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CHAPTER I

GENERAL INTRODUCTION

Materials Science

Materials science is a multidisciplinary science incorporating chemistry, physics,

and engineering. The field utilizes synthesis techniques from all branches of chemistry

to make materials that are relevant to solving problems in every field of the physical

sciences. Four major elements make up the traditional materials science tetrahedron

(MST) which guides research in materials chemistry: synthesis, structure, properties,

and performance, see Figure 11. Synthesis strategies must be accessible by a wide

range of scientists and engineers. The composition and structure of a product must

be closely controllable. And finally the product must perform within its application

area; it must have a particular set of properties that fulfill some niche. Not all of these

goals can be optimized at one time, but generally any foray into the field addresses

one or more of these goals.

Figure 1: The Materials Science Tetrahedron as proposed by the COSMAT in 1974.
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In seeking to address current problems, material chemists focus on making new

materials. This involves synthesis strategies from both organic and inorganic chem-

istry, as these new materials often incorporate both aspects to make a product with

tunable and wieldy properties somewhere between a traditional inorganic or organic

product. Research endeavors are often at the intersection of these two fields, e.g. pro-

ton electromotive membrane research focuses on generating metal nanoparticles, im-

mobilized on a polymer bead2 or other carbonaceous support3. Some of the higher per-

forming catalysts for fuel cells involve immobilizing platinum or platinum-ruthenium

alloy on electrically conductive carbon supports.3 As another example, current re-

search into high magnetic susceptibility particles utilizes organometallic precursors

and organic reducing agents to form lanthanide metal nanoparticles suspended in a

fluid.4

While synthesizing new materials is important, having control over the composi-

tion and structure of these materials can be even more important. These two concepts

are interrelated in the sense that control usually comes from the synthesis method, but

the structure or composition can also be controlled post-synthesis by other methods.

For example, chunks of lanthanide metal can be ground down to smaller particles and

then using microwave heating, the particles can be rounded. Catalysis applications

frequently require control over the structure of materials as well. In catalytically ac-

tive materials, usually only one or a few crystallographic facets are strongly active.5

This observation means that controlling particle structure to produce more of the

catalytically active facets exposed to the surface will increase activity and turnover

rate of the overall material.

Finally the performance of any material must be optimized, which involves tweak-

ing the properties. This idea again is interrelated to the other goals, but usually

cannot be optimized at the same time. For Magnetic Resonance Force Microscopy,

high magnetic saturation as well as appropriately sized particles that are stable under
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imaging conditions are desirable.6 Magnetic saturation is an intrinsic property of a

given material, but after picking a material with high saturation, the size and stabil-

ity can be tuned. These properties of materials can be optimized by using capping

layers, changing from bulk materials to micro- or nanoparticles, or other techniques

that do not necessarily change the identity of the material.

Synthesis Techniques and Current Problems

Synthesis techniques can be broken down into three major categories: wet tech-

niques, physical techniques, and a combination of the two techniques. Wet tech-

niques7 include solution reduction8,9, metathesis of dissolved ions10, and any other

techniques which utilize a solvent in a non-solid phase11. Physical techniques12 usu-

ally involve elements in their pure state reacted at high temperature and/or pressure.

The combination of the two would include things like precursor synthesis (a wet

technique) followed by tube furnace decomposition (a physical technique), or sol-gel

synthesis, where a solution is usually evaporated down to a gel (wet technique) and

then subjected to high temperature to dehydrate the product completely and cause

densification to the final desired material (physical technique).

Wet techniques usually provide for better control over the composition and struc-

ture of the final materials than physical techniques. Usually when a new material is

initially sought with a specific composition, a physical technique will be employed.

By mixing the elements in an appropriate stoichiometric ratio and allowing them to

react under high temperature and/or pressure, the desired final phase can be created,

but it will be a bulk material and will be the most thermodynamically stable phase.

With wet techniques, metastable phases as well as lower temperature phases of mate-

rials become feasible to produce. However many times the most thermodynamically

stable phase of system is desirable, while keeping the energy cost to produce it low.

In these situations a combination of the two techniques may be best.
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These two techniques however do not allow for control over all aspects that will

need to be controlled for future materials development. There have been some forays

into solving these problems. For instance, microwave synthesis13,14 is still a physical

technique, but the heating and cooling times are much more rapid than a typical tube

furnace synthesis15. This allows for not only rapid synthesis of materials, but with the

short cooling times, it is sometimes possible to trap meta-stable or high-temperature

materials and study them under STP.

Material scientists desire more control over synthesis than can be provided by

these techniques. With current physical techniques, new compounds can be made at

the correct stoichiometry and phase, but controlling the interface between materials

and the facets present in the materials is very difficult. Wet techniques allow for more

control over the facets present in the materials, but interfaces between particles and

their support or two quite different materials is still very difficult. New techniques

are needed that allow for more control, which may not replace old techniques, but

enhance materials research and the options available.

Current Research Endeavors

A step towards developing a new synthesis technique has been made in the Luke-

hart group, namely Confined-Plume Chemical Deposition (CPCD)16. This method

is also a type of physical technique, with even more accelerated synthesis than mi-

crowave methods. Using a laser to generate a plasma pulse between two confining

media, the reaction is confined both spatially and temporally. This confinement helps

generate exotic phases not normally observed at such mild conditions in extremely

short period of time. CPCD has been used to synthesize ReB2 directly on a Kevlar

fiber polymer support. This is noteworthy because the temperatures needed to form

ReB2 are typically around 3000 K, but Kevlar will melt and decompose around 750

K. This must mean that while enough energy is present in the system to form ReB2,
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the local temperature of the Kevlar fibers never goes above 750 K. Also of note from

this experiment was the tight interfacial interaction of ReB2 to the Kevlar fibers,

which has not been seen and is not possible by other methods. Finally no special

conditions are needed during this synthesis, such as cooling plates, high vacuum, or

special atmospheric gases like nitrogen or argon. CPCD is performed in open air with

the application of precursors and assembly of the confining media all taking place at

normal conditions. Even if final products are moderately sensitive to air or humidity,

the system is usually stable enough to be extracted from the confining media and

coated with a protecting layer like sputtered gold or a spin-coat polymer.

Since the initial discovery and development of CPCD within the Lukehart group,

continuing strides have been made to bring this technique to general applicability

in materials research. Using CPCD, metals on both hard and soft supports have

been synthesized, ceramics on both hard and soft supports have been synthesized,

and some exotic patterning has been investigated. The coatings made by CPCD

are not typically atomically smooth, but more like particles that are closely packed

together. This type of coating is great for increasing durability or putting particles

on a surface. Applications and properties of materials synthesized by CPCD are still

under investigation.

Utilizing standard techniques to achieve novel results is another research interest

within the Lukehart group. When simple metal nanoparticles are desired, solution

reduction is still one of the best techniques17. By dissolving the correct elements into

a solution and then reducing the compounds that contain those elements, metallic

particles can be produced that can be well-controlled in structure and composition.

The reduction potential needed for a compound as well as the reducing power of the

reducing agent must both be considered and matched in solution reduction synthesis.

Generally transition metals are not too difficult to reduce with reduction potentials

in the range of +2 to -1.5 eV18. The rare-earth elements tend to be a lot more
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difficult to reduce with reduction potentials closer to -2.5 eV18. This means that

more powerful reducing agents have to be used for rare-earth elements than transition

metals, including sodium naphthalenide, sodium benzophenide, and potassium(15-

crown-5)sodide18. Choice of precursor molecules also has a strong influence on the

reduction potential as well as the final product. Too many ancillary elements can

lead to introduction of undesired dopants in the final material.

Developing new techniques is a much needed step within materials chemistry;

however, without target materials to aim for, it is difficult to know in what direc-

tion to start looking. Studying chemical reactions and possible precursors is best

accomplished using theoretical frameworks. Density Functional Theory (DFT) is one

such framework, and it is used to investigate the ground-state electronic structure

of many-body systems19. DFT is modeled by using a spatially dependent electron

density acting on a virtual single-body that represents the system of study. Tradi-

tional quantum mechanics quickly becomes intractable when many different atoms are

present in large cells, but DFT handles this by simplifying the model under study. In-

stead of a system with many atoms, the system is represented as a kind of single-body

problem using electron density. All of the properties of interest can be calculated as

a function of this electron density and agree well with the experimental values for the

system. The types of functionals used to represent this spatially dependent electron

density must be chosen carefully to facilitate computationally reasonable systems for

study.

Characterization Methods

Materials chemists use many tools to study the systems of interest to them.

Whether that system is bulk scale or nanoscale, similar tools are used to fully char-

acterize the system and facilitate further refinement and experimentation. The prop-

erties of these materials depends on their chemical composition, structural arrange-
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ment, size of particles or crystallite domains, and surface structure. Methods used

herein include powder x-ray diffraction (XRD), scanning electron microscopy with

energy-dispersive x-ray spectroscopy (SEM-EDS), transmission electron microscopy

with energy-dispersive x-ray spectroscopy (TEM-EDS), and photoluminescence (PL)

spectroscopy. For details on more physical chemistry characterization methods see

Characterization of Nanophase Materials, Zhong Lin Wang, Ed. (Wiley- VCH:2000)20

Powder X-Ray Diffraction (XRD): XRD is a simple but powerful technique to

characterize solid-state materials. It yields information about phase identification,

purity, and crystallite domain size, including particle size for small particles. Using

x-rays to bounce off of planes of atoms within a crystalline material, XRD generates

a unique signal for every constituent in a sample, and can be used to measure purity

and oriented growth.

X-Rays are generated from a metal sheet, usually copper, by high-energy electrons

that are thermally ejected from the cathode, usually tungsten, to the metal plate.

These electrons eject core level electrons; to fill these core vacancies, valence electrons

relax and emit x-rays characteristic of the materials energy structure. In modern XRD

instruments undesired wavelengths are removed from analysis by using a detector that

is only sensitive to a specific range of energies that correspond to a small window of

x-ray wavelengths. This arrangement allows for more signal to be generated and

collected than the traditional monochromators used previously.

X-Rays are diffracted by planes of atoms within the crystalline material and can

be expressed in terms of the Braggs equation:

2 · dhkl · sin θ = n · λ

Where dhkl is the spacing between lattice planes for a set of Miller indices (hkl), θ

is the angle of the incident x-ray relative to the surface, and λ is the wavelength of

the x-rays. According to this equation the maximal signal is generated at certain
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lattice parameters and indices for a particular diffraction angle. These maxima are

what is unique about each sample. Using the maximal signal locations, it is possible

to identify which phases of crystalline material are present in the sample. Sample

identification is carried out by comparing these peaks in intensity to powder diffrac-

tion files (pdf) compiled by the Joint Committee on Powder Diffraction Standards

(JCPDS).

