au and Ag react poorly with lithium at the

micron scale, fundamental study on their electrochemical behavior has been limited so

far. Although these materials are not as cost-effective as existing anode materials, these

nanowires serve as a model system in identifying important parameters that can induce

stable electrochemical transformation at the nanoscale. This study elucidated the

importance of surface characteristics and reaction/phase homogeneity in maintaining

structural stability and electrochemical performances at the nanoscale. The principles

found in this model system can be applied to improve structural stability of other

technologically important alloy material systems. With advantages of facile and

environmentally benign synthesis, M13 biological platform proved itself as a useful

toolkit for the study on the basic electrochemical property of materials.
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Figure 4.2 Schematic diagram for the preparation of Ag, Au, and Au-Ag alloy nanowires
from different phage templates. Genetic modification of wild type M13 can express specific
peptide sequences. The modification of p8 protein resulted in E4 and p8#9 with different
functionality, thus served as templates for different inorganic structures. E4, the versatile template
produced Ag viral nanowires whereas p8#9, the specific template for Au, formed pure Au
nanowires and Au-based alloy nanowires with various compositions.
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Figure 4.3 Ag viral nanowires as anode. (a) The wavy Ag viral nanowires were grown on the
surface of E4 phage. (b) First two discharge/charge curves tested between 0 to 2.0 V with active
mass of 4.28 mg/cm 2 .
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Figure 4.4 Au viral nanowires as anode. (a) TEM image of Au nanowires were grown on the
surface of p8#9 phage with specific Au binding peptides. b) Fist two discharge/charge curves
tested between 0 and 2.0 V with active mass of 5.55 mg/cm and current density of 50 mA/g. The
notation #1 and #2 will be explained later about the thermodynamic phase formed between Au
and Li.
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Figure 4.5 UV-Vis absorption of Au-Ag alloy nanowires of various compositions. (a) The
transversal plasmon resonance absorption peak of Au-Ag alloy nanowires shifted to shorter
wavelength as the composition of Ag increased. The atomic composition and the wavelength of
peak were plotted in (b).
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Figure 4.6 Au-Ag alloy nanowires prepared from modified synthetic route from Au
nanowires. (a) SEM image of as-prepared nanowires (Au:Ag=2:1) showed pores between
nanowires. The Au-Ag alloy nanowires are straighter than Au. The line scanning result of
nanowires with different Au and Ag ratios confirmed the composition number from ICP-OES. (b):
Au:Ag=2:1 and (c): Au:Ag=1:1
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Figure 4.7 TEM images of AuO.5Ago.5 alloy nanowires. (a) As-prepared nanowires were
entangled each other but showed uniform diameter size along the nanowire length. (b) Individual
nanowires were observed when the nanowire solution was diluted and sonicated. Any big
nanoparticles were not visible from the nanowire solution without purification process. (c) Under
high-resolution TEM with increased beam intensity, nanowires showed different contrasting color
with brighter and darker regions as clearly shown in (d). The Au-Ag alloy nanowires are
composed of smaller crystal domains with different crystallographic direction shown as dark and
bright patterns. The lattice image clearly showed different crystal domains, single crystalline (e)
and polycrystalline (f).
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Figure 4.8 TEM images of AuxAg1 . alloy nanowires with various x. TEM images of (a) and
(d): Auo.8Ago.2 , (b) and (e): Auor67Ago.33, and (c) and (f): Auo.33Ago.67. All nanowires were imaged
without purification..
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Figure 4.9 Au-Ag alloy nanowires prepared at different conditions. (a) The templating effect
of p8#9 was significantly disrupted when excess Ag was introduced. The failure to make alloy
nanowires with higher Ag contents (Au:Ag=1:4) appeared both in structures and compositions. (b)
The advantage of p8#9 template was also confirmed from the synthesis of Au-Ag alloy with 1:1
ionic ratio of two atoms. Even though the elongated nanowire structure was given from the wild
type M13 template, the ability to contain both atoms in homogeneous composition was far from
that of p8#9. The final peak clearly showed different pattern from other two peaks.
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Template P8#9 Wild type

point Au Ag Au Ag

1 51.2 48.4 59 41

2 52.6 47.4 67 33

3 52.1 47.9 83 17

4 49.6 50.2

5 50.5 49.5

6 50.2 49.8

Figure 4.10 Point analysis result of Au-Ag alloy nanowires from p8#9 and wild type M13
phage. (a) The point analysis of nanowires prepared from p8#9 showed consistent numbers of
Au and Ag atomic percentage between the nanowires in one batch synthesis. (b) The atomic
percentage of Au and Ag from the nanowires grown from wild type M13 phage showed random
variation of two atoms.
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Figure 4.11 Representative TEM images of Au.Ag1.x alloy nanowires and the potential
profiles from the first two discharge/charge. The TEM images were taken from various Au-Ag
alloy compositions: (a) Auo 9Ago 1, (b) AuO.67Ago.33, and (c) Auo 5Ag0.5. The first two
discharge/charge curves were tested between potential 0 and 2.0 V with active material loading
of (d): 5.11 mg/cm 2 , (e): 4.47 mg/cm 2 , and (f): 3.89 mg/cm 2.
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Figure 4.12 XRD evolutionary patterns at different stages of alloying process. Stage #1 is
denoted at the potential profile of pure Au in Fig. 4.4(b) and stage #2 is available in Fig. 4.10 (f),
the alloy nanowires with composition of Auo.5Ago.5 .
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Figure 4.13 Electrochemical properties of AuxAg1 .x alloy nanowires with various
compositions (x: 0, 0.5, 0.67, 0.9, and 1). The second discharge (a) and charge (b) curves
plotted together showing gradual shift in potential profiles between Au and Ag. (c) The capacity
retention of each battery assemble distinguishes nanowires prepared with and without surfactant
(CTAB).
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Figure 4.14 Surfactant effects on capacity retention of Au0 .9 Ago.1 alloy nanowires. (a) Alloy
nanowires prepared in the absence of surfactant resulted in interconnected bundle of nanowires
with branches. (b) The Auo.9Ago.1 alloy nanowires of free surfaces showed smoother surface than
that of pure Au viral nanowires with free surfaces. (c) The alloy nanowires with same composition
but with surfactant showed elongated nanowires without branches. (d) The first two
discharge/charge curves both from free surfaced alloy nanowires and from surfactant stabilized
ones are very similar in potential profiles. (d) The capacity retention over the first 10 cycle clearly
distinguished the excellence of CTAB-stabilized nanowires over free surfaced ones.
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Figure 4.15 Comparisons of AuO.5Ago.5 alloy nanowires with different surfaces. (a) The
surfactant free AuO.5Ago.5 alloy nanowires are also interconnected and not easily dispersed due to
the absence of CTAB. (b) The detailed image of AuO.5Ago.5 showed sharper angles than Auo.9Ago.1
nanowires shown in Fig. 4.14(b). (c) AuO.5AgO.5 alloy nanowires with CTAB exhibited more even
surfaces. (d) The first and second discharge/charge curves were similar as expected from the
result of Auo.9Ago.1 nanowires. (e) The capacity retention of surfactant free Auo.9 Ago.1 alloy
nanowires is close to nanowires with surfactant despite smaller capacity value about 20%.
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sample CTAB[M] Au3 + [mM] Ag+ [mM] Ascorbic acid [mM]
Au0 gAgo > 0.412 0.27 0.04 0.82

AuO.67AgO.33  0.409 0.27 0.14 0.41
Au,.,Ag,.5 0.404 0.27 0.27 0.41

Auo.33Ago.67  0.401 0.20 0.40 0.41

Table 4-1 Summary of concentration for AuAg1 .x alloy nanowires with various
compositions. The phage concentration was only differerent in Auo.9Ago.1 but the volume was
the same.

Materials Capacity [mAh/g]

composition diameter 2nd cycle 101h cycle

Au 40 nm 502 146

surfactant AuO Ag01  35 nrm 471 122
free Au0 sAgo.! 30 nm 411 330

Ag 15 nm 534 280

Auo0 Ago. 30 nm 439 340
CTAB 2Om 47

stabilized Aue.,7Ago.33 20 nm 459 437

AuO.5Ag05 25 nm 499 415

Table 4-2 Summary of material information and the capacity values of AuxAg1. nanowires.
The second and tenth discharge capacities of Au, Ag, and Au-Ag alloy nanowires with various
compositions.
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Chapter 5. Synthesis of Au-Pt alloy nanowires and the electrocatalytic

activity in 02 reduction reaction



5-1. Introduction

One significant advantage of the Au-specific M13 phage as a nanowire template

is that using this bio-template, new Au-based alloy nanowires can be synthesized where

the alloy compositions are homogeneous and can be finely tuned by sequential addition

of other noble metal salts (Pte*, Pd2+, and Ag*). As confirmed in previous chapter for the

preparation of Au-Ag alloy nanowires, the p8#9 phage can serve as a versatile template

for synthesizing other Au-based noble metal alloy nanowires, despite the fact that other

noble metals do not have the same affinity to p8#9 phage as Au. The Au3+ ions have been

found to be an essential component for the growth of nanowires on the p8#9 template

with high yields, inasmuch no metal nanowires grown from surfactant-mediated p8#9

phage system without an Au component have been reproducibly synthesized so far. The

addition of noble metal component to the Au nanowire synthesis enabled us to develop

catalysts in various fields by utilizing the activities from elemental components

independently or by exploiting any new properties combined'. Moreover, recent reports

in Au not as an inert species but an active component in bi-metallic catalysts stimulating

various reactions in various fields, evoked the preparation of Au-containing bi-metallic

2nanomaterials and their properties . As examples, the catalytic and chemical properties of

Au-based nanomaterials which can be tuned by controlling their diameter and their

composition leading to catalytically interesting materials were reported recently 3' 4'5 '6.

Au, Ag, Pd, and Pt lie closely on periodic table implying similar atomic structure,

properties, and even in sizes. The properties of each atom are summarized in Table 5-1.

Au and Ag are very similar in size and electronic structure despite the big differences in

atomic weight, so the X-ray diffraction pattern from pure Au and pure Ag nearly overlap.
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The atomic weights of Pt and Au differ only about 1%, but the electronic structure of not-

fully filled d orbital distinguishes Pt from other noble metals. As a result, unlike Au-Ag

and Au-Pd systems that make homogeneous alloy solution over the entire mixing ranges,

Au-Pt has very deep miscibility gap as shown in Fig. 5.1. The uptake of each atom at

ambient temperature is limited to 17% in Au solution and 4% in Pt solution. However,

the separation of two phases, especially in small nanoparticles, vanished and

homogeneous alloy of Au-Pt has been prepared successfully 7. These alloy nanoparticles

exhibited systematic changes in lattice parameters, calculated from the X-ray diffraction

data, well matched with Vegard's law. The critical size of stable Au-Pt alloy nanoparticle

is not clearly reported yet, but nanoparticles less than 5 nm in diameter are considered to

form true solid solution.