Crystallite domain size or, if the particle is small enough, particle size can also

be determined from XRD. Typical bulk samples have very narrow peaks indicating a

rather homogeneous long-range distribution of the atomic planes they represent. The

reason for the intense peak and short tail is the interaction of x-rays from different

layers on a single plane. There is maximum constructive interference at the peak and

as the x-rays moves farther from this angle, destructive interference quickly dominates

sending the signal back down to baseline. However, for small crystallite domains

and especially small particles the destructive interference is not as strong and can

contribute to peak broadening. Usually this is modeled by the Scherrer equation:

τ =
κ · λ

β · cos θ

Where τ is the mean size of ordered crystalline domains, κ is a shape factor, close

to 0.9 for spherical domains, λ is the x-ray wavelength, β is the line broadening

at half maximum intensity (FWHM) in radians, taking into account instrumental

line-shape broadening, and θ is the angle of the x-ray to the plane of the surface.

Scherrers equation only gives a lower bound on the size, because there are many

factors other than domain size that contribute to the broadening of a line. These

other factors include inhomogeneous strain and crystal lattice imperfections. Usually

these contributions are very minor and can safely be assumed to be near zero, but

confirmation of crystallite size by TEM is recommended.

8



Electron Microscopy (SEM and TEM): Scanning Electron Microscopy (SEM) can

achieve around 1nm resolution of a sample and provides a detailed picture of the

surface of a sample. SEM is capable of 40x all the way to 100,000x magnification,

meaning that details from centimeters down to a few nanometers can all be seen.

Also the depth of field is very high, meaning many features can be brought into

focus at the same time, giving a better picture of the sample than traditional optical

microscopy. Transmission electron Microscopy (TEM) can achieve around 100 pm

resolution of a sample and provides very detailed information about the entirety of

the sample. As the name implies, TEM requires that a sample is at least translucent

to an electron beam. TEM is capable of 50x down to 1,000,000x magnification.

This means that information can be gained about individual atoms up through to

conglomerated particles in a sample.

Both SEM and TEM use a focused beam of electrons to generate their images.

SEM images are generated by the secondary electrons emitted by atoms at the sur-

face of the sample. TEM images are collected from the electrons that pass through

the sample. Both techniques can also use a Z-contrast mode, called back-scattered

electron (BSE) imaging; in order to perform BSE imaging in TEM a high angle de-

tector must be present above the sample and the beam must be focused to a narrow

point and used in a scanning mode called scanning transmission electron microscopy

(STEM). Z-contrast is based on the atomic number (Z-number) of the elements in

the sample, where heavier atoms (those with higher Z-numbers) back-scatter more

electrons than lighter atoms (those with lower Z-numbers).

TEM can also be operated in an electron diffraction mode, called selected area

diffraction (SAD), which is similar to XRD. If a single crystal sample is present,

atomic planes are represented by spots instead of the rings present in polycrystalline

samples. The distance of these spots from the center of the beam, along with the

angle between spots, gives exact crystallographic information about the location of

atomic planes and the relative orientation between different planes.

9



Energy-dispersive X-ray Spectroscopy (EDS): EDS gives the elemental composi-

tion of a sample by measuring the characteristic energy of x-rays emitted by elements

within a sample hit by highly energetic electrons. EDS is usually performed as part

of either SEM or TEM imaging. The area of each peak is correlated with the rel-

ative amount of each element present in the sample, and so EDS can be used to

quantitatively identify the constituent elements in a sample.

EDS works by bombarding a sample with highly energetic electrons. These inci-

dent electrons eject core electrons from atoms in the sample. Valence electrons then

relax into the core and emit characteristic x-rays for each element. Depending on

which core electrons are removed, different characteristic signals are generated; these

signals are named according to the relative energies of the shells in which they reside.

The first shell is called the K shell, the second is called L, the third M, and so on. An

electron from a higher energy shell must relax into the shell with the hole to generate

the x-ray signal. Most EDS are not sensitive enough to differentiate between transi-

tions from different subshells within the primary shell; however, transitions between

different primary shells give rise to different lines. For instance a transition from L to

K (or any two adjacent shells) is designated Kα (or the alpha transition of the final

state), whereas a transition from M to K (or any shell separated by one intermediate

shell) is designated Kβ (or the beta transition of the final state), and finally a tran-

sition from N to K (or any shell separated by two intermediate shells) is designated

Kγ (or the gamma transition of the final state).

Photoluminescence (PL) Spectroscopy: PL spectroscopy measures how much light

is emitted by a sample after irradiation at a specific wavelength. This technique

is good for detecting dopant molecules and their surrounding chemical or physical

environment, which can strongly affect the luminescence wavelength and/or intensity

observed.
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Luminescence is the process whereby a molecule absorbs energy and subsequently

emits light. Using a photon source, such as light, to excite the molecule so that it

emits a different wavelength of light is called photoluminescence. If the lifetime of lu-

minescence is short (on the order or a second or less) the process is called fluorescence,

but if it is long (on the order or minutes or hours) the process is called phosphores-

cence. A spectrofluorimeter is used to measure photoluminescence. It comprises two

spectrometers, one to measure the wavelength of light illuminating the sample and

the other to analyze any fluorescence. First a standard absorption spectrum is mea-

sured to find where the sample absorbs energy to possibly luminesce, then each peak

is investigated by fixing the illuminating light at each peak wavelength successively

and scanning the luminescence spectrometer across all wavelengths. The absorption

spectrum is called the excitation spectrum and the luminescence spectrum is called

the emission spectrum. The difference in wavelength between the excitation wave-

length and the emission wavelength on a particular transition is referred to as Stokes

shift.

There are several ways for excited molecules to return to the ground state. Lu-

minescence is a radiative process with emission of a photon. Competing with lumi-

nescence are radiative and nonradiative transfers to other molecules or compounds

within the sample. A Stokes shift occurs because after excitation, the molecule re-

laxes to the lowest vibrational level on the excited state before relaxing back to the

ground state through photon emission. Nonradiative transitions between excited and

ground optical states are undesirable and should be suppressed. Heat (vibrational

relaxation) is the major nonradiative decay process. Concentration quenching, one

radiative loss mechanism, occurs through a cross-relaxation process whereby some

energy from atom A is lost through nonradiative processes until there is a match to

an available energy level in nearby atom A′. Then the energy is transferred to A′ and

it relaxes through another set of nonradiative processes.
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It is possible to measure fluorescence lifetime (FLT) as well. FLT is an extremely

sensitive technique that gives an absolute (concentration independent) measure of

system fluorescence properties. PL measurements (intensity vs wavelength) gives an

ensemble average and relative (concentration dependent) representation of these flu-

orescence properties. FLT spectra can be obtained in either the time domain or the

frequency domain. FLT measurements in the time domain involve a pulse of energy

that causes the system to fluoresce and then measuring intensity vs time for the en-

semble system to decay back to 1/e (about 36.8%) of the peak signal. This pulse of

energy should be very short to ease the analysis, so usually either a pulsed LED or a

short laser pulse (on the order of picoseconds or less) is used. If the excitation pulse is

on the same order of magnitude as the fluorescence lifetime, then complicated decon-

volution methods must be used to remove the effect of the pulse from the fluorescence

intensity measurement. FLT measurements in the frequency domain involve varying

the intensity of the excitation source sinusoidally and measuring the phase difference

between excitation and emission intensity. By measuring this phase difference over

many frequencies it is possible to extract the lifetime and distribution of states in the

system.

Research Aims and Goals

Computational modeling, preparation, and characterization of nano- and micro-

sized materials are the broad goals of the research being presented in this dissertation.

The aims are to extend novel synthesis techniques developed within the Lukehart

group, to prepare new compounds, and to use standard soft chemistry techniques to

prepare novel materials for use in magnetic imaging. six main research projects were

carried out:

• Anchoring of Pt and PtRu to Cup-stacked Carbon Nanofibers Studied by Den-

sity Functional Theory. Using Density Functional Theory (DFT) the interface
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of metal nanoparticles to cup-stacked carbon nanofibers were modeled and stud-

ied for binding interactions and characterization signatures. An introduction to

DFT and the systems modelled in this study as well as the results and charac-

terization of this study are presented in Chapter II.

• Influence of External Magnetic Field on Confined-Plume Chemical Deposition of

Iron Oxide Nanoparticles Using Femtosecond NIR Laser Irradiation: Chain-like

Nanoparticle Alignment in a Fluid Medium. Chain-like aggregates of nanopar-

ticles were prepared by Confined-Plume Chemical Deposition (CPCD). An in-

troduction to CPCD and Fe3O4 deposited by different methods under magnetic

influence as well as experimental results for aligning Fe3O4 with magnetic fields

oriented in different directions relative to the scanning of the laser beam are

presented in Chapter III.

• Confined-Plume Chemical Deposition of Gold Particles on Onion (Allium cepa)

Tissue: Particle Localization Similar to Hydrothermal Polyol Deposition. Gold

particles are deposited directly on onion tissue by CPCD. An introduction to

metals on biological supports as well as experimental results for depositing gold

particles selectively along the cell wall of onion tissue are presented in Chapter

IV.

• Preparation of Surface-Passivated Lanthanide Metal Micropowders for Mag-

netic Resonance Force Microscopy. Dysprosium particles formation is explored

by different synthesis methods. An introduction to Magnetic Resonance Force

Microscopy (MRFM) and lanthanide particle synthesis as well as experimen-

tal results of two failed and one successful formation procedure of dysprosium

microparticles coated with a platinum capping layer are presented in Chapter

V.
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• Preparation and Photoluminescence Characterization of Yttrium Borate Pow-

ders Doped with Lanthanide Phosphors. Yttrium borate powders doped with

lanthanide phosphors (YBO3:Ln) were prepared by Confined-Plume Chemical

Deposition (CPCD). An introduction to CPCD and YBO3:Ln materials as well

as experimental results for YBO3:Ce and YBO3:Eu are presented in Appendix

A.