Here we report Au-Pt alloy nanowires with various compositions prepared from

modified synthetic route discussed in previous chapter for the preparation of Au and Au-

Ag alloy nanowires. This expandable synthesis technique for the preparation of various

bi-metallic or multi-metallic nanowires stresses the importance of specific Au-binding

M13 phage template for the preparation of Au-based alloy nanowires with homogeneous

compositions, which can be further controlled without difficulties.
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5-2. Synthesis of Au-Pt alloy nanowires

The noble metal nanowires were prepared by adding the precursors in a different

incubation step, as depicted in Fig. 5.2. The synthesis of Au-Pt alloy nanowires was done

by simple modification of the synthesis of Au nanowires in chapter 3. The addition of Pt4 *

ions after the incubation of Au3+ ions followed by the addition of ascorbic acid as reducing

agent yields Au-Pt alloy nanowires (scheme 1). The stoichiometric ratios of AA (Ascorbic

Acid): Metal to reduce Au 3+ ions and Pt4 * are 3:2 for Au and 5:1 for Pt. For the synthesis

of Au nanowires, ascorbic acid with ratio of 3:2 [AA:Au] was added for the reaction, but

for the reduction of Pt, excess ascorbic acid from 10:1 [AA:Pt] up to 20:1 [AA:Pt] was

used. As a modified method, the metal precursors added to the phage solution

simultaneously and reduced by ascorbic acid (scheme 2). After the addition of ascorbic

acids, the incubated solution of both Au3 * and Pt4* ions formed Au-Pt alloy nanowires

with 5 to 40 atomic% of Pt. The two methods described in Fig. 5.2 resulted in slight

differences in nanowires. For example, in the synthetic method from scheme 1, the

introduction of Pt4 * ions after three hours of incubation of Au3+ ions to Au* ions resulted

Au-Pt alloy nanowires where the composition of Pt decreased about 15% from the same

reactant concentration prepared from scheme 2. Detailed information about the synthetic

method is described below.

Methods

Au-Pt nanowires were prepared by adding different amount of 10 mM Pt4* ions

into the solution for the synthesis of 40 nm Au nanowires in two different reaction paths.
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Scheme 1: 15 mL of 0.6 M CTAB solution and 10 mL of p8 #9 phage (3.5x10'

pfu/mL) were mixed with slight vortexing. As in the synthesis of Au nanowires, 1 mL of

10 mM Au3+ ions was added to the phage solution and the whole mixture was incubated

for three hours. Addition of ascorbic acid with 0.1 M concentration was added (1.3 mL or

more) and various amounts (from 0.25 mL to 2 mL) of Pt4* ions from hexachloroplatinic

acid (H2PtC16-6H 20) were added to the solution. The solution was kept at static condition

for overnight to form Au-Pt alloy nanowires at various temperatures (50 and 80 C).

Scheme 2: Phage and CTAB solution mixture was prepared as described in

scheme 1. The Pt4 * ions and Au3+ ions were added together to the dispersion of p8#9

phage in CTAB solution, so the Au 3 ions reduced to Au+ in the existence of Pt4 * ions.

After the addition of two metal salts, solution was incubated for two hours and then

ascorbic acid was added. To reduce Au3* and Pt4* ions to metal nanowires, excess ascorbic

acid than the stoichiometric molar ratio was added to the solution (up to six times of Au

and ten times of Pt). Solution was gently mixed in a rocking machine for five minutes and

then kept static condition. Reaction was done either room temperature or in the oven (50

*C or 80 'C). Nanowires after the overnight reaction washed with de-ionized water and

ethanol with consecutive centrifugation.
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5-3. Confirmation of Au-Pt alloy nanowires

Figure 5.3 represents TEM images of Au-Pt alloy nanowires formed at different

reaction temperatures - room temperature (20-25 *C), 50 C, and 80 'C. Even though the

amount of Au3 * and Pt4* added to the dispersion of p8#9 in CTAB solution was similar,

the reaction yield was increased at higher temperature and the final products varied with

the small temperature windows less than 60 'C. Nanowires prepared at room temperature

have smoother surfaces as shown in inset image of Fig. 5.3(a). This relatively flat surface

is not observed when the reaction temperature increased to 50 'C, and the new surface,

prepared at higher temperature, is composed of smaller nanoparticles less than 5 nm in

diameter. The inset in Fig. 5.3(b) is a representative image of secondary structure of Au-

Pt alloy nanowires prepared at 50 'C. The smaller nanoparticles of Au-Pt alloy nanowires

prepared at 50 'C can be explained from the theory of overcoming the miscibility gap of

Au and Pt when the domain size gets smaller.

When the reaction temperature was increased to 80 'C, the homogeneity of

synthesized nanowires was regressed and as a result, Au-rich and Pt-rich nanowires were

produced from one batch synthesis. The nanowires shown in Fig. 5.3 (c) exhibited

reduced contrast compared with other nanowires in (a), (b), and (d). As already shown as

inset images both on (c) and (d), the line scanning result confirmed the different

composition of Au and Pt on each sample even though the quantitative analysis from the

line scanning is limited (the smaller nanoparticle showed higher Pt content than Au more

than 10 times) but the crystalline nanowires with higher contrast contained more Au than

Pt. However, we confirmed that considerable amount of the Pt was structured in Fig.
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5.3(d). The two samples could be separated by centrifugation due to the difference in

weight of nanowires.

Therefore, the reaction temperature, 50 'C, for the preparation of Au-Pt alloy

nanowires was chosen because of the improved homogeneity over that 80 C and the

better yield than room temperature. The nanowires prepared at 50 'C already resulted in

very fine nanoparticles along the M13 phage structure to overcome the miscibility gap.

The detailed structural information of Au-Pt alloy nanowires is available in Fig. 5.4. The

flower-like ends of Au-Pt alloy nanowires also have the same composition as that of the

main body of the nanowires (Fig. 5.4(a) and (b)). The flower-like shape of Au-Pt alloy

nanoparticles was reported before in the synthesis from polyamidoamine dendrimer-

assisted electro-deposition, but the actual shape of the nanoparticles are close to the main

body of nanowires in that they are composed of small nanoparticles9 . The flower-like

ends of the Au-Pt alloy nanowires are similar in shape with Au-Pt nano-dendrite

synthesized from Ti-catalyzed hydrothermal reaction processl0 . Analytical TEM analysis

also confirmed the uniform distribution of Au and Pt atoms over the nanowire structure

as shown in Fig. 5.4 (d)-(f). The normal TEM imaging was done on an end of discrete

nanowire with a flower-like end (d). The selective mapping provided the position of Au

(e) and Pt (f) atoms respectively. There was no evidence of phase separation between the

two atoms.

EDX analysis confirmed the homogeneous compositions of two atoms in the alloy

nanowires, which matched the ICP-OES analysis of the final reaction products. To

examine the structural change from the composition of Pt in Au-Pt alloy nanowires, X-

ray diffraction of two different Au-Pt alloy nanowires was investigated. The XRD peaks
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of the Au-Pt alloy nanowires fell between the characteristic peaks of Au and Pt in JCPDS

data from Au-Pt alloy nanowires with compositions of 13 (Fig. 5.5(a)) and 40 (Fig.

5.5(b)) atomic% Pt. The 20 values observed from the two different samples, plotted with

pure Au and Pt as a reference, shifted in the direction of Pt as the composition of Pt

increased". This is also supported by the broadening of peaks the nanowires of 40% Pt

composition compared to that of 13% Pt nanowires observed in the XRD peaks shown in

Fig. 5.5(b). This observation is also supported by the TEM image in a later section.
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5-4. Control of the composition of Au-Pt alloy nanowires

Increasing the concentration of Pt4* resulted in Au-Pt alloy nanowires with higher

Pt contents. The compositions of alloy nanowires were easily controlled by changing the

amount of metal precursors, but the general morphologies remained largely unchanged at

a given condition: the primary particle size less than 5 nm and the secondary dimension

of diameter size larger than 30 nm. The TEM images of Au-Pt alloy nanowires with

different ratios are available in Fig. 5.6. To better understand the detailed structure,

images were taken both from the flower-like end and the main body of nanowires. The

final compositions of Au-Pt alloy nanowires were slightly affected by the way of

preparation of nanowires as shown in Fig. 5.2 as schematics, however, nanowires with

higher Pt contents were obtained when more Pt4* was added.

One interesting feature is that increasing Pt concentration resulted in Au-Pt alloy

nanowires with smaller primary particle sizes in nanowires, in other words, the increased

roughness of the surfaces. As we can see by comparing the nanowire image (c) and (h),

the nanowire in (c) is similar to Au nanowires with undulated surfaces, but the nanowire

in (h) looks like a dendrite structure of smaller particles with increased roughness. This

could be explained from the miscibility gap in Au-Pt referred in introduction. The

nanowire shown in (c) contains about 12% of Pt, which is within the boundary of single-

phase region of Au and Pt, but the nanowires in (h) contains 40% of Pt, which is far

beyond the limit of miscibility of Pt in Au. The formation of smaller nanoparticles in

nanowires with higher concentration of Pt could indirectly support the homogeneity of

nanowires without phase segregation 2,11. The nanowires shown in Fig. 5.6 are all

prepared using the method based on scheme 1 in Fig. 5.2. The information of the
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concentration both in precursors and in final nanowires shown in Fig. 5.6 is available in

Table 5.2.

For Au-Ag alloy nanowires, the composition of the final product reflected the

relative amounts of Au and Ag added to the synthesis, but for alloy nanowires

incorporating Pt added right after the addition of ascorbic acids, less than 30 % of the

precursor introduced into the reaction were integrated into the alloy nanowires under the

assumption of 100% Au conversion. The conversion efficiency of Au3 + in the Au-Pt alloy

nanowires was confirmed higher than 95% from ICP-OES in synthesis with phage

concentration of 7x1010 pfu/mL, but was lower when the phage concentration was

decreased.

The high affinity between Au 3+ ions and p8#9 template and the weaker interaction

between Pt4* and CTAB molecules occasionally produced two different morphologies

within one sample as shown in Fig 5.3(c) and (d). Reducing the concentration of p8#9

templates decreased the conversion yield of Au3 * ions to around 70%, but produced Au-

Pt alloy nanowires with better reproducibility. The Au-Pt alloy nanowires with various

ratios of Au:Pt, from 9:1 to 2:1 were prepared from lower phage concentration and

reduced metal ions from the way described in scheme 2. Table 5-3 summarized the detail

concentration of reactants.
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5-5. Electrochemical analysis of Au-Pt alloy nanowires

As prepared Au-Pt alloy nanowires were dispersed in a mixture of CTAB and

TBS buffer, so the nanowires were washed with de-ionized water for three times. After

the washing step, the nanowires in de-ionized water precipitated in the bottom but

became a homogeneous solution after sonication for a short time. We confirmed the

existence of CTAB layer on the surface of nanowires from the discrete nanowire images

from TEM and weight differences in TGA result. The working electrode was prepared by

casting 20 pL solution of the Au-Pt alloy nanowire suspension in Milli-Q water onto a

glassy carbon disk electrode (0.196 cm 2 geometrical surface area) substrate at a Au-Pt

nanowire loading of several pg. All the electrodes have very comparable loadings of ~20

tg/cm 2disk. After evaporating the solvent, the deposited Au-Pt nanowires thin film was

covered with 15 pL of 0.05 wt% Nafion* solution to attach the Au-Pt nanowires to the

glassy carbon disk. The electrode was then dried under air atmosphere with a cover glass

and transferred to the electrochemical cell in Ar saturated 0.1 M KOH electrolyte.

The electrochemical studies were carried out in a three-electrode cell using a

saturated calomel electrode (SCE) as the reference and a platinum wire as the counter

electrode. The electrochemical measurements were conducted by using a voltamaster

potentiostat (Radiometer analytical, France). All potentials, however, are referenced to the

reversible hydrogen electrode (RHE) potential, calibrated via the hydrogen

oxidation/reduction reaction on a pure Pt rotating disk electrode in the same cell and

electrolyte at the same temperature. Oxygen reduction was measured in 02 saturated 0.1

M KOH at a potential scan rate of 10 mV/s, after bubbling 02 for 25 min. In the rotating
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disk electrode (RDE) experiments, the working electrode was rotated in the range of 100

- 2500 rpm using a PINE Instruments AFMSRCE rotator.
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5-6. Electrocatalytic activity of Au-Pt alloy nanowires for 02 reduction

reaction

One of the major challenges for utilization of Au catalysts in low-temperature fuel

cells is the inferior activity of Au to Pt, which is expensive and supply-limited but the

most active catalyst for 02 reduction. Therefore, we examined the electro-catalytic

activity of Au-Pt alloy nanowires with different ratios (i.e. 9:1, 4:1 and 2:1) for 02

reduction in 0 2-saturated 0.1 M KOH using rotating disk electrode (RDE). As shown in

Fig. 5.7(a), appreciable voltammetric currents were detected on Au-Pt nanowires with

CTAB organic surfactants as described above, suggesting ready access of oxygen to the

nanowire surface. To compare the ratio-dependent catalytic activity, we combined ORR

curves at the same rotation speed 1600 rpm for the 9:1, 4:1 and 2:1 Au-Pt nanowires

together (Fig. 5.7(a)). The current is normalized by the weight of total metal nanowires.

The ORR onset potentials for 2:1 ratio of Au-Pt nanowires had positive shifts to ~0.95 V

(vs. RHE), suggesting considerably higher ORR electrocatalytic activity of 2:1 ratio than

that of nanowires with 9:1 and 4:1 ratios. The ORR electrocatalytic activity of Au-Pt

nanowires (2:1) normalized to metal weight is remarkably high, which is comparable to

that of conventional supported Pt/C catalyst reported previously12

In order to obtain insight into the reaction pathway for 02 reduction, viz., whether

the main reaction product is water (4e- reduction) or hydrogen peroxide (2e- reduction), a

Koutecky-Levich analysis was done13. The Koutecky-Levich plots (i-1 vs o.1/ 2) at four

different potentials 0.85 V, 0.75 V, 0.65 V and 0.55 V vs. RHE shows that rotated disk

electrode currents change linearly with square root of rotation rate (w1/2) (Fig. 6c):
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i i is nFAkC'2 0.62 nFAL2|V-116 {w1/2

where i is the measured current, n is the number of electrons in the 02 reduction reaction,

F is the Faraday constant, A is the geometric electrode area, D is the diffusion coefficient

of 02 in solution, v is the kinematic viscosity of the electrolyte, co is the 02 solubility in

the electrolyte, and co is the rotation rate.' 4

Furthermore, equation (1) can be simply formed by equation (2).

1 1 1- =-I+ 1 (2)
i i (B2

k AC0

Kinetic currents for 02 reduction, ik, were calculated based on the equation (1); having

these Bco values (Fig. 6(b), Equation 2), kinetic currents 15 as a function of potential was

calculated from equation 3.

* l Xld

k . . (3)
d ~1

In addition, the diffusion component can be simplified and expressed by the Koutecky-

Levich equation, id= Bcocom. A slope defined by Bco, where B = 0.62nFD 3v-. The

2/3 1/6number of electrons (n) transferred can be calculated by n = (B/0. 62F) D v

From the analysis, the average number of transferred electrons for 02 reduction on 2:1

ratio of Au-Pt nanowires is calculated to be 3.7, corresponding to 85% of 02 directly

converted to water. Thus, the 02 reduction on the 2:1 ratio of Au-Pt nanowires

approaches the desired 4e- process despite its high Au content. The electrocatalytic

activity of the CTAB capped Au-Pt alloy nanowires based on metal weight could also be

enhanced by removing surfactant layer to increase active surface sites on the alloy

nanowires. An important figure-of-merit for commercially viable fuel cell catalysts is the
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02 reduction current which can be produced per weight of noble metal, and is commonly

expressed as the so-called mass-activity measured at 0.9 V vs. RHE, in(o.9 v) (in units of

mA/mgmetai). The mass activity 23 mA/mgAu-Pt of the Au-Pt (2:1) nanowires is quite

comparable to that of a commercial 10 wt% Pt/C catalyst (35 mA/mgpt), as shown in the

Figure 6(d). If evaluated on a platinum weight basis, i.e., in terms of mA/mgpt, the mass

activity of the Au-Pt nanowires is actually 1.8 times larger than that of Pt' 6 (Fig. 5.7 (d)

inset).
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5-7. Synthesis of Au-Pd-Pt tri-metallic alloy nanowires.

As one of the expansion of the synthetic method for the preparation of noble

metal alloy nanowires, the combination of Au and Pd was also tested. The combination of

Au and Pd appeared uncomplicated at first based on many reports about the bi-metallic

16,17,18cluster of Au-Pd accomplished in theoretically and experimentally . The phase

diagram of Au-Pd system forms a continuous miscible solution at any range of the

composition like in Au-Ag system 17 . The incubation of Pd2+ ions with Au 3+ results in

small nanoparticles with sharp edges showing templating effect of p8#9 as shown in Fig.

5.8 (a-c), but the nanoparticles were random in size and shape and any continuous wires

were not observed. This structure is very similar with the Au-Pd alloy nanoparticles

decorated on 1-dimensional silicon nanowires reported before8 . The absence of strong

absorption peak from the UV-Vis absorption data suggests a lower possibility of

formation pure Au nanoparticles. However, despite the favorable mixing of Au and Pd

expected from thermodynamic point of view, the formation of Au-Pd alloy nanowires

with continuous shape and homogeneous composition has not successfully been done so

far.

The addition of Pt4 * precursor into the dispersion of phage with Pd2+ and Au3+

produced tri-metallic alloy nanowires (Fig. 5.8(d-f)). As seen from the phase diagram of

Au, Pd, and Pt at higher temperature shown in Fig. 5.9, the three metals can form tri-

metallic solution at ranges colored in blue' 9 . The area of solid solution was reduced when

the temperature is lowered to 800 'C (Fig. 5.9(a)), which is much higher than the reaction

temperature chosen here. The two-phase region colored in white could be speculated to

be much wider at temperature below 100 'C, the actual temperature of the synthesis, so
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the segregation of two-phase with different atomic ratios was expected. However, as

shown in Fig. 5.10, the line scanning and elemental mapping results shows the three

metals are uniformly contained within the nanowire structure, and point analysis

confirmed the atomic composition of Au: Pd: Pt to be 5:3:2 from a precursor composition

of 1: 1: 1. This suggests better incorporation of Pd than Pt into the nanowires from the

bio-mineralization of p8#9. One interesting feature of the result is that the atomic

composition of 5:3:2 is situated in white region, the two-phase region, in phase diagram

at 800 C. The vanishing miscibility gap in smaller nanoparticles in Au-Pt alloy

nanoparticle system could also explain this exceptional composition of three metals,

which was originally considered to be two-phase. The individual nanoparticle size

imaged in Fig. 5.8(f) is as small as that of Au-Pt nanoparticles covering the Au-Pt

nanowires in Fig. 5.3(b).

Methods

The tn-metallic nanowires were prepared by adding the three different metal ions

into the mixture of p8#9 phage and the CTAB. Sequential addition of Pt4 ions followed

by Pd" ions to Au3+ ion-templated p8#9 phage resulted tri-metallic alloy nanowires with

homogeneous composition of three different metals. Here, we also added excess ascorbic

acid (three times of Au, ten times of Pt, and five times of Pd). The solution was also kept

in oven (50 and 80 'C). 10 mL of p8#9 phage with concentration of 3.5x10 10 pfu/mL was

mixed with 25 mL of 0.1 M CTAB solution. 10 mM-concentrated metal precursors with 5

mL volume was added to the phage dispersion and incubated for one hour. After the

incubation, metal precursors were reduced by 2.5 mL of 0.1 M ascorbic acid. The resultant

solution was then kept at static conditions in the oven.
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5-8. Synthesis of Au-Pt alloy nanowires with free surfaces.

Even though the increasing concentration of Pt4 produced Au-Pt alloy nanowires

with higher Pt content in the surfactant mediated system, there exists an upper limit of Pt

content as 40% atomic concentration of Pt. Undoubtedly, the specific Au binding of p8#9

could not guarantee preferable binding of p8#9 with other noble metals such as Ag, Pd,

and Pt. However, considering the maximum limit of 67% Ag in Au-Ag alloy nanowires,

this reduced number of 40% in Au-Pt alloy nanowires could result from the different

ability to interact with surfactant molecules. The reduced interaction between Pt and

CTAB is sometime utilized for the preparation of Pt catalyst to increase the number of

available surface sites of Pt nanoparticles, which could be blocked from the strong

interaction between the surfactant and Pt 20 . Therefore, we might increase the Pt content in

synthesis of Au-Pt alloy nanowires without CTAB.

We already confirmed the homogeneity of the composition in Au-Ag alloy

nanowires with free surfaces to examine the surface-stabilization effects on capacity

retention in Chapter 4. Regardless the surface morphologies came from the absence of

surfactant molecules, Au-Ag alloy nanowires with free surfaces (without surfactant)

exhibited materials properties agreed with the compositions of Au and Ag. Figure 5.11

represents TEM images of Au-Pt alloy nanowires with free surfaces prepared from the

scheme 2 in Fig. 5.2. To optimize template concentration in the synthesis of a surfactant

free system, p8#9 with various concentrations was added to the synthetic reactions. P8#9

phage after amplification was diluted with IX TBS buffer into three different set with

concentration of 4x10 9 pfu/mL, 3.5x10 10 pfu/mL, and 1.5x10" pfu/mL (The phage

solutions were further diluted into de-ionized water, and Au3 * and Pt4* ions were added
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together.). The solution was incubated for half hour and then reduced with the addition of

ascorbic acid. The solutions were kept at 50 'C in the oven overnight. The final

concentration of p8#9 in the solution was calculated to be 1.1x10 9, 9.4x109 , and 4.0x10 10

pfu/mL respectively. As shown in Fig. 5.11, nanowires prepared from lowest phage

concentration appeared thicker than others, however, all clear different features observed

are seen in Fig. 5.11 (b) and (c).