• Laser-Beam Shaping Through Shadow Masking and Cylindrical Optics. A mask

shape to turn a Gaussian beam into a flattop beam is calculated. An introduc-

tion to beam shaping and the methodology used to measure beam shape as well

as experimental and theoretical results of a mask shape over a Gaussian beam

that is then focused through cylindrical optics are presented in Appendix B.
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CHAPTER II

ANCHORING OF PT AND PTRU TO CARBON NANOFIBERS
STUDIED BY DENSITY FUNCTIONAL THEORY CALCULATIONS

Density Functional Theory: General Introduction

Density Functional Theory (DFT) is used to model the electronic structure of

many-bodied systems. This is accomplished by modelling the many-electron system

as a functional of the spatially dependent electron density. DFT is among the most

popular and versatile methods available in computational chemistry. DFT is now

able to model solid-state systems quite well, and most of the properties calculated

agree satisfactorily with experimental data.19

Since DFT uses a functional of the spatially dependent electron density, it must be

corrected for exchange and correlation (xc) interactions. This xc interactions corrects

for the indistinguishable properties of fermion particles, like an electron, see discus-

sion below. XC correction is accomplished in the current work using the spin polar-

ized Perdew-Burke-Ernzerhof (PBE) approximation for the xc functional.21 Ultra-soft

scalar-relativistic pseudopotentials are used to describe the interaction of valence elec-

trons with core electrons.22 Plane-waves are used to describe the spatially dependent

electron density. Exchange energy is a strictly quantum mechanical effect between two

indistinguishable particles, broadly classified as either fermions or bosons.23 Fermions

include particles which cannot share quantum states such as electrons, protons, and

neutrons; however, bosons are particles which can share quantum states, such as pho-

tons and alpha particles. Theses quantum states, also called wave functions, give

rise to the indistinguishable particles either changing signs (for antisymmetric parti-

cles, which are bosons) or remaining unchanged (for symmetric particles, which are

fermions) when they are statistically exchanged. Since the particles cannot be distin-

guished, calculations have to include each of the particles occupying every possible

configuration of the wave functions. For fermions this exchange energy gives rise to

the distance between the wave function of two indistinguishable particles that should
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overlap to be greater than the expected value for two distinguishable particles from

classical mechanics, and for bosons the expectation value for the distance is lower

than for two distinguishable particles in classical mechanics.

Using ultra-soft scalar-relativistic pseudopotentials to describe the interaction of

valence electrons with core electrons gives a more accurate representation of the charge

density within the atoms. Pseudopotentials are used to replace actual all-electron

potential calculations because they require less computing power and generate far

fewer nodes for the valence electrons of interest at the core. Pseudopotentials also

allow for easier plane-wave constructions of the basis sets. All core electrons are

effectively frozen and only the net charge experienced by the valence electrons is used

in the calculations with pseudopotentials, which allows for the coulombic potential

in the Schrödinger equation to be replaced by a modified effective potential term.

Ultra-soft pseudopotentials are used to increase transferability of charge from core

electrons to valence electrons, since this pseudopotential construction does not require

that all wave functions within the cutoff exactly equal the all-electron potential, like

norm-conserving pseudopotentials. Ultra-soft pseudopotentials also allow for easier

construction of the pseudo-wave functions with a plane-wave basis function for highly

localized valence electrons. Scalar-relativistic pseudopotentials are better able to

predict all relativistic properties of atoms besides spin-orbit coupling than previous

non-relativistic self-consistent calculations. Spin-orbit coupling is not well modeled

by any computationally simple approximations. Scalar-relativistic pseudopotentials

approximate the Dirac equation by dropping the spin-orbit coupling term entirely.

This immensely speeds up computation while only sacrificing the relatively small

effects of the spin-orbit coupling for relativistic (that is heavy or high Z) atoms.
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Pt and PtRu Pure Metal and Carbon Interface Models

The polymer electrolyte membrane fuel cell (PEMFC) is a potential technology

for future energy conversion in sustainable energy systems.24,25 By using hydrogen,

methanol or formic acid from renewable energy sources and oxygen from the air, fuel

cells produce electricity with water and carbon mon-/di-oxide as the main exhaust.

Electrode catalysts in the PEMFCs are generally based on platinum. One issue with

platinum in low-temperature applications is, however, that the metal is poisoned by

CO. Carbon monoxide may be present in trace amounts in the gas feed or may form

during the fuel cell reactions. Alloying platinum with ruthenium has been shown to

modify the electronic structure and enhance the CO tolerance.26–29 PtRu particles

supported on carbon nanofibers have been reported to have higher activity as anode

catalysts in proton exchange membrane fuel cells than conventional catalysts. In a

recent study of the effect of carbon supports on fuel cell catalyst performance, the

Lukehart group determined narrow herringbone graphitic carbon nanofibers were the

best performing supports.3

The target system to be modeled are about 6 nm particles and HR-TEM analysis

shows these particles are crystallites that expose low index facets to the surroundings.3

Systems considered include the low energy surfaces (111) and (100) anchored to the

exposed edges of cup-stacked carbon nanofibers.3,30,31 The nanofibers can be viewed

as stacked graphene cones, so it is reasonable to represent the carbon support by a

single graphene layer. The metal-carbon interface then is modeled by metal surface

slabs attached to the edge of a graphene layer. This is justified because the interaction

between the graphitic sheets is of van der Waals type and neighboring sheets do not

affect the anchoring. It should be noted that the adhesion of a metal surface to the

basal plane of graphene is weak and that particles attached in such configurations

should sinter at low temperatures. (For reference we explicitly investigated Pt(111)

17



adhered to graphene using a metal (6 x 6) cell which corresponds to a lattice mismatch

of only 1.4 percent, and the adhesion energy was calculated to be 0.001 eV Å
−2

.)

The number of electrons treated variationally for each element are: Pt(10), Ru(16),

C(4) and H(1). A plane-wave kinetic energy cut-off of 28 Ry is used to expand the

Kohn-Sham orbitals. Reciprocal space integration over the Brillouin zone is approx-

imated with finite sampling that correspond to a spacing smaller than 0.041 Å
−1

for

all considered systems.

As equilibrium nanoparticles adopt shapes according to the Wulff rule, particles

larger than 3 nm are conveniently modeled by extended surfaces.32 Here, the metal-

graphite interface is investigated for the two common crystal planes, namely (111)

and (100). The surfaces are represented by five atomic layers. Repeated slabs (metal

and carbon) are separated by at least 11 Å of vacuum. Structural optimization is per-

formed with the two bottom layers constrained to the theoretical bulk positions. The

structures are regarded as converged when the largest element of the energy density

gradient is lower than 0.03 eV Å
−1

, the change in energy is less than 10−5 eV/atom,

and the change in atomic coordinates is smaller than 10−3 Å.

The interaction energy, ∆E, between the graphene support and the metal slab is

calculated according to:

∆E =
1

L
(EC/Pt − EPt − EC)

Where, the energy of the bare metal (EPt) and isolated carbon sheet (EC) are sub-

tracted from the total energy of the interface (EC/Pt). The interaction energy is

normalized with respect to the length of the unit cell (L) to make calculations com-

parable across different lattices. It is also instructive to consider the metal-carbon

bond strength, where instead of the cell length, the energy difference is normalized

to the number of metal-carbon bonds.

Surface core-level shifts (SCLS) give valuable information on the exact oxidation

state, bonding environment, and identity of elements at the surface, or interface,
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of a sample. SCLSs can be evaluated theoretically within DFT as well by using

a pseudopotential that accounts for an electron hole in the appropriate core shell

of relevant elements. For carbon the hole is generated in the 1s-shell33, while in

platinum and ruthenium the Z+1 approximation is used34, meaning platinum and

ruthenium will be modelled with gold and rhodium pseudopotentials respectively.

This approximation is valid because a core missing an electron can be seen as just

having another positive charge in its nucleus, which is exactly what the next element

in the periodic table has for a nucleus. These approaches include final state effects and

assume complete screening of the core-hole. The SCLSs are calculated with respect

to a bulk reference, represented by an atom in the center of the slab for the metal or

center of the graphene sheet for the carbon.

For reference two metal systems were considered, monometallic Pt and the PtRu

random alloy. The lattice constant of face centered cubic (fcc) Pt is calculated to

be 4.00 Å. When the xc-functionals used are applied to bulk crystal systems, the

theoretical lattice constant is usually slightly expanded (2%)with respect to the ex-

perimental lattice constant, which is exactly what is observed.35 Ru has a hexagonal

lattice and the lattice constants are calculated to be a,b=2.72 Å and c=4.28 Å, which

agrees reasonably with the experimental lattice constants. The random PtRu alloy

has a Pt1Ru1 stoichiometry and adopts the fcc lattice of Pt.36 Since true randomness

is hard to achieve, 100 semi-random configurations with a 1:1 Pt:Ru composition in

a large cell containing 32 atoms were used to test the effect of atomic arrangement

on ground state energy. The cell size was chosen to be the measured Pt1Ru1 lattice

constant (3.88 Å37), expanded by 2% to account for the known effects of the chosen

xc-functional. The energy difference between the highest and lowest energy configu-

ration was calculated to be 0.03 eV/atom. This small difference in energy indicates

that many configurations are experimentally possible. A common structural motif

for the lowest energy configuration is having a vein of Ru surrounded by Pt. The Pt
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atoms are on average bonded to 5.8 Ru atoms and 6.2 Pt atoms. The structure with

the lowest energy was used to optimize the lattice constant of PtRu. This constant

was found to be 3.92 Å, which is within the 2% expansion expected.

The effect of constraining the lattice constant was investigated further to validate

our assumptions. First an index of randomness was needed to evaluate how structures

should compare to one another. For this a randomness index was defined as:

randomness =
∑
i

mini (S,D)

The sum runs over all 32 atoms in the cell and for each atom i, S is the number

of nearest neighbors of the same element as compared to i and D is the number of

nearest neighbors of different elements as compared to i. Having six same and six

different neighbors is the most random case, which gives a theoretical randomness

of 192 for the 32 atoms present; however due to periodic boundary conditions, it

is actually impossible to achieve such a configuration. An atom having 8 different

element neighbors and 4 same element neighbors will contribute the same effect to the

index as an atom having 4 different element neighbors and 8 same element neighbors,

namely contributing 4 to the sum. To test the assumption that structural relaxation

was unnecessary to find the optimal configuration, 26 configurations were completely

relaxed. The energy differences for these configurations are collected in Table 1.

The greatest energy difference is 0.05 eV/atom within the 26 cases tested, which

include configurations sampled from the entire energy distribution of the original 100

structures. Analysis of Table 1 indicates that all the configurations are still very

random, and while the lowest energy configuration now changes, the structural motif

is still very similar to the optimal structure used in this study.