By changing the relative concentration of Pt", Au-Pt alloy nanowires with

various compositions were prepared as shown in Fig. 5.12. The morphologies and yields

varied with reaction temperature and composition of Pt. The alloy nanowires with 10%

atomic Pt exhibited undulated surfaces when they were prepared at room temperature

(Fig. 5.12(a)) but the yield of nanowires was lower than 40%. Increasing the temperature

to 50 'C significantly increased the yield and the surface roughness (Fig. 5.12(b)). As we

already confirmed in Au-Pt alloy nanowires and Au-Pd-Pt alloy nanowires from

surfactant-mediated synthesis, nanowires composed of small nanoparticles were observed

when Pt composition was increased. Au-Pt alloy nanowires with 50% atomic Pt prepared

at room temperature (Fig. 5.12(c)) have enhanced uniformity in diameter size (the

secondary structure of nanowire) than nanowires prepared at 50 'C (Fig. 5.12(d)). The

reduced roughness of surfaces in nanowires prepared at low temperature was observed in

synthesis with different Pt concentrations.
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5-9. Synthesis of pure Pt nanowires from p8#9

Even though the template p8#9 has specific binding against Au, it also appeared

to have affinity to Pt in moderate level. When the concentration of Pt was further

increased to 100%, pure Pt without Au, Pt nanowires from various conditions were

prepared as shown in Fig. 5.13. When the Pt nanowires were synthesized from the typical

CTAB-mediated biomineralization from stepwise incubation and reduction of Pt*, Pt

nanowires mixed with nanoparticles were prepared as shown in Fig. 5.13(a). The

increased population of Pt nanoparticles was expected due to the weaker interaction

between Pt4 and p8#9. Moreover, the reduced tendency for mixing Pt with CTAB

significantly diminished the yield of nanowires. To rule out the CTAB effect, Pt

nanowires of free surfaces were also prepared as shown in Fig. 5.13(b). By eliminating

the barrier between Pt4 * and p8#9, templating of Pt onto the surface of p8#9 was

enhanced, thus very few Pt nanoparticles were observed. However, the yield, less than

30%, was not enough to apply this synthetic method in applications. To increase the

conversion of Pt4 *, sodium borohydride (NaBH4), a strong reducing agent, was added to

the solution of p8#9 templated with Pt4* ions (Fig. 5.13(c)). While the yield of nanowires

prepared from Pt4 * ions was increased up to 95%, the increased reducing power of

sodium borohydride strikingly changed the morphology of Pt nanowires. Bio-

mineralization of Pt occurred on p8#9 templates, but from the unconstrained reaction of

Pt, the as-prepared Pt nanowires were entangled with each other and the individual

particles have sharp edges in random directions. The synthetic method of Pt nanowires

shown in Fig. 5.13(b) was further modified to increase the yield of nanowires. When the

temperature was increased to 50 'C, the yield of nanowires exceeded 60% and the
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diameters of nanowires also thickened, but the with the increased yield, the number of

free particles also increased (Fig. 5.13(d)).

P8#9 can also serve as template for the preparation of pure Pt nanowires. While

the structural uniformity of nanowires was acquired from the synthesis of Pt nanowires

with free surfaces, the yield still needs to be improved. M13 phage with specific Pt

binding could remarkably increase the yield and improve the morphologies as confirmed

in synthesis of various Au nanowires from the p8#9, the specific Au binding phage.
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5-10. Conclusion

P8#9 phage was applied to synthesis of Au-Pt alloy nanowires at various

conditions. Even though the affinity of p8#9 against Pt 4 was much lower than that of Au

and Au ions, p8#9 served as an excellent template for the preparation of Au-Pt alloy

nanowires with uniform composition along the nanowire length by cooperating binding

of Pt4 ions. In spite of the wide miscibility gap between Au and Pt, the alloy nanowires

with various compositions were successfully prepared by forming small alloy

nanoparticles along p8#9. The alloy nanowires exhibited crystal structure in between pure

Au and pure Pt in a XRD crystallographic study, which also showed compositional

dependence. The compositional dependency of Au-Pt alloy nanowires were also

confirmed in an electrochemical study of oxygen reduction reaction on the surface of Au-

Pt alloy nanowires with various alloy compositions. The Au-Pt alloy nanowires with Au:

Pt atomic ratio of 2:1 exhibited Pt-like reaction pathway both in kinetic and

thermodynamic points despite the high content of Au atoms. The addition of Pd2+

resulted in tri-metallic nanowires composed of smaller nanoparticles as their primary

structure in a similar way of Au-Pt nanowires.

Removal of the CTAB surfactant in the synthesis of Au-Pt alloy nanowires

enabled us to increase Pt content up to 60%, and the structural change was also confirmed

from TEM. The morphology of nanowires was controlled via composition of Pt and the

reaction temperatures. Pt nanowires could also be produced from p8#9 phage, but a high

yield of optimized nanowires has not yet been achieved.
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Figure 5.1 Phase diagram for Au-Pt system2 . The phase diagram of Au-Pt represents deep
miscibility gap from about 20% Pt to 5% Au. The segregation of two atoms in wide range of Au-Pt
phase diagram suggests the difficulty in formation of single-phase alloy.
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Figure 5.2 Schematic diagram for the preparation of Au-Pt alloy nanowires. Au-Pt alloy
nanowires could be prepared in several different ways. Here, the two methods for the preparation
of Au-Pt alloy nanowires with higher reproducibility are summarized as simple pictures. (a) P8#9
phage was dispersed in CTAB solution like in the synthesis of Au nanowires. The addition of Au3+
ions resulted in p8#9 phage templated with Au ions in three hours. Various amount of Pt ions
were introduced to the solution and the resultant mixture was further shaken for five minutes at
room temperature. Finally, with the addition of excessive ascorbic acid, the Au-Pt alloy nanowires
were prepared at room temperature, 50 *C, or 80 *C. (b) The addition of Aua+ and Pt4* ions at the
same time also produced Au-Pt alloy nanowires with similar structure. In the second method, the
phage solution was dispersed in CTAB solution and the metal ions were introduced to the
solution together. The solution was incubated for about two hours at room temperature with slight
agitation. The addition of ascorbic acid reduced the metal ions to Au-Pt alloy nanowires.
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Figure 5.3 TEM images of Au-Pt alloy nanowires prepared at different temperatures. (a) Au-
Pt alloy nanowires prepared at room temperature showed smoother surfaces than other
nanowires prepared at higher temperature. (b) The nanowires prepared at 50 0C yielded
nanowires with flower-like head. The primary structure of Au-Pt nanowires is composed of small
nanoparticles as shown in the inset image. Increasing the reaction temperature to 800C resulted
in two different morphologies from a reaction batch: (c) very fine nanoparticles (Pt rich) were
coordinated along the phage structure and (d) highly crystalline nanowires (Au rich) with tapered
structure.
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Figure 5.4 EDX line scanning and atomic mapping result of Au-Pt alloy nanowires. For
qualitative analysis of Au and Pt, elemental line-scanning was done on the Au-Pt alloy nanowires
prepared at 50 C. (a): on nanowire body and (b): on flower-like end. (c) The main body is
composed of smaller nanoparticles. For confirming homogeneous distribution of Au and Pt,
elemental mapping was done. (d): Au-Pt alloy nanowires exposed to mapping, (e): trace of Au
atom only, and (f) trace of Pt atom only.
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Figure 5.5 XRD results of Au-Pt alloy nanowires with different compositions. The XRD
pattern of Au-Pt alloy nanowires fell between the peaks from pure Au and Pt. (a) The XRD peaks
from Au-Pt alloy nanowires with the ratio of Au:Pt=7:1 are located closer to that of Au. (b) When
the ratio of Pt increased, the peak shifted in the direction to that of Pt. The atomic ratio was
Au:Pt=2:1 in Fig. 5.6(b). The peaks in (b) look broader than that of (a), due to the smaller particle
sizes with the increased Pt content.
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Figure 5.6 TEM images of Au-Pt alloy nanowires with various compositions. The Au-Pt alloy
nanowires with various compositions (a, d, g) were prepared at 50 *C. The low-resolution image
(b,c and e,f and h,i) showed typical shape of nanowires and the two images were from the end of
the nanowire and from the main body. The ratio of [Pt4*]/[Au3+] was 0.5 for (a), 1 for (d), and (2)
for (g). The actual composition was different from the ratio of the precursors. The alloy Au:Pt
ratios from the final nanowires were calculated to be (a) 7:1, (b) 4:1, and (c) 4:3.
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Figure 5.7 02 reduction reactions on the surface of Au-Pt alloy nanowires. (a) I-V curve of
the 9:1, 4:1 and 2:1 ratio of Au-Pt nanowires in 02 saturated 0.1 M KOH at a rotation rate of 1600
rpm. (b) Au-Pt (2:1) nanowires supported on a glassy carbon disk electrode was tested for their
02 reduction activity in 02 saturated 0.1 M KOH and a voltage scan rate of 10 mV/s under various
rotation rates at 250C. Currents are normalized by the geometric disk electrode area and are
shown for the positive-going voltage sweep. (c) Koutecky-Levich analysis of the oxygen reduction
data on Au-Pt nanowires (from (b)) at 0.85, 0.75, 0.65, and 0.55 V (vs. RHE); the dashed line
indicate the expected slope for a 4-electron reduction of oxygen to water. (d) Mass activity
comparison of the oxygen reduction at 0.9 V vs. RHE, imo.9 V (in unit of mA/mgmetai), of Au-Pt
Nanowires and a conventional 10 weight% Pt/C fuel cell catalyst (inset: mass activity comparison
in terms of Pt loading).
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Figure 5.8 TEM images of Au-Pd and Au-Pd-Pt tri-metallic alloy nanowires. Incubation of Au
and Pd ions with p8#9 phage resulted in nanoparticles random in sizes and distribution. The TEM
images, shown in the first row (a)-(c), represent product obtained by the addition of Pd ions
during the synthesis of Au nanowires. The addition of Pt ions into the mixture of Au, Pd, and p8#9
phage resulted in elongated structure as shown in (d) and (e). The Au-Pd-Pt tri-metallic alloy
nanowires are also composed of small nanoparticles (f).
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Figure 5.9 Ternary phase diagram of Au-Pt-Pd at different temperatures 9 . The Au, Pt, and
Pd forms homogeneous solid solution in regions colored with blue. The phase separation occurs
in regions colored with white. The solid solution area increased as the temperature increased
from (a):800 00 to (b): 1200 0
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Figure 5.10 Elemental mapping and EDX line scanning of Au-Pd-Pt tri-metallic alloy
nanowires. The tri-metallic Au-Pd-Pt alloy nanowire shows homogeneous distribution of each
component (b): Au, (c): Pd, and (d): Pt. From the point analysis and the line scanning result, the
composition was determined to be Au:Pd:Pt = 5:3:2.
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Figure 5.11 TEM images of surfactant-free Au-Pt nanowires from various phage
concentrations. The as-prepared nanowires were prepared by varying the concentration of
template, the p8#9 phage. The concentrations of p8#9 in each experimental set were (a): 1.1x10 9

pfu/mL, (b): 9.4x10 pfu/mL, and (c): 4.0x10' 0 pfu/mL.
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Figure 5.12 TEM images of Au-Pt alloy nanowires prepared at different conditions. Au-Pt
alloy nanowires with phage concentration around 9x109 pfu/mL were prepared with various Pt
compositions at two different reaction temperatures (room temperature and 500 C). (a): 10% Pt at
room temperature, (b): 10% Pt at 50' C, (c): 50% Pt at room temperature, and (d): 50% Pt at 50'
C.
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Figure 5.13 TEM images of Pt nanowires prepared from p8#9 templates. (a) Pt nanowires
stabilized with CTAB molecule prepared at room temperature. (b) Pt nanowires with free surfaces
reduced by ascorbic acid at room temperature. (c) Pt nano-bundles reduced by sodium
borohydride at room temperature. (d) Pt nanowires with free surfaces reduced by ascorbic acid at
50 0C.
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Atomic Weight Lattice Electronic Melting Density
number [g/mol] parameter [A] structure point [K] [g/cm 3]

Au 79 196.97 4.080 5d 96s' 1337.6 19.3

Ag 47 107.87 4.090 4d10 5sl 1235.1 10.5

Pt 78 195.08 3.920 5d9 6s' 2045 21.45

Pd 46 106.42 3.890 4d10 1825 12.02

Table 5-1. Summary of physical properties of noble metals.

CTABSample [mM] PHAGE
[pfu/mL]

Au3+
[mM]

Ascorbic
acid [mM]

Pt4+
[mM]

Au:Pt in
nanowires

(d) 39.2 9.14X10 9 0.26 3.40 0.26 4:1

Table 5-2. Concentration of reactants for the preparation of Au-Pt alloy nanowires shown
in Fig. 5.5. All the concentration was summarized in mM [m mol/L]. The unit pfu means plaque-
forming units for counting active colony of M13 phage after each amplification. Final composition
was determined from ICP-OES and EDX point analysis.

Sample CTAB PHAGE Au3+ Pt4 * Ascorbic Au:Pt in
[mM] [pfu/mL] [mM] [mM] acid [mM] nanowires

A 41.3 1.10x109 0.14 0.069 1.51 9:1

B 40.8 1.09x10 9  0.14 0.14 2.17 5.5:1

C 41.2 1.10x109 0.69 0.14 1.79 4:1

D 40.1 1.07x10 9  0.067 0.27 2.71 2:1

Table 5-3. Concentration of reactants for the preparation of Au-Pt alloy nanowires from
reduced phage concentration. In this synthesis, the Au3 and Pt4 ions were added into the
phage solution together as explained in scheme 2.
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Chapter 6. Synthesis of Au/Pt core/shell nanowires and the electrocatalytic

activities in 02 reduction and ethanol oxidation reactions



6-1. Introduction

Platinum (Pt) is an essential component in catalyst of various fields. Much

research has been focused on the design of catalysts to compete with the outstanding

catalytic activity of Pt because it is supply-limited and less cost-effective, but the intrinsic

property of Pt is not easily compensated by with other noble metals. Therefore, the

fabrication of Pt catalyst has been developed in the direction to maximize the active

surface sites of Pt: porous Pt nano-structure, branched dendritic Pt, multi-pods nanowires,

and core/shell structures 2' 3 . Core/shell nanoparticles were initially designed either for

increasing the surface exposed outside by combining less important material as core with

more active one as shell, or for utilizing multi-functionality from one material domain.

For example, a core/shell material could have a magnetic core for magnetic control and a

silica shell for embedding enzymes4'5 .

However, recent reports about the unusual electronic, optical, and catalytic

properties synergistically arising from the corresponding elements of core/shell

nanoparticles have drawn much attention to build various core/shell nanoparticles with

properties finely tuned by size, crystallographic direction, and structure'. For example,

from the electronic interaction between Au and Pd, Pd-decorated Au nanoparticles

showed catalytic activity, which was substantially increased on hydrodechlorination

reaction2. Addition of secondary metal component such as Ru and Sn on Pt catalysts

enhanced the activities of Pt in methanol oxidation 3. The promotional effects utilized the

electronic interaction between two atoms or the changes in lattice parameter from

alloying45 ,6. Even though Pt is the main catalysts in various fields with highest activities,

the applications of Pt nanoparticles in oxidation reaction of alcohols are challenging. The

152



stepwise dehydrogenation of alcohol leaves intermediate chemical species, such as CO

and CHO, on the surface of Pt catalyst, which results in gradual loss of catalytic activity

of Pt. The problematic poisoning of Pt catalysts by CO and CHO especially at low

temperature has been resolved by adding oxophilic metal component such as Sn and

Ru7'8 . Therefore, the development of Pt shell nano-structure on a metal core, which could

help the removal of CO and CHO, is consequential not only for extending the active

surface area but also for exploring any advantage from the core materials.

The bottom-up synthesis of Pt nanoparticles are usually stabilized with surfactant

and polymers to maintain small domains in several nm sizes. However, the catalytic

activity of Pt could be drastically deteriorated by impurities especially having strong

interaction with Pt surfaces, so the selection of surfactant molecule that interacts with Pt

stable enough to keep the nano-structure and moderate enough to catalyze reaction

appropriately is a challenge. The interaction between Pt and CTAB, one of the ionic alkyl

ammonium surfactant, is found to be weaker than that of other metal-surfactant pairsl.

The weaker interaction of Pt-CTAB than that of Au-CTAB was also confirmed in

previous chapter for the preparation of CTAB mediated Au-M alloy nanowires in that the

composition of Pt was lower than that of Pd and Ag: almost 100% of Ag and 60% of Pd

were incorporated to the alloy nanowires, but less than 40% of Pt was incorporated to

Au-Pt alloy nanowires. The number was increased when the nanowires were prepared

without CTAB.

To increase the high-energy Pt surfaces covered by surfactant molecules with

less-strong interaction with Pt, here we report, a facile synthesis of Au/Pt core/shell

nanowires from the extended synthetic method of Au nanowires as shown in figure 6.1
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(a). Previous reports of Au/Pt core/shell nanoparticles are also promising in that they

showed enhanced catalytic activity of Pt when they were prepared as hybrid core/shell

structures, but the systematic study for more precise correlation between the shell

thicknesses and the catalytic activities is not clearly reported due to the difficulties in

preparing uniform cores and in controlling homogeneous shell thickness". Since we

confirmed the activities of Au and Au-Pt alloy nanowires as a co-catalyst and a catalyst

in the low temperature fuel cell electrodes in previous chapters, we also measured the

electro-catalytic activities of Au/Pt core/shell nanowires with various Pt shell thickness,

various ratio of Au:Pt atomic ratios, on oxygen reduction reactions and ethanol oxidation

reactions.

154



6-2. The virus fuel cells

Fuel cells are a type of clean energy device that converts chemical energy stored

from hydrogen or hydrocarbon fuels into the electrical energy. It has higher specific

energy [Wh/kg] than batteries and capacitors, thus is comparable with the combustion

12engines . Fuel cells and batteries have similarities in that they utilize chemical energy

through redox reactions at the anodes and cathodes. However, unlike the closed system of

batteries where the anodes and cathodes participate in the charge-transfer redox reaction

by themselves and thus carry out the active roles, the fuel cell anodes and cathodes only

transfer charges to the reactants supplied from external source. Therefore, the fuel cell is

called an open system. Figure 6.1 (b) represents simple low temperature fuel cells

composed of an anode, cathode, and the electrolyte. At the anode, the oxidation reaction

of fuels produces electrons and ionic species transferred to cathodes through the

electrolyte. At cathode, 02 undergoes a reduction reaction to produce water either by the

direct formation of water or the serial reaction with hydrogen peroxide (H20 2)

intermediates, which could erode the electrode materials. The introduction of Pt or a Pt-

based catalyst improves both the dissociation of fuels at the anode and the direct

formation of water at the cathode. To facilitate the direct formation of water from 02,

enough loading of Pt is required, but in the oxidation of hydrocarbon fuels, Pt catalyst

that can tolerate decaying from CO poisoning is essential. With the excellent activity of

Au nanowires in the oxidation reaction of CO in chapter 3 and the Au-Pt alloy nanowires

in reduction of oxygen in chapter 5, here we propose the virus fuel cell based on the

Au/Pt core/shell catalysts for both electrodes with desired criteria (Fig. 6.1(c)).
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6-3. Synthesis of Au/Pt core/shell nanowires

The Au/Pt core/shell nanowires were prepared by utilizing the Au nanowires

discussed in chapter 3. The as-prepared Au nanowire is a good candidate as core material

for several reasons: (i) the Au nanowires are homogeneous without size selection, (ii)

high conversion yield of Au3+ to Au nanowires rules out any possible reactions between

un-reacted Au3+ ions and Pt**, (iii) the stability of Au nanowires provide robust building

blocks for Pt shells, and (iv) the three layer structure (p8#9, gold, and platinum) reduces

cost of noble metals, which are usually sacrificed as dead volume. Au core nanowires

were prepared as described in chapter 3-3. 15 mL of 0.1 M CTAB solution was mixed

with 10 mL of de-ionized water and 10 mL of p8#9 phage solution with 3.5 x 1010

pfu/mL. 1mL of 10 mM Au 3 solution was added to the mixture of phage and CTAB

surfactant and incubated for three hours. The Au-p8#9 complex with partially reduced

Au* was then further reduced by ascorbic acid and Ag ions. The solution was kept for

one day to complete the formation of nanowires and then used as core material for

core/shell nanowires. Considering the high conversion of Au3+ ions to Au nanowires,

which is more than 98% in most cases, the concentration of Au nanowires in the as-

prepared solution is about 55 ppm [mg/L or jtg/mL].

Figure 6.1(a) is the simplified schematic diagram for the preparation of AU/Pt

core/shell nanowires from p8#9 phage template. From the specific interaction between

the p8#9 phage and Au3+ ions, the Au nanowires were prepared first, and Pt4 * ions were

added to the dispersion of Au nanowires in CTAB solution. The Au nanowire solution

was used without any purification or separation, and no extra CTAB solution was added.