Even with a bulk PtRu random alloy, it is likely that segregation occurs at the

surface. In order to investigate this possibility, different configurations of the (111)

surface were explored. To facilitate direct comparison of the different systems, the

1:1 ratio of Pt:Ru was kept constant. Four different cases were studied: (i) only Pt
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Structure Random
Index

∆E/atom
Fixed

∆E/atom
Optimized

59 162 0 0.0197
41 164 0.0023 0.0095
16 164 0.0061 0.0007
35 168 0.0064 0.0052
74 168 0.0075 0.0198
36 162 0.0095 0.0203
91 166 0.0099 0.0239
69 168 0.0102 0.0147
21 168 0.0112 0.0034
89 148 0.0117 0.0010
53 168 0.0122 0.0146
99 160 0.0137 0
86 160 0.0152 0.0287
12 168 0.0163 0.0317
25 170 0.0168 0.0360
98 156 0.0174 0.0205
27 158 0.0191 0.0284
68 168 0.0193 0.0209
42 164 0.0193 0.0369
38 168 0.0215 0.0469
51 154 0.0220 0.0316
90 164 0.0231 0.0341
2 150 0.0249 0.0397
58 164 0.0261 0.0515
33 168 0.0276 0.0460
56 160 0.0339 0.0384

Table 1: PtRu random alloy configurations with and without complete optimization
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in the top layer (with only Ru in the second layer) with a Pt1Ru1 core, (ii) only Ru

in the top layer (with only Pt in the second layer) over a Pt1Ru1 core, (iii) a core-

shell configuration with Pt at the surface, and (iv) the stoichiometric Pt1Ru1 surface.

These calculations were carried out with slabs of 10 layers each. The structures and

their relative energies are shown in Figure 2. The case with only Pt in the surface

layer was energetically preferred, whereas segregation of Ru is calculated to be highly

energetically disadvantageous.

Figure 2: Investigated structures for surface segregation in a 1:1 Pt:Ru alloy. The
energies are given with respect to the structure to the left. White lines indicates the
p(2x2) surface cell. Atomic color code: Dark spheres (Pt) and bright spheres (Ru).

Experimentally, the metal particles are known to bind to the carbon sheets with a

30◦ angle to the surface normal.38 Both the canted and the perpendicular interface be-

tween carbon and metal were investigated. The potential energy surface with respect

to the angles of interaction investigated is flat. Figure 3 shows the canted graphene

sheet with zigzag termination of Pt(111), while Figure 4 shows the perpendicular

interface between graphene with zigzag termination and Pt(111). The optimum an-

gle was found to be 29◦ to surface normal. This configuration is similar in energy

(0.1 eV/carbon bond) to the perpendicular configuration (−0.03 eV/carbon bond).

The lattice constant of the graphene sheet was calculated to be 2.46 Å, which is in

perfect agreement with previous theoretical studies using similar computational ap-

proximations.39 In the calculations of the anchored nanoparticles, the graphene sheet
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Figure 3: Zigzag graphene interfacing with Pt(111) at 29◦

Figure 4: Zigzag graphene interfacing with Pt(111) at 0◦

is periodic in one direction and truncated in the second. Three layers of hexagonal

carbon units were used and the edge exposed to the vacuum was terminated with

hydrogen. Three layers of hexagonal carbon units was found to sufficiently represent

the bulk graphene sheet by studying hydrogen-saturated graphene flakes of different

sizes. It was found that the carbon-carbon bond distance in the center of these flakes

converged to 1.42 Å, which is the nearest neighbor distance observed in two dimen-

sional graphene flakes, when there were three layers of hexagonal carbon units to the

perimeter. Two different types of termination on the graphene sheets were consid-

ered, namely zigzag and armchair. The carbon nanofibers have edges that contain

both of these terminations in order to form a cone.31,40

The metal-carbon interfaces were constructed so as to minimize the lattice strain

in the two components. To achieve this goal as well as keep the slab sizes reason-

able, the Pt(100) surface was modeled with either a (7x2) or (6x2) surface cell and

the Pt(111) surface with either a (3x3) or (3x2
√

3)rect surface cell. These choices of
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surface cell afford a lattice mismatch between platinum and carbon in all cases below

1.6%. For the PtRu alloy, only the (111) surface anchored to the zigzag termina-

tion was considered. PtRu(111) was modeled with a (2x2
√

3)rect surface cell which

corresponds to a 1.6% lattice mismatch between the metal and carbon cells. For

the interface calculations, the lattice constant was set to the metal lattice constant;

this, however, is a minor computational approximation as the interaction energy for

the stable Pt-based system changes only by 0.07 eV/metal-carbon bond if the lattice

constant is instead set to the optimized value of the graphene sheet lattice constant.

Computational Results for Anchoring Pt and PtRu Surfaces to Graphite

Figure 5 shows the optimized structures for the metal-carbon interface in the

case of monometallic platinum. Figure 5(a) is the most thermodynamically stable

structure with zigzag termination of carbon interfacing Pt(111). In this case, the

carbon sheet is running along the (112) direction of the metal surface. The carbon

atoms have alternating bridge and atop positions on the surface platinum atoms. The

Pt-C bond distance is 2.19 Å and 1.99 Å for the bridge and atop position, respectively.

A second possible direction for the graphene layer is the (110) direction; however, this

configuration is higher in energy by 0.31 eV/metal-carbon bond. The (110) direction

is instead preferred for the armchair edge, shown in Figure 5(b). In this case, the

(112) is higher in energy by 0.06 eV/metal-carbon bond. The interface structures

between zigzag and armchair terminated carbon edges with Pt(100) surface are shown

in Figure 5(c) and Figure 5(d), respectively. In both cases the graphene sheets run

along the (010) direction. The match between the surface and the edge is best for the

zigzag terminated carbon, whereas the armchair terminated sheet is slightly distorted.

The interaction energy for structures (a)-(d) in Figure 5 are calculated to be

−1.35, −1.02, −1.22 and −1.09 eV Å
−1

, respectively. Thus, the zigzag termination

interfacing Pt(111) is the most thermodynamically preferred system. This is in good
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Figure 5: Optimum structures for the interface of monometallic Pt with C. (a)
Pt(111) interfacing with zigzag terminated graphene sheet, (b) Pt(111) interfacing
with armchair terminated graphene sheet, (c) Pt(100) interfacing with zigzag termi-
nated graphene sheet, and (d) Pt(100) interfacing with armchair terminated graphene
sheet.

agreement with the experimental TEM results which show that the (111) facet is

anchored preferentially to the carbon nanofiber.3 The bond strength of each metal-

carbon bond is about −3.3 eV/bond in this system. The preference for the (111)

surface could be attributed to the very good match between the carbon and metal

atoms. With this facet exposed to the interface surface, the carbon atoms can form

alternating bridge and atop bonds with minor stress. The standard deviation of atop

bonds is 5× 10−4 Å, whereas it is 5× 10−5 Å for bridging bonds. These deviations

favorably compare to the zigzag interface with Pt(100), which has only atop bonds and

a standard deviation of metal-carbon bond length of 0.05 Å. Experimentally, graphene
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sheets are known to make an angle of 30◦ to the surface normal.38 The potential

energy surface of the interface angle between graphene and monometallic platinum

is shallow and a local minimum is also found at about 29◦ from the surface normal

with an interaction energy of −1.39 eV Å
−1

for zigzag termination of a graphene sheet

with Pt(111).

For PtRu random alloy, the segregation properties of the bare (111) surface must

first be investigated. As mentioned earlier, for bare surfaces the system with Pt

segregated to the surface layer is preferred thermodynamically. This is reasonable

given that the surface energy of Pt(111) is smaller than that of Ru(111). The values

calculated in this study are 1.67 J m−2 and 2.76 J m−2 for Pt(111) and Ru(111), re-

spectively. However, it should be noted that the core-shell structure is not preferred

over the segregated PtRu alloy system. Instead the second layer is Ru and the rest

of the slab maintains the Pt1Ru1 stoichiometry, see Figure 2. This result agrees with

experimental observations of the formation of Pt1Ru1 alloy.41

Two relaxed configurations of the metal-graphene interface are reported in Figure 6.

For this interface, the search was restricted to the PtRu(111) surface and the zigzag

termination of graphene interfacing the metal along the (112)-direction. The pre-

ferred surface segregation changes when the metal is allowed to interface with the

graphene sheet. Instead of the all-Pt surface, the stoichiometric composition is pre-

ferred. This can be understood by realizing that the interaction between Ru and C is

stronger than the interaction between Pt and C. Interactions with the environment

changing the surface composition is well known has been discussed in connection to

oxidized PdAg surfaces.42 The two configurations in Figure 6 have the carbon bonded

in alternating atop and bridge positions. In (a), the atop position is over Ru, whereas

in (b) it is over Pt. The two configurations are almost energetically degenerate, only

being separated by 0.01 eV (total energy of the system). The interaction energy for

the graphene-PtRu(111) interface is calculated to be −1.30 eV Å
−1

which is close to

the value of the monometallic Pt surface, −1.35 eV Å
−1

.
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Figure 6: Side and top views of the relaxed zigzag graphene termination interfacing
the PtRu(111) surface. (a) shows the configuration with carbon bridging Pt and atop
Ru. (b) shows the configuration with carbon bridging Ru and atop Pt. The surface
cells are indication by white lines. Atomic color codes: Pt (dark blue), Ru (light
blue), C (grey), and H (white).

Characterization of the Metal-Carbon Interface

To study the nature of the metal-graphene interaction, a density of states (DOS)

analysis was performed. The projected density of states (PDOS) is calculated by

projecting the plane-wave eigenstates onto a linear combination of atomic orbitals

(LCAO) eigenstates. Then the contribution from each eigenstate is broken down

by angular momentum, giving the contributions from the s, p, d, and f orbitals, if

available, in the conduction band. By comparing the valence orbitals from neighbor-

ing atoms, it is then possible to deduce which orbitals are involved in bonding and

antibonding overlaps, as they will be of degenerate energy.

The PDOS from the graphene-PtRu(111) interface in the case with carbon an-

chored atop Ru is shown in Figure 7. The DOS is projected on Ru(4d), Pt(5d), and

C(2p) for sites of C atop Ru (upper panel) and C bridging Pt (bottom panel). By

comparing atoms at the interface to atoms in the bulk, the electrons involved in bond-
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Figure 7: Projected density of states (PDOS) for the interface of a zigzag terminated
graphene sheet with PtRu(111). The total density of states (DOS) is projected on
Ru(4d), Pt(5d), and C(2p) on the sites of C atop Ru (upper panel) and C bridge
Pt (lower panel). The energy is reported with respect to the Fermi energy and the
intensity of the carbon contribution is doubled to increase the visibility. The insets
show the densities of bonding, (b) located at −3.22 eV below the Fermi energy, and
antibonding, (a) located 2.52 eV above the Fermi energy, combinations of metal-
carbon Kohn-Sham states. The reported states are indicated by arrows in the PDOS.

ing can be found. Then comparing these potential bonding sites between neighboring

carbon and metal atoms, the actual bonding and antibonding overlaps can be found.