The mixture of Au nanowires with Pt4* ions was then incubated for two hours with gentle
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shaking at room temperature. After the incubation, ascorbic acid was added and the

solution was shaken for another five minutes at room temperature. The solution was then

transferred to the 50 'C oven and kept for overnight to form rough Pt shells composed of

dendritic Pt nanoparticles on Au cores. Lowering the reaction temperature to 20 'C (room

temperature) resulted in monolithic Pt shells with smoother surface and lower Pt content.

Strictly speaking, the Au/Pt core/shell nanowire is a triple layer of M13 phage, Au, and Pt

metals as shown in cross-sectional image in Fig. 6.1(a).

Figure 6.2 is the TEM image of Au core and Au/Pt core/shell nanowires taken at

the same magnification ((a) and (b), (c) and (d)). Obviously, the diameter of the

core/shell nanowire (Fig. 6.2(b)) is thicker than that of the Au core (Fig. 6.2(a)), and the

surface structure is also changed with the formation of Pt shells as shown in Fig. 6.2(d).

While the core Au nanowires show rippled surfaces coming from the coarsening of Au

nanoparticles along the p8#9 phage, the Au/Pt core/shell nanowires exhibit very fine

nanoparticles covering of the Au cores (Fig. 6.3). The Pt nanoparticles, coating the Au

core nanowire, are dendritically dispersed over the whole surface nanowires and the

individual nanoparticle size is less than 3 nm. The method for the preparation of Au/Pt

core/shell with dendritic Pt nanoparticle is described below.

Experimental procedures

For the preparation of Au/Pt core/shell with a 1:1 atomic ratio of Au:Pt, 3 mL of

homogeneous Au nanowire solution was transferred to a 15 mL falcone tube, and

200 [tL of 10 mM Pt4 solution from chloroplatinic acid hexahydrate

(H2PtCl6e6H2O) was added. The solution was incubated for two hours on a
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rocking platform with gentle shaking to induce Pt4 * ions to the surface of Au

nanowires, and then 400 [tL of 0.1 M ascorbic acid was added to reduce Pt4* ions

to Pt nano-shells. The solution was kept at 50 'C overnight without agitation.

TEM preparation

10 [L of the as-prepared nanowire solution was drop casted into the carbon

coated copper grid and left static for 20 minutes. Before the water evaporation,

additional de-ionized water was casted to wash out salts and excess surfactant and

removed by adsorbent paper by contacting the edge of grid.
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6-4. Confirmation of Au/Pt core/shell structure

As a simple analysis for confirming the existence of Pt shell on Au nanowires,

UV-Vis absorption spectra were measured from the nanowire solutions with different Pt

concentrations. The absorption spectrum from Au core is also attached as a reference to

compare the change in absorption phenomena. Figure 6.4 (a) shows the absorption

spectrum of Au/Pt core/shell nanowires with 2.6:1 (Au excess) atomic ratio still retains

the characteristic surface plasmon resonance peak around 520 nm implying the detection

of Au surfaces. The exposure of core materials from the dendrite Pt nanoparticles on Au

core is common especially for structures with Au/Pt atomic ratio larger than 113. The

characteristic Au peak disappeared when the Pt shell thickness increased and also the

atomic composition of Pt becomes comparable with that of Au (Fig. 6.4(b)). Contrary to

the sharp peak from the aqueous Pt4 + solution, the peak from Pt nanoparticles shows a

gradual increase in absorbance from the longer wavelength edge of visible light to UV 4 .

To further visualize the core/shell structure, scanning transmission electron

microscopy (STEM) and dark field TEM analysis with selective atomic mapping was

done on the nanowires with Au:Pt atomic ratio of 1:1 (Fig. 6.5). As shown in Fig. 6.5 (a),

Au (red) atoms are located inside while the Pt (green) atoms are found mostly outside of

the nanowires. The very dilute green colors mixed with red dots are from the Pt shells

positioned on top of the Au nanowires under the electron beam. From the nanowires

shown in Fig. 6.5 (b), each Au (c) and Pt (d) atom was chosen to image separately. When

imaged from the position of nanowire, the displayed Au atoms are more focused to the

nanowire center and the distribution of Pt appears broader than that of Au, implying the

existence of Pt as a shell layer of the nanowires.
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The crystallographic structure of Au/Pt core/shell nanowires was studied from

powder X-ray diffraction methods. The XRD pattern of core/shell nano-materials

strongly depends on various parameters: class of materials, thickness of shell, and the

position of each component. For example, the combination of Pt and Cu, having FCC

structure with different lattice parameters (Pt: 3.920 A and Cu: 3.610 A), could create

Pt/Cu core/shell, Cu/Pt core/shell, and Pt-Cu alloys with various XRD peaks. Despite the

big difference in atomic weight of Cu and Pt, both peaks were independently observed in

Cu/Pt core/shell nanoparticles 5 . Au/Pd core/shell systems for electrochemical

applications mostly features strong Au peaks in the absence of Pd peaks16'17, but separate

Pd peaks are also reported when the thickness of Pd shell increased18 . The magnetic/Au

core/shell nanoparticles heterogeneous catalysts were known to exhibit only Au peaks

from heavy atom effects1 9,20, but the peak pattern from magnetic nanoparticles was

visible when decreasing Au layers less than 2 nm21

The X-ray diffraction (XRD) pattern from the Au/Pt core/shell nanowires

(composition of Au:Pt = 1.8:1), plotted with the peaks of pure Au and pure Pt in JCPDS

data, clearly depicts characteristic peaks fit very well with pure Au (Fig. 6.6(a)).

Considering the similar atomic weight of Au and Pt, the heavy atom effect obliterating

crystallographic diffraction pattern from the lighter atom cannot explain the absence of

peak from Pt. The absence of a XRD peak from Pt shell could be explained by the

particle size and shell thickness. The dendritic Pt nanoparticles covering the Au nanowire

are much small than the monolithic Au core: the Au nanowires used as the core have an

average diameter size of 30 nm and are continuous, but the sizes of individual Pt

nanoparticles range from 2 to 3 nm. Assuming the Pt shell as monolithic metal layer
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resulted in a 3 nm shell thickness for nanowires with a 1.8:1 (Au:Pt) atomic ratio from

calculations based on a 30 nm diameter of Au core and a 6 nm of M13 phage. Therefore,

we believe the Au core in these Au/Pt core/shell nanowires are covered with one or two

Pt nanoparticles with spaces between the particles. As we can see from the TEM image in

Fig. 6.6(c), taken from Au/Pt core/shell nanowires used for XRD analysis, the whole

nanowire appeared to have a diameter of about 35~40 nm, which is congruent with the

values calculated above.

A closer look at the XRD peak pattern from the Au/Pt core/shell nanowires

revealed the un-symmetric peaks in the direction of larger 20 values and as shown in the

inset, the Pt characteristic peaks are positioned in the middle of the shoulder peak. The

incremental peaks are considered to be overlapping the peaks from Au and Pt, and the

XRD intensity data from the first peak of Au to that of Pt could be divided into the sharp

Au peak and the broad Pt peak (Fig. 6.6(b)). Therefore, the high intensity peaks with un-

symmetric shoulder resulted from the overlapping of the main peaks from Au cores and

the reduced peaks from Pt shells. The smaller particle sizes and thinner shell of Pt

compared with that of core Au resulted in much weaker diffraction from Pt despite the

similar atomic weight and its location at the outer shell. The core Au nanowire and the

thin Pt shell nanoparticles are visible from the TEM image (Fig. 6.6 (d)).
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6-5. Control of shell thickness of Au/Pt core/shell nanowires

A great advantage of Au/Pt core/shell nanowires is the ease of tuning Pt shell

thickness by changing the concentration of Pt4 * ions added during the incubation step.

From the selective reaction only occurring on the surface of Au nanowires with uniform

shell thickness, Au/Pt core/shell nanowires with different Pt shell thickness were

successfully prepared. The atomic % of Pt, related to the shell thickness, was increased

systematically from 3:1 to 1:1.2 (Au:Pt atomic ratio) in synthesis of dendritic Pt shells

and from 13:1 to 6:1 in synthesis of monolithic Pt shells (reaction completed at 20 C).

We will discuss various reaction conditions for the preparation of Au/Pt core/shell

nanowires below. There is slight deviation (less than 10%) of atomic ratios in AU/Pt, but

controlling Pt shell thickness by adjusting the amount of Pt4* ions and ascorbic acid is

reproducible.

Figure 6.7 represents line-scanning results of Au/Pt alloy nanowires from

different reaction conditions: the room temperature synthesis resulted in very thin

monolithic Pt with a Au:Pt atomic ratio of 13:1 as shown in Fig. 6.7 (a) and Fig. 6.7 (b) is

the line scanning of nanowires prepared at a higher reaction temperature (50 C) showing

increased Pt shell thickness with atomic ratio of 1.8:1 (Au:Pt). The change in temperature

from 20 'C to 50 'C greatly affected the thickness of Pt shell formed on the surface of Au

nanowires, in other words, the yield of Pt (the amount of Pt4* reduced to Pt metal). The

conversion yield of Pt at 50 C, the percentage of Pt4* reduced to Pt nanoshells,

calculated from the ICP-OES result of Au and Pt under the assumption of 100 %

conversion of Au3 * was 40%. Therefore, considering the same concentration of Pt4* in
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both cases, the yield of Pt in the reaction at 20 'C was lower than 10%. This yield was

further increased to about 50% when the reaction temperature was increased to 100 'C.

Figure 6.8 is the TEM images of Au/Pt core/shell nanowires with different Pt

shell thickness prepared from one batch of Au core nanowires. To control consistency in

the Au core, one large batch of Au nanowires was prepared with a narrow size

distribution of diameter size. The four samples shown in Fig. 6.8 were prepared by

adding different amount of Pt4* ions and ascorbic acids. The thickness of the nanowires

was increased with increasing Pt concentration and the surface of monolithic Au

nanowires is only visible in images of lower Pt content implying coverage of Au

nanowires with Pt nanoparticles. Au nanowires, composed of smaller crystalline domains

connected along a single nanowire, resulted TEM images with alternating dark and bright

regions under the beam of TEM due to the different transmittance of light depends on the

crystalline structures: for FCC crystal, the atomic density on directions (100), (110), and

(111) varies. With the full coverage of Pt nanoparticles, the alternating dark and bright

pattern from the Au crystallites was not observed in Fig. 6.8(d).

The detail experimental procedure is summarized as Table 6-1.
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6-6. Application of Au/Pt core/shell nanowires as catalysts in low temperature

fuel cell electrodes

For application of Pt as catalysts, Au/Pt core/shell nanowires with dendritic Pt

shell are more attractive than those of monolithic Pt layer for several reasons: higher

yield of Pt4 * for cost effective catalysts and larger surface area of Pt for more active sites.