The valence electron configuration of Ru is 4d75s1 whereas the valence configu-

ration for Pt is 5d96s1. This is visible in the PDOS as the d-band is wider and also

that a larger part is above the Fermi energy for Ru as compared to Pt. Inspection

of the C-states and, in particular, the regions with hybridization between the C(2p)

and the metal states, reveals bonding and antibonding combinations. The bonding

combinations are located at −4 eV below the Fermi energy and the antibonding is

only slightly above the Fermi energy at 2 eV. These sets of states are indicated by

arrows in Figure 7. The clear separation between bonding and antibonding states is

indicative of covalent bonds. This is consistent with visualization of the representa-

tive Kohn-Sham orbitals. The orbital densities are shown as inserts in the case of

C-Ru bonds. The bonding states have accumulation of charge between the carbon

and metal atoms, whereas the antibonding states have nodes between atoms.
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To further investigate bond type and polarity, a Bader charge analysis was per-

formed.43 Using the final ground-state charge density distribution, it is possible to find

steepest ascent paths to charge density maxima. These maxima usually correspond

to nuclei in the system, and all paths that lead to a maxima are assigned to that

nucleus Bader region. By summing all the electron density in these regions, the total

electronic charge of each Bader region can be calculated. By comparing atoms far

from the graphene-metal interface with atoms at the graphene-metal interface, it is

possible to analyze the charge transfer (which indicate strong electronic interactions

like bonding). There is a charge transfer from Ru to Pt in the bulk of the PtRu alloy

of about 0.25 electrons. At the metal-graphene interface, carbon is slightly negatively

charged. The total charge on C atoms in the atop positions is 4.10 electrons, while the

bridging C atoms have 4.30 electrons. These charge transfer values are consistent with

the interpretation that the bridging and atop C atoms are sp3 and sp2 hybridized,

respectively. The charge rearrangement in PtRu(111) is similar to Pt(111), where the

total charge on C is 4.20 electrons in the bridging position and 4.00 electrons in the

atop position.

On an atomic scale, it is generally difficult to experimentally characterize buried

interfaces as the one studied here. One experimental technique that could be used is

X-ray photoemission spectroscopy (XPS).44 This technique has been used to reveal

the thiol-gold interface which has been a long standing issue in surface science.45,46

XPS is based on phenomenon that core electrons respond to the re-hybridization

and charge transfer in the valence region and thereby shift their binding energies.

These shifts are then signatures of the chemical environment of the element under

investigation.

In order to facilitate interpretation of future experimental measurements of core-

level binding energies, we have calculated the shifts for the metal-graphene interface

as shown in Figure 6. The results for the surface core-level shifts (SCLS) are reported
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in Figure 8. The SCLS are calculated with respect to a bulk reference, represented

by an atom in the center of the slab for the metal and in the center of the graphene

sheet for the carbon. The calculated SCLS are −0.32 eV and −0.34 eV for Pt(111)

and Ru(111) bare metal surfaces, respectively. This is in good agreement with exper-

imental reports47,48 and justifies this computation approach.

Figure 8: Surface core-level shifts (SCLS) for the (a) and (b) configurations in Figure
6. The shifts are calculated for C, Ru, and Pt. The corresponding references are C
in the center of the graphene sheet, Ru in the bulk of the alloy slab, and Pt in the
bulk of the alloy slab. See text for discussion.

The calculations show substantial shifts for all three elements. Considering first

Pt, a clear difference is predicted for the cases when C is anchored atop or in bridge.

In the case of atop, two shifts are observed separated by 1 eV. The positive shift
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(0.3 eV) is predicted for the atom bonded to carbon. If the sheet is instead bonded

via carbon in a bridge position between Pt, only one peak is observed at −0.3 eV. A

similar trend is calculated for Ru; however, the shifts are not as pronounced as for

Pt. The shifts for carbon clearly distinguish between the two configurations as well.

The largest separation (0.8 eV) between atop and bridging bonded C is calculated for

the case when C is adsorbed atop Ru. This is consistent with the interaction between

carbon and Ru being much stronger than between carbon and Pt.

Conclusions

Using DFT calculations, the interface between graphene sheets and different crys-

tal facets of monometallic Pt and PtRu alloy have been investigated. The systems

model PtRu particles supported on cup-stacked carbon nanofibers used in PEMFCs.

The calculations show that the (111) facet of the metals preferentially anchor to the

graphene sheet. This result, which is in good agreement with experimental observa-

tions3, is rationalized by good structural match between the metal and carbon lattice

constants. The metal-carbon bond is reasonably strong (about 3 eV) and of covalent

character. Although the electron conductivity through the interface was not calcu-

lated, the calculated strong covalent bonds are consistent with favorable conductive

properties that have been measured for the PtRu on cup-stacked carbon nanofiber

support3. While the bare PtRu alloy surface is rich in Pt, the interaction with carbon

stabilizes a surface that preserves the alloy composition. Core-level binding ener-

gies of carbon, platinum, and ruthenium are found to provide valuable signatures

of the interface and provide a means to interpret future high resolution XPS SCLS

experiments.
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CHAPTER III

INFLUENCE OF EXTERNAL MAGNETIC FIELD ON
CONFINED-PLUME CHEMICAL DEPOSITION OF

IRON OXIDE NANOPARTICLES USING FEMTOSECOND NIR
LASER IRRADIATION: CHAIN-LIKE NANOPARTICLE

ALIGNMENT IN A FLUID MEDIUM

Introduction to Confined-Plume Chemical Deposition

Confined-Plume Chemical Deposition (CPCD) is a new synthesis technique de-

veloped in the Lukehart lab. CPCD is a single-step process for preparing asperitic

coatings of microscale, crystalline, hard/superhard ceramic asperities on either hard

or polymer supports. In CPCD, irradiation of molecular precursor-on-support spec-

imens, spatially confined between transparent solid plates, by a train of picosecond

pulses lasting a few micro-seconds of pulsed infrared (IR) Free-Electron Laser (FEL)

light tuned to a precursor vibrational band leads to rapid precursor decomposition

and deposition of microcrystalline material of high purity in a single-step process.

A visible reaction plume forms at the laser/precursor interface, under conditions of

spatial and temporal confinement, as pulsed laser light is scanned across physically

confined precursor/support specimens. Pulse energy transmission analysis reveals

that 75-95% of pulsed FEL IR light energy is absorbed by precursor decomposition.

Reaction plume formation and the low duty cycle of pulsed lasers minimize collat-

eral thermal damage to support materials, thereby permitting use of either hard or

soft supports for CPCD. Rapid cooling of reaction plume species leads to surface-

nucleated, nearly vertical growth of crystalline, ceramic microcrystals without need

of subsequent thermal annealing. Using appropriate precursors, silicon wafer or poly-

mer films as supports, and silicon wafer and NaCl plates for physical confinement,

microcrystalline asperitic coatings of the known superhard ceramic material ReB2,

ultra-incompressible RuB2, very hard B4C, or superhard WB4 ceramics have been

produced by FEL-initiated CPCD.16

Now CPCD initiated by pulsed table-top laser light, specifically light produced

by an amplified Ti:sapphire laser (795 nm, 100 fs, 1 kHz), a Q-switched Nd:YLF laser
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(527 nm, 150 ns, 1 kHz), or an Er:YAG laser (2.94µm, 150 µs, 20 Hz) is investigated.

Given the wide availability of table-top lasers compared to highly restricted access

to IR FEL light, CPCD now becomes a generally applicable single-step deposition

method for producing asperitic microcrystalline coatings on a wide variety of hard,

soft, or bio-tissue supports. While CPCD initiated by pulsed IR FEL light tuned to

an IR absorption wavelength of precursor molecules occurs with essentially complete

success, identifying suitable precursors for CPCD initiated by the three table-top

lasers investigated proved far more challenging. These precursors must be designed

to absorb the energy of a laser, but that is no guarantee of plume formation. Some

precursors known to absorb at table-top laser wavelengths do not initiate CPCD re-

action plume formation, a necessary condition for materials deposition. Although

mechanisms of table-top laser light absorption during CPCD remain uninvestigated,

reasonable trial-and-error choice of molecular precursors usually leads to successful

plume formation and materials deposition. Any inconvenience associated with iden-

tifying suitable precursors is greatly compensated by the wide availability of visible

and IR table-top lasers.

Greatest success is achieved using 795-nm femtosecond table-top laser light, most

likely due to very high power density (ca. 1.6× 1012 W cm−2) during laser pulses

compared to the 2.94-µm laser (ca. 2.5× 105 W cm−2) and the 527-nm laser (ca.

2× 107 W cm−2). However, there are cases where having control over the laser power

or having less power density can be advantageous. To a small extent laser power

density can be controlled by the focal spot size, but currently the best method to

modulate power is switching from one laser source to another. However, laser power

density is not the only consideration; the frequency of molecular transitions in the

precursor molecule needs to match the frequency of the laser. For the 795-nm laser,

molecules need to have electronic transitions, usually found in conjugated molecules.

Electronic transitions are most commonly associated with colored molecules, and
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with such a high power density any absorption around 795 nm is enough to initiate

plume formation. For the 527-nm laser, precursor molecules need to have an elec-

tronic transition as well; however due to lower power density the color must be more

closely matched to absorb green light. Molecules that absorb green light appear red.

For the 2.94-µm laser, precursor molecules need to have vibrational transitions cen-

tered around 3400 cm−1. 3400 cm−1 corresponds to vibrational transitions present in

alcohols and primary amines.

Introduction to Confined-Plume Chemical Deposition of Magnetic Iron

Particles

External magnetic field influences on thin-film or nano/micro-particle materials

deposition processing has been used to produce (1) harder and more wear-resistant

diamond-like carbon coatings formed by plasma torch, filtered cathodic vacuum arc,

or magnetically enhanced plasma deposition methods49–51, (2) more uniform target

etching rates and spatially focused materials deposition on the square-centimeter scale

in magnetron sputtering discharges52,53, (3) smoother films of AlNiCo5 produced by

pulsed laser deposition54, and (4) modification of CdS film thickness, surface mor-

phology, and grain size when formed by aqueous precipitation55.

External magnetic field influences on magnetic nano-particle deposition performed

in fluid media is evidenced by formation of field-aligned, chain-like particle aggrega-

tion morphologies. Field-induced deposition of 15-nm diameter Co nanoparticles

formed via electroless solution reduction gives chain-like aggregation of Co metal as

nanowires of (190 nm average width x ca. 160µm length56. These nanowire struc-

tures align in chain-like fashion parallel to external magnetic field lines. Magnetic

field-assisted hydothermal synthesis of 80-nm magnetite (Fe3O4) nanoparticles under

magnetic field influence affords ca. 1 µm long chain-like aggregates that align parallel

to magnetic field lines57.
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Magnetic-field-induced alignment of preformed Fe3O4/polystyrene Janus micropar-

ticles in liquid dispersions provides similar chain-like structures.58 While applied ex-

ternal magnetic fields influence the macroscale morphology and properties of thin

films formed using physical vapor deposition methods, chemical deposition of mag-

netic materials formed as nano- or microparticle dispersions in liquid phases tends to

give field-aligned, chain-like deposition morphologies.59,60

A key feature of CPCD processing is that while materials deposition occurs un-

der open-air, ambient laboratory conditions, pulsed-laser decomposition of chemical

precursors produces a reaction plume within the tri-layer specimen under spatial and

temporal confinement. Scanning the pulsed laser beam across the sample specimen

generates reaction-plume pulses that undergo rapid cooling, which initiates nucleated

growth of high-melting product microcrystals on solid support surfaces.

An interesting question arises as to how application of an external magnetic field

might affect CPCD deposition of a magnetic product phase, particularly when a

liquid precursor is used. Given that the kinetics and mechanism of CPCD materials

deposition are unknown, it is difficult to predict if a magnetic field effect would

be similar to those observed by physical vapor deposition of thin-films or to chain-

like particle aggregation observed by chemical deposition from magnetic nano- or

microparticle/fluid dispersions (vide ut supra).

Knowing that chemical vapor decomposition or thermal cracking of Fe(CO)5 af-

fords Fe nanoparticles that air-oxidize to Fe3O4,
61,62 CPCD processing using liquid

Fe(CO)5 as precursor was performed in both the presence and absence of an oriented

external magnetic field. In the absence of an external magnetic field, CPCD process-

ing of liquid Fe(CO)5 affords a random deposition of Fe3O4 particles. However, in the

presence of an applied external magnetic field, CPCD processing of liquid Fe(CO)5

produces chain-like deposition of Fe3O4 particles with long-axis alignment parallel

to applied field direction. This outcome is consistent with formation of Fe or Fe3O4
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particle dispersions within the neat liquid Fe(CO)5 precursor medium during CPCD

processing.

Experimental

Reagents and General Methodologies Fe(CO)5 was purchased from Strem Chem-

icals, Inc. and used as received. 1.5 in x 1.5 in x 0.75 in N52 neodymium-iron-boride

rectangular block magnet was purchased from K&J Magnetics, Inc. Note: These are

very strong permanent magnets (0.5 Tesla), and great care must be taken when han-

dling them around ferromagnetic metal. A 0.5 in ultrahigh molecular weight polyethy-

lene (UHMWPE) dowel was purchased from McMaster-Carr. This dowel was cut into

3 mm disks using a thin dremel blade. 12.5 mm x 3 mm circular sapphire windows were

purchased from ThorLabs, Inc. A commercial FTIR pellet holder (13 mm diameter)

was used as the sample holder for CPCD experiments.

Powder X-ray diffraction scans were obtained on a Scintag X1 θ/θ automated

powder X-ray diffractometer with a Cu target, a Peltier-cooled solid-state detector,

and a zero-background Si(510) sample support with UHMWPE spacers. SEM images

were obtained on a Hitachi S-2400 electron microscope with an accelerating voltage

of 10 kV to 20 kV. This SEM is equipped with a thin-window energy dispersive x-ray

spectrometer (EDS) for microanalytical specimen characterization.

Confined-Plume Chemical Deposition Processing Femtosecond UV pulses are

produced in an amplified titanium-sapphire (Ti:sapphire)-based laser system oper-

ating at a fundamental wavelength of 795 nm. A continuous wave (cw) pumped

mode-locked Ti:sapphire oscillator, producing <100 fs pulse widths at a repetition

rate of 82 MHz, is used to seed the Ti:sapphire amplifier which increases the energy

of the femtosecond pulses to ca. 1 mJ/pulse in a regenerative and linear double-pass

amplifier arrangement while maintaining pulse widths of ca. 150 fs. This gives a peak
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power of 6.6 GW, which is focused through cylindrical optics into a line of approxi-

mately 40µm by 6 mm, giving a peak intensity of 2.7 TW cm−2. This is enough energy

to decompose almost any precursor with absorption in the visible spectrum.

UHMWPE disks were coated with 5µL of Fe(CO)5 liquid and sandwiched on

top by sapphire windows in a commercial FTIR pellet holder. This system was then

irradiated from the top through the sapphire window using a stepping motor scanning

stage to raster (at 25 µm/s) the sample through the line-focused 795-nm laser beam.

The laser beam was focused into a line that was approximately 40 µm x 6 mm with the

beam perpendicular to the direction of scanning. Laser experiments were conducted

in the open, ambient atmosphere and stored in the same. The sandwich assembly

was separated, and the coated UHMWPE was characterized by SEM, EDX, and

XRD. Control experiments confirmed that changing the orientation of the laser light

polarization did not affect the pattern of magnetic particle deposition.

Magnetic field influence on particle formation and deposition was investigated

by placing a neodymium-iron-boride magnet under the sample (approximately 2 cm

away, due to stage constraints) under different relative orientations. Iron particles

were deposited (a) with no magnet field influence, then the magnet was placed such

that the north-south field lines were (b) perpendicular to the sample (so-called up),

(c) parallel to the specimen plane but perpendicular to the direction of scanning, and

(d) parallel to the specimen plane and parallel to the direction of scanning (see Figure

9). All experiments were conducted in a single day from a single batch of Fe(CO)5

with the same magnet being oriented in different directions relative to the sample.

Results and Discussion

Preliminary experiments confirmed that CPCD initiates reaction plume formation

when line-focused, pulsed 795-nm femtosecond laser light is scanned across a tri-layer

sample specimen consisting of a liquid Fe(CO)5 precursor layer confined between a

3 mm thick sapphire top disc and a 3 mm thick ultra-high-molecular-weight polyethy-
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Figure 9: Cartoon descriptions of performed CPCD experiments. (a) CPCD tri-layer
specimen composition showing laser line focus scanning from left to right with no
applied magnetic field. (b) CPCD performed with applied magnetic field north-south
axis normal to specimen plane. (c) CPCD performed with applied magnetic field
north-south axis parallel to specimen plane and field lines perpendicular to scanning
direction. (d) CPCD performed with applied magnetic field north-south axis parallel
to specimen plane and field lines parallel to scanning direction.
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lene (UHMWPE) film bottom disc, see Figure 9 (a). A visible reaction plume travels

with the laser line focus producing concomitant formation of a thin, black surface

deposit. Powder XRD (Figure 10) reveals weak diffraction peaks consistent with the

presence of Fe3O4 as the only crystalline phase deposited onto the highly ordered

UHMWPE specimen support. Thermal decomposition of Fe(CO)5 is known to occur

through formation of Fe particles that oxidize in air to give Fe3O4.
61,62

Figure 10: Powder x-ray diffraction patterns of (a) thin-film black deposit on
UHMWPE support and (b) UHMWPE support. Line pattern of pure Fe3O4

(PDF#19-0629) is shown in (c).

SEM micrographs of the blackened surface reveal a moderately dense coating

of nearly spherical particles having diameters ranging from ca. 100 nm to 500 nm,

see Figure 11 (a). EDX elemental mapping of particle aggregates reveals uniform

distribution of Fe and oxygen atoms throughout the entire aggregate, consistent with

an iron oxide composition (see Figure 12).

To determine external magnetic field effects on particle deposition, the above

CPCD synthesis was repeated on top of a neodymium permanent block magnet
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Figure 11: SEM micrographs. (a) CPCD performed with no applied magnetic field.
(b) CPCD performed with applied magnetic field north-south axis normal to specimen
plane. (c) CPCD performed with applied magnetic field north-south axis parallel
to specimen plane and field lines perpendicular to scanning direction. (d) CPCD
performed with applied magnetic field north-south axis parallel to specimen plane
and field lines parallel to scanning direction. The red line inset indicates the line-
focused laser beam and the black arrow indicates direction of scanning, which were
held constant through all four experiments.

Figure 12: EDX elemental mapping of a Fe3O4 particle aggregate formed by CPCD
on UHMWPE showing (a) SEM image of a reference aggregate. (b) Image showing
overlapping Fe Kα1 emission. (c) Image showing overlapping O Kα1 emission.
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(0.5 Tesla) in which the north-south magnetic field lines were oriented end-on (or

normal) to the plane of the sample specimen, Figure 9 (b), parallel to the specimen

plane but perpendicular to the light beam scanning direction, Figure 9 (c), or parallel

to the specimen plane and parallel to the light beam scanning direction, Figure 9 (d).

Both the light beam scanning direction and line focus direction were kept constant as

indicated in Figure 9. Appreciable magnetic field effects are observed, as revealed in

SEM images Figure 11 (b-d). Toroidal-like magnetic field lines passing normal to the

specimen plane, Figure 9 (b), give a twisted chain-like aggregation of deposited par-

ticles, Figure 11 (b). However, magnet orientations having field lines passing parallel

to the specimen plane but either perpendicular, Figure 9 (c), or parallel, Figure 9

(d), to the scanning direction give chain-like particle aggregation oriented parallel to

the applied magnetic field lines, Figure 11 (c) and Figure 11 (d), respectively. SEM

images of the latter two samples at higher magnification, Figure 13, reveal highly

ordered chain-like particle aggregation.

Figure 13: SEM micrographs at higher magnification showing chain-like particle align-
ment. (a) CPCD performed with applied magnetic field north-south axis parallel to
specimen plane and field lines perpendicular to scanning direction. (b) CPCD per-
formed with applied magnetic field north-south axis parallel to specimen plane and
field lines parallel to scanning direction.

Dependence of deposition product on scan-rate was noticed. As seen in Figure

14, if the scan rate is too fast particles are formed too far from one another to

aggregate adequately during deposition; however it would seem as long as the scan-

rate is slow enough to allow aggregation, chain-like aggregates will form. For these

experiments 25 µm/s was found to be slow enough to form chain-like aggregates of

magnetic nanoparticles. 41



Figure 14: SEM micrographs. (a) CPCD performed at a scan-rate of 100 µm/s with
applied magnetic field north-south axis parallel to the specimen plane and field lines
parallel to scanning direction. (b) CPCD performed at a scan-rate of 25µm/s with
applied magnetic field north-south axis parallel to the specimen plane and field lines
parallel to scanning direction. The red line inset indicates the line-focused laser beam
and the black arrow indicates direction of scanning, which were constant through both
experiments.