As the applications of Au nano-materials as new catalysts have been reported recently,

exploring the catalytic activity of Au/Pt core/shell nanowires with different Pt shell

thickness is important not only to investigate the activity changing with the thickness of

Pt shell but also to examine any synergic effect of the Au core to improve the activity of

Pt shell. For the measurements of Au/Pt core/shell nanowires in their electrocatalytic

activities, nanowires were washed with de-ionized water three times. The atomic

concentrations of Au and Pt of Au/Pt core/shell nanowires used for electrochemical study

are summarized in Table 6-2.

The working electrode was prepared as described in previous sections (section 5-

5). 20 [tL of nanowire suspension was applied onto a glassy carbon rotating disk

electrode (RDE), which has 0.196 cm2 geometrical surface area. Therefore, we have

several [tg loading of Au/Pt core/shell nanowires. After evaporating the water, 15 [tL of

0.05 wt% Nafion* solution was casted onto the film of Au/Pt core/shell nanowires

deposited to fix the nanowire films physically and to ensure ionic conductivity for

measurement. Figure 6.9 represents cyclic voltammograms of Au/Pt core/shell nanowires

with various compositions (Au:Pt = 2.6:1, 1.8:1, and 1:1). Because we used the same Au

cores for the synthesis, the notation for composition with Au:Pt = 1:0.38, 1:0.55, and 1:1

would represents the composition more accurately. The atomic % of Pt is 28, 35, and
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50% respectively. The CV curves exhibited two distinctive potential regions associated

with under-potentially deposited hydrogen (Hupd) and adsorbed hydroxyl species (OHad).

Hupd happens in a potential range from 0 to 0.4 V vs. RHE and OHad at over 0.6 V vs.

RHE respectively. The strong peak at 0.60 V vs. RHE is associated with the reduction of

Pt oxide species, which were built on the surface of Pt nanoshell during the positive

sweep of potential.

As shown in Fig. 3.12 (c), the measurement of active surface area of Au at

alkaline condition, Au nanowires underwent oxidation and reduction during the CV

measurement. The peak potential would shift slightly due to the change in scan rate

[mV/s], but the oxidation of Au occurred during the positive sweep over 1.0 V vs. RHE

and the Au-oxide reduced to Au during the reverse sweep under 1.0 V vs. RHE. Even

though the Au nanowires were coated with Pt shell, the dendrite Pt shell allowed Au

surfaces as shown smaller figure in Fig. 6.9. The characteristic reduction peak of Au

oxide was not observed in nanowires with increased Pt shell. It supports the full coverage

of Pt shell on the surface of Au nanowires as confirmed in UV-Vis absorption in Fig. 6.4.

Form this CV measurements, the mass of nanowire catalysts was quantified in terms of

active surface areas in alkaline medium of 0.1 M KOH solution.
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6-7. 02 reduction reaction on Au/Pt core/shell nanowires

The Au nanowires showed excellent activity toward CO oxidation as reported in

Chapter 3.10, but the reduction of 02 on the surface of Au nanowires was not efficient

both in onset potential and the kinetics of reduction pathway as described in Chapter

3.11. However, a promising result was acquired from the reduction of 02 on the surface

of Au-Pt alloy nanowires with higher Au contents as reported in Chapter 5.6. The

addition of Pt component on Au nanowires enhanced the activity of Au-Pt alloy

nanowires close to that of Pt. This could be explained by the change in electronic

structure and in lattice parameter of Au by alloying with Pt as confirmed in other alloy

catalysts22 . Here, we tested nanowires with same combination of Au and Pt but with

different structure to the reduction of 02. To test the dependency of Pt shell thickness in

02 reduction reaction, RDE polarization curves were obtained from Au core, Au/Pt

core/shell nanowires and the commercial Pt/C catalysts.

Figure 6.10 represents the RDE curves obtained from various rotating speed at

scan rate of 10 mV/s on the surface of Au and Au/Pt core/shell nanowires with various Pt

shell thickness. The RDE curves all showed typical current-potential curves for 02

reduction. For further insights into the 02 reduction dynamics, Koutecky-Levich plots

were done for each case and added to RDE curves . To compare the effects of Pt shell

thickness on the reaction, RDE voltammograms of Au and Au/Pt core/shell nanowires at

1600 rpm were collected together (Fig. 6.10(e)). Even though the amount of loading was

slightly different in each case, the onset potential, which is independent of loading

amount, clearly revealed the positive shift as the Pt shell thickness increased. The onset

potential of pure Au was about 0.8 V vs. RHE but the onset potential of Au/Pt core/shell
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nanowires with 1:1 atomic composition is close to 1.0 V vs. RHE, which is typical value

of pure Pt. The commercial Pt/C tested in the same electrochemical analysis system

started reaction at 1.0 V vs. RHE as shown in Fig. 6.10 (f).

As already shown in potential profiles in Fig. 6.10(e), the Au/Pt core/shell

nanowires with atomic ratio of Au:Pt=l:1 showed better activity toward 02 reduction

reaction. A Koutecky-Levich plot at 0.6 V vs. RHE provided apprehensive insights into

the reaction pathways whether the main reaction of 02 reduction to water molecule is 4e~

process or 2e~ process (Fig. 6.11(a)). The number of electrons involved in the reduction

of oxygen was systematically increased from 3.7 to 4.4 with the contents of Pt increased.

The number 3.7 from nanowires with composition of Au:Pt=2.6:1 was also calculated

from the Au-Pt alloy nanowires with 2:1 atomic ratio in Chapter 5.6. The same efficiency

was found from nanowires with different morphologies and compositions: the atomic %

of Pt was 33% for Au-Pt alloy nanowires and 28% for Au/Pt core/shell nanowires. Even

though less Pt was used in Au/Pt core/shell nanowires than in Au-Pt alloy nanowires,

considering the fact that electrochemical reaction occurs on the surface of materials, the

synergic effect originated from alloying Au and Pt as solid solution can be addressed.

To quantitatively compare the activity of nanowires with various shell

thicknesses, specific activity and mass activity at 0.9 V vs. RHE were plotted with the

activities from commercial Pt/C in the same reaction condition. The specific activity is

normalized by the electrochemical surface area of Pt measured by the CV curves in Fig.

6.9. The activity of Au/Pt core/shell nanowires increased as the thickness of Pt shell

increased as was expected. Theoretically, the specific activity of Au/Pt core/shell

nanowires would saturate over a critical point because the reaction only happens on the
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surface of nanowires. The activities of Au/Pt core/shell nanowires of 1.8:1.0 and 1.0:1.0

are quite comparable despite the considerable difference in composition of Pt about 14%

as shown in Fig. 6.11(b). The optimized composition of Au/Pt core/shell nanowires in

terms of efficiency and the cost of catalyst is expected between the composition of 1.8:1

and 1:1.

The mass activities were normalized with the total metal mass, the sum of Au and

Pt in Au/Pt core/shell nanowires and Pt in commercial Pt/C. The mass activity was also

enhanced as the thickness of Pt shell increased. The mass activity of AU/Pt core/shell

nanowires with 1:1 atomic ratio exhibited higher activity than that of commercial Pt/C

about 1.5 times. If the activities were normalized with pure Pt mass, the activity of Au/Pt

core/shell nanowires with 1.8:1 atomic ratio would be higher than that of commercial

Pt/C and the activity of nanowires with 1:1 atomic ratio would be three times of that of

Pt/C.

168



6-8. Ethanol oxidation reaction on Au/Pt core/shell nanowires.

As we already referred in Chapter 6-1, the application of Pt catalysts was not

efficient in reduction of alcohols due to the susceptible to decay of Pt activity from well-

known CO poisonings. Recent improvement of catalytic activity in methanol oxidation

from the ensemble effect of Pt with Au and Ru was reported 24 . By controlling the

coverage of second metal on Pt catalysts from the electro-deposition, quantitative

analysis of catalytic activity with the degree of coverage was successfully done. The Au

core in our Au/Pt core/shell nanowires does not meet previous criteria for Au catalysts

with activities for electrocatalysis: Au nanoparticle size should be smaller than 5 nm, or

the Au nanoparticles should be conjugated with active oxide supports25 . However, as we

confirmed in Chapter 3-10, the as-prepared Au nanowires showed excellent catalytic

activity for CO oxidation despite the larger diameter sizes of up to 40 nm.

Mostly, research on fuel cell anodes has been focused on methanol oxidation

because methanol is the simplest alcohol that overcomes the storage problem of hydrogen

gas with much higher energy density than that of compressed hydrogen. Due to the

difficulty in breaking C-C bond in ethanol, the application of ethanol in low temperature

fuel cell anode material has been limited despite several advantages of ethanol fuel cells:

(i) higher mass energy density (8.1 kWoh/kg) than methanol (6.1 kWeh/kg), (ii) less toxic

and more accessible than methanol, and (iii) renewable fuel produced from biomass 26.

Thus, we tested Au/Pt core/shell nanowires in ethanol electro-oxidation reaction (EER)

by utilizing the Au core for CO oxidation to prevent Pt shell catalyst from decaying to

confirm the ensemble effects.
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Figure 6.12 (a) represents polarization curves of Au, Au/Pt core/shell nanowires,

and the commercial Pt/C catalysts on ethanol oxidation in 02 saturated KOH solution at

1600 rpm. The Au nanowires do not show EOR activity because Au itself cannot initiate

the breakage of chemical bonds in ethanol molecule. The activity of commercial Pt/C is

much lower than that of other Au/Pt core/shell nanowires because the surface of Pt is

blocked from intermediate species such as CO and CHO produced from the breakage of

ethanol. The enhancement of specific activity of Au/Pt core/shell nanowires, which is

normalized by the electrochemical surface area, is strong evidence of the ensemble effect

of Au in ethanol oxidation reaction. The dissociative adsorption of ethanol undoubtedly

occurs only on the active site of Pt surface both in commercial Pt/C and Au/Pt core/shell

nanowires. The higher current density in Au/Pt core/shell nanowires could be explained

from the dual function model; The Au atoms strongly adsorb hydroxyl species (OHads),

which can oxidize the COads on Pt sites and result in recovery of active Pt surfaces.

Further analysis on the surface structure of Au and Pt atoms during the electro-oxidation

and the final products of the reaction is under study.

As shown in Fig. 6.12 (b), at potential 0.5 V vs. RHE, the specific activity of

Au/Pt core/shell nanowires with a Au:Pt atomic ratio of 2.6:1 was greater than that of

commercial Pt/C about 8.3 times. The dendritic Pt shell on the surface of Au nanowires

increases the available Pt surface area on Au core more than the increase in mass. Those

enhancements of catalytic activity of Au/Pt core/shell nanowires with increased Pt shell

thickness contradicts general theory of Au-Pt interfaces that a thin Pt shell provides a

greater number of Pt-Au interfaces per Pt atoms in typical monolithic Pt shell4 .
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The chronoamperometry measurement on Fig. 6.12(c) clearly visualizes the

differences in durability of CO poisoning effect on the surface of Pt. From the time point

0 second, with the beginning of continuous oxidation of ethanol at 0.5 V vs. RHE, the

tenacious accumulation of CO intermediate on the surface of the Pt catalysts in the

absence of removal of CO in an adequate rate abruptly decreases the activity of Pt. The

slope of current density with time represents the susceptibility of the Pt catalysts to CO

poisoning. Even the potential 0.5 V, which is far from the oxidation of CO on the surface

of Au, the existence of Au core retards the fast decay of catalysts.