With a scan-rate of 25µm/s, the entire 240 µm area seen in Figure 11 (d) can be

formed and deposited in ca. 10 seconds. Compared to hydrothermal synthesis57 and

electroless solution reduction56 techniques, which take about an hour for synthesis

of 1µm to 190µm chains, respectively, and then use of an post-reduction deposition

step, CPCD offers a much quicker and easier synthesis methodology. CPCD can be

used to form ca. 250µm long × 0.2 µm wide chain-like aggregates at the site needed

in ca. 10 seconds.

Such chain-like aggregation of magnetic particles under the influence of an applied

external magnetic field is strongly indicative of magnetic particle deposition from a

liquid-phase dispersion.56,58 Under the spatial and temporal confinement conditions

of CPCD, light-initiated decomposition of Fe(CO)5 molecules apparently produces

local concentrations of liquid-stabilized Fe atoms that rapidly condense as chains

of Fe/Fe3O4 nanoparticles. With the permanent magnet used in this initial study,

nanoparticle interchain distance is ca. 5µm, independent of in-plane perpendicular

or parallel magnetic field alignment, see Figure 9 (c) and Figure 9 (d) respectively.
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This separation probably indicates the distance over which a nanoparticle chain can

attract another magnetic particle before new chain growth occurs.

Conclusions

Confined-Plume Chemical Deposition of Fe particles using neat liquid Fe(CO)5 as

precursor and under ambient atmosphere gives a highly dispersed pattern of nearly

spherical Fe3O4 nanoparticles (average diameter of ca. 200 nm). Repeating this de-

position under the influence of an external magnetic field (0.5 T), with field lines

oriented within the specimen plane but parallel or perpendicular to the scanning di-

rection, give chain-like particle aggregation oriented parallel to the applied magnetic

field lines. Magnetic nanoparticle chains have single-particle width and average length

of ca. 200 µm.

Production of magnetic particles within liquid media via CPCD under the influ-

ence of an applied magnetic field represents a new, one-step method for preparing

chain-like magnetic nanowire morphologies. Although the scope of this method and

experimental control of magnetic nanoparticle size and inter-chain distance need to be

determined/optimized, this method allows much more rapid particle chain deposition

than is possible via either solution electroless reduction or hydrothermal reduction

(ca. 10 min for CPCD compared to ca. 1 h for the others). In addition, chain-like

magnetic particle deposition using CPCD occurs with spatial precision of laser beam

width directly on a substrate of choice. In contrast, electroless or hydrothermal re-

duction methods usually lack spatial precision and entail a solution-phase synthesis

followed by a post-synthesis deposition step. Direct deposition using CPCD would

also permit formation of magnetic nanoparticle chain-like networks, such as those

used in MEMS and microdevice technologies, by real-time alteration of applied mag-

netic field direction during synthesis. Realizing such possibilities will require further

optimization of CPCD methods.
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CHAPTER IV

CONFINED-PLUME CHEMICAL DEPOSITION OF GOLD
PARTICLES ON ONION (ALLIUM CEPA) TISSUE: PARTICLE

LOCALIZATION SIMILAR TO HYDROTHERMAL POLYOL
DEPOSITION

Introduction to Metal on Biological Supports

Deposition of inorganic materials on biotissues is of interest to show the breadth

of application for CPCD synthesis techniques. Green-onion tissue was chosen as the

biological support for this study because of its wide availability and easily viewable

cellular structure. Noble metal deposition on onion tissue is known, and gold was

chosen for its ease of reduction and deposition. Evaporation or sputtering of gold63

or platinum64 onto cellulosic material, such as onion tissue, at mild temperatures

gives thin-layer metal deposition up to 10 nm thick suitable for scanning electron mi-

croscopy imaging. Likewise, sputtering gold/palladium alloy onto cellulose nanopaper

gives thin-film deposition of noble metal alloy.65 However, gold metal deposition on

cellulose nanocrystals by hydrothermal chemical reduction of Au ions occurs with

Au nanoparticle formation rather than thin-film deposition.66 In aqueous solution at

120 ◦C, Au(III) ions undergo polyol reduction by nanocellulose surface OH groups

and deposit as gold nanoparticles 20 nm to 40 nm in diameter. Polyol reduction of

aqueous Au(III) ions using only α-D-glucose, sucrose, or maltose as reducing agents

and rapid heating by microwave irradiation also forms Au nanoparticles.67

Confined-Plume Chemical Deposition (CPCD) is an excellent method for prepar-

ing crystalline coatings of ceramic microparticles on either inorganic or polymer sup-

ports.16 In CPCD, laser light initiates precursor decomposition generating a visible

reaction plume at the precursor/laser beam interface. Under optimized conditions,

deposition of crystalline ceramic particles occurs without noticeable collateral thermal

damage to hard or soft support materials.
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A key feature of CPCD processing is that while materials deposition is performed

under open-air, ambient laboratory conditions, pulsed-laser decomposition of chemi-

cal precursors produces a reaction plume within the multicomponent specimen system

under spatial and temporal confinement. Scanning a laser beam across the sample

specimen generates a spatially confined reaction plume (of elevated temperature and

pressure but short lifetime) that travels across the specimen. Upon rapid cooling,

high-melting product phases condense from the reaction plume and deposit on the

surfaces of the solid support materials. Compositional control of the deposited ma-

terial is achieved by proper choice of precursor.16

At present, the temperature, pressure, reaction kinetics, time evolution, and

chemical speciation of CPCD-generated reaction plumes remain unknown. However,

achieving successful coating depositions by CPCD on thermally sensitive polymer

supports raises the intriguing possibility that CPCD could be used to fabricate hard

coatings on biological supports, such as gold deposition on onion tissue. Likely out-

comes of CPCD plume generation on such a highly cellulosic support include complete

decomposition of onion tissue support, gold deposition on partially degraded onion

tissue, or thin-film deposition of gold with little or no collateral thermal damage to

onion tissue support.

To test for these outcomes, CPCD processing of onion tissue specimens was at-

tempted using (Et3P)AuBr as precursor layer. Au(I) phosphine complexes readily

reduce to Au(0) via direct thermolysis68,69 or chemical reduction70,71. CPCD depo-

sition of gold metal on green-onion (Allium cepa Baja Verde) tissue is now reported

to occur with partial degradation of onion cell tissue and Au nanoparticle deposition

on cell wall features. Au nanoparticles deposit as cubiod agglomerates with signifi-

cant preference on inter-cellular double-wall surfaces. This deposition morphology is

consistent with exposure of cellulose microfibrils within cell walls72 and subsequent

hydrothermal polyol reduction of Au ions present within the CPCD reaction plume by

surface cellulose OH groups to form Au nanoparticles. Neither a complete degrada-
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tion of onion tissue nor thin-film deposition of Au metal is observed. Confined-Plume

Chemical Deposition initiated using pulsed laser radiation from a tabletop laser is

reported.

Experimental

Reagents and General Methodologies Allium cepa (green onion) was purchased

from a local grocer. 0.5 in x 1 mm circular glass supports were cut at Vanderbilt

in the glass shop from microscope glass slides. 12.5 mm x 3 mm circular sapphire

windows were purchased from ThorLabs, Inc. A commercial FTIR pellet holder

(13 mm diameter) was used as the sample holder for CPCD experiments.

Powder X-ray diffraction scans were obtained on a Scintag X1 θ/θ automated

powder X-ray diffractometer with a Cu target, a Peltier-cooled solid-state detector,

and a zero-background Si(510) sample support and UHMWPE spacers. SEM images

were obtained on a Hitachi S-2400 electron microscope with an accelerating voltage

of 10 kV to 20 kV.

Confined Plume Chemical Deposition Processing Femtosecond UV pulses are

produced in an amplified titanium-sapphire (Ti:sapphire)-based laser system oper-

ating at a fundamental wavelength of 795 nm. A continuous wave (cw) pumped

mode-locked Ti:sapphire oscillator, producing 100 fs pulse widths at a repetition rate

of 82 MHz, is used to seed the Ti:sapphire amplifier which increases the energy of the

femtosecond pulses to ca. 1 mJ/pulse in a regenerative and linear double-pass ampli-

fier arrangement while maintaining pulse widths of ca. 150 fs. This gives a peak power

of 6.6 GW, which is focused through cylindrical optics into a line of approximately

40µm by 6 mm, giving an intensity per pulse of 2.7 TW cm−2. This is enough energy

to decompose almost any precursor showing absorption in the visible spectrum.
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A circular piece of green onion skin (0.5 in diameter x ca. 1 mm thickness) sup-

ported on a circular glass wafer (0.5 in diameter x 1 mm thickness) was coated with

ca. 60 µL of 100 mM solution of bromo(triethylphosphine)gold in chloroform. Follow-

ing solvent evaporation, a circular sapphire wafer (0.5 in diameter x 3 mm thickness)

was placed on top of the coated onion, and the entire assembly was secured onto a

scanning stage. Pulsed irradiation produced by a 800 nm femtosecond Ti:Sapphire IR

laser, operating at 1 kHz and at ca. 1 mJ pulse energy, was passed through a cylin-

drical lens and focused near to the onion layer. The specimen assembly was rastered

at a scan rate of ca. 300 µm/s. During laser irradiation, a reaction plume is observed

along with formation of an apparent black/purple coating of product metal. Powder

x-ray diffraction (XRD) confirms formation of Au metal, and scanning electron mi-

croscope (SEM) images reveal good particle coverage and uniformity and an average

metal alloy particle size of ca. 3 µm.

Results and Discussion

Preliminary experiments confirmed that under CPCD conditions, as a line-focused,

pulsed 795-nm femtosecond laser light is scanned across a quad-layer sample spec-

imen, a reaction plume is initiated. The quad-layer sample specimen consists of a

bromo(triethylphosphine)gold layer on onion tissue confined between a 3-mm thick

sapphire top disc and a 1-mm thick glass bottom disc, see Figure 15. A visible re-

action plume travels with the laser line focus producing concomitant formation of a

black/purple surface deposit, but no visible change to the onion tissue. Powder XRD

reveals weak diffraction peaks consistent with the presence of Au as the only crys-

talline phase deposited onto the onion, see Figure 16. Onion cells have some ordering

present to give two large background peaks centered at about 23◦ and 38◦ 2θ.

SEM of the gold deposited on onion shows the cell structure of the onion is intact.

The edges of the cell show slight damage and definite gold deposition, see Figure 17.