The comparison of activity of Au/Pt core/shell nanowires with 1:1 atomic ratio

both in acidic and alkaline solution clearly showed reduced activity of nanowires (Fig.

6.13) in acidic conditions similar to other Au-Pt systems for electocatalysis27 . Therefore

the Au/Pt core/shell nanowires are more adequate in applications alkaline fuel cell

electrodes.
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6-9. Conclusion

Further modification of Au nanowires with Pt4* resulted in AU/Pt core/shell

nanowires with well-defined Pt surfaces. The as-synthesized nanowire solution provided

homogeneous nanowires with uniform shell thickness. The shell thickness was also

successfully tuned by changing the concentration of Pt4 * ions and the amount of ascorbic

acid as reducing agents. Both EDX and ICP-OES results confirmed the atomic ratio of

Au core: Pt shell, and XRD data showed a Au-like pattern with a small shoulder peak at

higher 20 region. The UV-Vis absorption and CV measurement of AU/Pt core/shell

nanowires confirmed the full coverage of the Au surface by a Pt shell in nanowires of 1:1

atomic ratio. The electro-catalytic activity study was carried out on the surface of Au

core, Au/Pt core/shell with various shell thickness, and commercial Pt/C nanowires. The

Au/Pt core/shell nanowires with atomic ratio of 1:1 showed excellent catalytic activities

both in the oxygen reduction reaction (application in fuel cell cathode) and the ethanol

oxidation reaction (application in fuel cell anode) compared to commercial Pt/C under

alkaline solution. The Au/Pt core/shell nanowires could be utilized in low temperature

fuel cell electrodes for both in anodes and cathodes. From the synergistic interaction

between Au and Pt, promotional activities were confirmed through electro-chemical

measurements. Moreover, the existence of M13 phage as core material also significantly

reduces the cost for the preparation of catalysts from the high conversion efficiency of Au

with the enhanced durability of Pt catalysts.
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Figure 6.1 Schematic diagram for the preparation of Au/Pt core/shell nanowires and the
virus fuel cells. (a) The M13 phage with specific Au-binding peptide motif was used for the
preparation of Au nanowires as described in previous chapter. As-prepared Au nanowires were
slightly sonicated to make homogeneous solution. The Pt4* ions were added to the Au nanowire
dispersion and incubated for two hours at room temperature. To reduce the Pt4* ions, excess
ascorbic acid was introduced and the solution was kept in 50 0C oven to make Pt shell composed
of small Pt nanoparticles over Au core. (b) Simple low temperature fuel cell diagram. (c) Virus fuel
cell from Au/Pt core/shell nanowires with different Pt loading as catalysts in both electrodes.
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Figure 6.2 TEM images of Au core and Au/Pt core/shell nanowires. The TEM images in the
first row are (a) Au core and (b) Au/Pt core/shell nanowires taken at 6,800x magnification. The
diameter of nanowires is clearly increased with the formation of Pt shell. The images (c) and (d)
were taken at 50,000x magnification. The plain surface of Au core (c) is completely covered with
Pt shells (d) after the formation of Pt shell.
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100 nm

Figure 6.3 High-resolution TEM images of Pt shell. (a) High-resolution TEM image of Au/Pt
core/shell nanowires are covered with high-crystalline Pt nanoparticles shown in inset image. (b)
The Pt nanoparticles were grown dendritically with average particle size about 2-3 nm.
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Figure 6.4 UV-Vis absorption spectra of Au/Pt core/shell nanowires with different shell
thickness. (a) Au/Pt core/shell nanowires with Au:Pt atomic ratio of 2.6:1 showed slightly broad
peak of transversal absorption at 520 nm and started to absorb light with shorter wavelength (<
450 nm). (b) With increased Pt atomic concentration (Au:Pt=1:1), the shell thickness was also
enlarged and the absorption pattern was completely changed: the specific Au transversal
absorption peak around 520 nm was shielded perfectly and the characteristic peak from Pt
nanoparticles appeared.
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100 nm

Figure 6.5 TEM analysis confirming the core/shell structures. (a) The electron mapping of
two different atoms [green: Au, red: Pt] on the surface of Au/Pt core/shell nanowires show the
distribution of Au and Pt. The red spots located in the middle of wire are from the shell layer on
top of the nanowires from the perpendicular view to zone axis. (b) Dark field imaging of Au/Pt
core/shell nanowires. (c) Selective mapping of Au under dark field confirmed existence of Au
atoms close to center of nanowires as core material. (d) Pt atoms are more dissipated than Au.
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Figure 6.6 Representative XRD Result from Au/Pt core/shell nanowires. (a) The XRD peaks
from nanowires with 1.8:1 atomic ratio of Au:Pt exhibits patterns close to Au. The blue diamonds
are the main peaks of pure Au and the red circles for Pt from the JCPDS data. The Au main
peaks are not symmetric and shoulder peaks are followed at the edges in the direction of larger
26. The inset image of (a) clearly shows the existence of shoulder peak near the Pt peak position.
(b) The first peak centered at Au (111) was divided into the sharp and symmetric Au peak (blue)
and the broad Pt peak 8. (c) and (d) are the TEM image of Au/Pt core/shell Nanowires used for

the XRD sample preparation. Homogeneous structure (c) with relatively thin Pt shell (d) is
observed.
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Figure 6.7 Line-scanning result of Au/Pt core/shell nanowires prepared at different
temperature. (a) Room temperature synthesis of Pt shell from the same Au nanowire as core
material resulted in Au:Pt atomic ratio of 13:1. (b) Raising the reaction temperature to 50 0C while
keeping other conditions the same increased the amount of Pt on Au nanowires.
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Figure 6.8 TEM images of Au/Pt core/shell nanowires with different shell thickness. The Pt
atomic ratio was increased systematically from (a) to (d). The atomic ratios of each sample is (a):
2.6:1, (b): 1.8:1, (c): 1:1, and (d): 1:1.2. The TEM images shown at the first row were taken from
50,OOOX magnification showing surface morphologies with increasing roughness with increasing
Pt shell thickness (the atomic ratio). The second row represents the homogeneity of nanowires at
lower magnification of each sample shown at first row.
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Figure 6.9 Cyclic voltammograms of Au/Pt core/shell nanowires with various shell
thicknesses. The CV measurement was done on Au/Pt core/shell nanowires with atomic ratio of
Au:Pt (2.6:1, 1.8:1, and 1:1) deposited on GCE in Ar-saturated alkaline solution (0.1 M KOH) at
50 mV/s scan rate. The peak around 0.6V vs. RHE is characteristic peak of reduction of Pt oxides
and -1.0 V vs. RHE is characteristic reduction peak of Au-oxide formed during the forwarding
scan. The peak disappeared in Au/Pt core/shell nanowires with 1:1 atomic ratio as seen in
magnified graph on right side (solid blue line). The difference of integrated peak area was both
from the active surface area of nanowires and the deviation of loading amount.
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Figure 6.10 RDE voltammograms of Au, Au/Pt core/shell, and commercial Pt/C nanowires
on GCE in 02 saturated 0.1 M KOH solution (scan rate: 10 mV/s). The rotating speed was
ranged from 100 rpm to 2500 rpm in all cases (a): Au core, (b): Au/Pt core/shell with atomic ratio
of Au:Pt =2.6:1.0, (c) Au/Pt core/shell with atomic ratio of Au:Pt =1.8:1.0, (d) Au/Pt core/shell with
atomic ratio of Au:Pt =1.0:1.0, and (f): commercial Pt/C 1. (e) The polarization curves of different
nanowires show potential shift with the increased Pt amounts.
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Figure 6.11 Electrocatalytic properties on 02 reduction reaction of Au/Pt core/shell
nanowires and commercial Pt/C. (a) The Koutecky-Levich plot provided number of electrons
participate in the reduction of 02, which is systematically increased from 3.7 to 4.4. The
commercial Pt/C resulted electron number 4, a good agreement with reports before. (b) The
specific activity of Pt compared at potential 0.9V vs. RHE confirmed increased activity with the
thickness of Pt shell. The core/shell nanowires with Au:Pt atomic ratio of 1:1 showed higher
specific activity than 2.8 times higher. (c) The mass activities of Au/Pt core/shell nanowires
calculated from the total metal mass (the sum of Au and Pt in core/shell nanowires) also
confirmed the better activity of Au/Pt core/shell about 1.5 times.
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Figure 6.12 Ethanol electro-oxidation reaction (EOR) on Au core, Au/Pt core/shell with
various shell thickness, and commercial Pt/C nanowires. (a)Ethanol oxidation polarization
curves from nanowires in 1.0 M ethanol and 0.1 M KOH solution at 50 mV/s scan rate. (b)
Comparison of specific activity of the Au/Pt core/shell nanowires and commercial electrocatalyst
Pt/C at 0.5 V vs. RHE. The specific activity is normalized by the electrochemically active surface
area of Pt. (c) Chronoamperometry measurements of ethanol oxidation on Au/Pt core/shell
nanowires and commercial Pt/C RDE in Ar-saturated 0.1 M KOH.
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Figure 6.13 Activity tests of Au/Pt core/shell nanowires in acidic conditions. (a) Oxygen
reduction reaction on Au/Pt core/shell nanowires with Au:Pt atomic ratio of 1:1 showed negative
shift in onset potential in acidic solution (red dotted lines). (b) Ethanol electro-oxidation scanning
in acidic condition also resulted in much reduced current density than in alkaline solution.
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Au:Pt ratio Au [mM]

2.6:1 0.249

1:1 0.228

Table 6-1. Summary of
various shell thickness.

Pt* [mM] Ascorbic acid [mM]

0.30 6.06

0.56 11.1

concentration for the preparation of Au/Pt core/shell nanowires with

Au:Pt Au [ppm] Pt [ppm]

1.8:1 61.5 33.3

1A1 2e7
Au core 67 0

Table 6-2. Concentration information of Au/Pt core/shell nanowires used for electrochemical
measurements.

Au:Pt loading Coulomb ESA of Pt Onset
catalyst [pCa] [cm2p] pona

2.6:1 1.09 0.41 12.6*2.1 0.06±0.01 0.92

1:1 1.29 1.25 73.5*6.3 0.35*0.03 0.99

Table 6-3. Summary of electrochemical measurement data of Au/Pt core/shell nanowires with

various shell thickness and commercial Pt/C.

187