These SEM images indicate that enough energy per pulse is available to decompose

47



the gold precursor and deposit gold particles on the edge of onion cells. The low

magnification SEM images (Figure 17 (a)) show almost nothing is deposited on the

cells. High magnification SEM images (Figure 17 (c)) show cuboid particles clustered

on the cell walls, consistent with the cubic unit cell of gold particles.

Figure 15: Cartoon descriptions of performed CPCD experiments showing a CPCD
tri-layer specimen composition with laser line focus scanning from left to right.

Figure 16: Powder x-ray diffraction(Cu Kα radiation) pattern of the Au/onion tis-
sue/glass along with the line pattern of pure Au metal (PDF# 4-0784). The stars
indicate background impurities present in the onion.
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Figure 17: SEM micrographs of Au/onion tissue specimen following CPCD of gold
metal at three magnifications. (a) Image showing multiple onion cells with Au deposi-
tion predominately at inter-cell double walls and some intra-cell locations. (b) Image
at higher magification. (c) Image at highest magnification showing the nanoparticu-
late structure of deposited gold.

To confirm that a reduction similar to polyol was responsible for reducing gold,

several other base and noble metals were investigated. Using acetylacetonate salts of

zinc, copper, palladium, platinum, and silver, it is seen that the reduction conditions

are not strong enough to reduce zinc or copper, and are just barely strong enough to

give very minor metal peaks for palladium and platinum, but can easily reduce silver

(see Figure 18). These precursors were decomposed under the same CPCD conditions

as (Et3P)AuBr, namely using the 795-nm laser with a cylindrical focus rastered at a

scan rate of 300µm/s.This metal precursor reduction trend is consistent with what

is known of polyol reductions, and is further confirmation of the reaction pathway.

Figure 18 (f) shows the background peaks for laser irradiated onion, which gives rise

to broad peaks at about 23◦ and 38◦ 2θ.
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Figure 18: XRD pattern of various metal reduction reactions by CPCD on onion. A)
Zn(acac)2 on onion shows only peaks for precursor (green stars) B) Cu(acac)2 on onion
showing only peaks for precursor (green stars) C) Pd(acac)2 on onion shows peaks for
precursors (green stars), a few low intensity peaks for Pd metal (red squares), and two
unidentifiable peaks (purple cirlces) D) Pt(acac)2 on onion shows peaks for precursor
(green stars), peaks for Pt metal (red squares), and unidentifiable peaks (purple
circles) E) Ag(acac) on onion shows peaks for precursor (green stars), peaks for silver
metal (red square), and unidentifiable peaks (purple circles) F) laser irradiated onion.
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Conclusions

Utilizing Confined Plume Chemical Deposition (CPCD) conditions on a bromo-

(triethylphosphine)gold precursor on a Allium cepa Baja Verde support, gold particles

were deposited along onion cell walls as 2 µm to 4 µm cubes. XRD confirms that polyol

reduction is the most likely pathway based on which metal precursors can be reduced

under the condition of CPCD. Production of metal particles by CPCD represents

a much faster method to produce such materials. Reducing and depositing metal

nanoparticles on living tissue with some degree of spatial control indicates CPCD is

a new synthesis strategy relevant to new applications of nanotechnology.
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CHAPTER V

PREPARATION OF SURFACE-PASSIVATED LANTHANIDE METAL
MICROPOWDERS FOR MAGNETIC RESONANCE FORCE

MICROSCOPY

General Introduction

Magnetic Resonance Force Microscopy New materials with novel properties and

improved performance are being created by controlling their composition and struc-

ture at the nanometer scale. Progress in the development of these novel materials will

depend on instruments capable of providing localized information on the structural,

electronic, and magnetic properties of these systems. Current techniques are unable

to characterize and image the buried interfaces of multicomponent systems, which is

an essential requirement for continued progress.

Magnetic Resonance Force Microscopy (MRFM) is a novel technique which com-

bines the chemical specificity of magnetic resonance spectroscopy with the high spatial

resolution of atomic force microscopy (AFM). This technique enables nondestructive

characterization of surface and subsurface composition at the nanometer scale for a

broad range of materials. The spatial resolution is limited by signal to noise ratio

of the interrogated volume, and has recently been shown by the IBM group to be

sensitive enough to detect and resolve a single electronic spin.73 MRFM is a general

technique that can be used to study most materials.6,74–76

MRFM uses a magnetic tip on a flexible micromechanical cantilever in an external

radio-frequency field. The interaction between this probe and the sample is detected

by measuring the displacement of the cantilever, which is oscillated above the surface.

The local gradient of magnetization is measured by detecting the shift in natural

frequency of the cantilever. The sensitive slice is a product of the external field,

particle shape, and the magnetic saturation of the particle. Only the external field

can be changed during an experiment, so particles with a reasonable shape and high

magnetic saturation are desired.
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The size of the particles to be used has been shown by Longenecker to be dependent

on the size of the sample to be analyzed. In general the optimal radius of the particle

is three times the distance from the particle to the area of interest. This means

for a sample that is up to 3 µm thick, a particle with a radius of 9 µm is desired

to interrogate the entire sample. Micrometer thick particles of materials with high

magnetic saturation are not commonly produced and must be custom be fabricated.77

Magnetic Particle Synthesis A joint project between SRNL and Vanderbilt Uni-

versity, sponsored by Dr. Matthew S. Wellons at SRNL, had been established with

the goal of discovering successful synthesis strategies for the preparation of air-stable

microparticles of dysprosium or holmium metals. Dysprosium and holmium are ideal

magnetic materials because they have the highest magnetic saturation found, 3.5 T78

and 3.87 T79 respectively. Ideal magnetic particles will be ten to twenty micrometers

in diameter. The preparation of these metals will be dealt with in three sections.

First chemical reduction will be discussed, then mechanochemical reduction, and fi-

nally physical preparation methods.

Introduction to Chemical Reduction of Dysprosium Salts

Chemical reduction of rare-earth compounds to form small metal particles is a

notoriously difficult problem, for example dysprosium and holmium both have a re-

duction potential of −6.9 eV80. The only known example is alkalide reduction of

GdCl3 in THF solution using an excess of [K+(15-crown-5)2]Na− forming an interme-

diate dispersion of Gd nanoparticles. Subsequent addition of AuBr3 solution leads to

reduction of Au(III) ion and surface passivation through formation of a gold metal

shell layer.4 To date, there have been no other reports of rare-earth metal particle

formation via chemical reduction, much less at the micrometer size.
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Reduction of DyCl3 by Solvated Electrons Solvated electrons are the strongest

reducing agent possible in any given solvent system, but most solvents are reduced

by such a strong reductant. In addition, rare-earth halides have low solubility in most

solvents, so the solvent of choice must both form a stable solvated electron species

and dissolve a rare-earth halide precursor.

Using liquid ammonia as solvent is undesirable due to the anticipated low solu-

bility of dysprosium halides at −33 ◦C. However, using an amine that is liquid at

room temperature and known to form solvated electron species, such as ethylenedi-

amine, precludes this low-temperature problem. Addition of sodium metal to purified

ethylenediamine at room temperature generates the expected beautiful blue color of

solvated electrons. When this blue solution is added to a solution of DyCl3 in THF,

a white precipitate forms immediately. Following isolation, characterization of this

white product solid by powder XRD and SEM-EDS indicates the absence of dys-

prosium metal. Powder XRD patterns show only very broad peaks consistent with

dysprosium oxide. Literature reports confirm the high stability of Dy(III) coordina-

tion complexes with amines in general, and of [Dy(en)3]
+3 specifically. Amine solvents

are impractical for dysprosium-ion solution reduction.

Reduction of Dy(III) Ion using Electron-Transfer Agents Given that DyCl3 dis-

solves best in THF, chemical reduction by alkali metal was attempted using THF-

soluble, electron-transfer agents. Initially naphthalene was chosen because of the high

reduction potential (−2.5 eV) of naphthalenide ion. A sodium naphthalenide solution

in THF was prepared in 10-fold molar excess and was added to a THF solution of

DyCl3. Following this addition, a THF solution of PtCl2 was slowly added to the

reaction solution in an attempt to surface-passivate any formed Dy particles with a

shell of Pt metal, a color change from blue to yellow was noted. A black powder was

isolated following the washing away of organic by-products with benzene and hexane

and ionic salts, such as sodium chloride, with ethanol and water.

54



Although powder XRD patterns reveal the presence of only sodium chloride and

Pt nanoparticles, SEM-EDS elemental mapping show dysprosium atoms co-localized

with platinum atoms, see Figure 19. XRD diffraction peaks consistent with the

formation of either Dy metal or Dy-Pt alloy are not observed, so successful reduction

of Dy(III) ion cannot be confirmed.

To increase the mass of Dy(III) ion available for reduction, a very soluble neutral,

organometallic complex of Dy(III) was purchased. Tris(isopropylcyclopentadienyl)-

dysprosium was dissolved in THF and was treated with a 10-fold molar excess of

sodium naphthalenide in THF. A small amount of platinum salt, di-µ-chloro-dichloro-

bis(ethylene)-diplatinum(II), was added as a THF solution to coat any formed dys-

prosium particles, a color change from blue to pale yellow was noted. Upon workup

by washing with benzene, hexane, ethanol, and water, only a black tar was isolated.

Strong Lewis acids are known to ring-open polymerize THF, which can appear as a

thick gel. This thick gel with black metallic nanoparticles most likely is the black

tar observed. Because this tar did not lend itself to further analysis, tris(isopropyl-

cyclopentadienyl)dysprosium was abandoned as a source of Dy(III) ion.

Chemical reduction of DyCl3 was then attempted using the diphenylketyl rad-

ical anion of benzophenone. Alkali diphenylketyl ion was generated by dissolving

sodium/potassium alloy in a THF solution of benzophenone. The resulting blue

ketyl radical ion solution was then added dropwise to a THF solution of DyCl3 in a

10-fold molar excess, no color change is immediately evident as there is excess blue

ketyl radical. A platinum salt, dibromoplatinum(II), was added as a THF solution to

surface passivate any formed dysprosium particles, and a color change from blue to

yellow/brown is noted. After working up the product by washing with acetone and

water, a black free-flowing powder was isolated. This powder smoldered and ignited

upon exposure to air. This flammable behavior is consistent with dysprosium metal

having been formed.
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Figure 19: SEM-EDS of Pt-coated Dy reduced by sodium napthalenide. Na and Cl
are localized together, Si and O are localized together, and Dy and Pt are localized
together. This co-localization is most consistent with NaCl, SiO2, and PtDy alloy
being present.
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Figure 20: XRD pattern of Pt-coated Dy from reduction of DyCl3 with alkali
diphenylketyl. Sample caught fire upon exposure to air. Red lines indicate Pt (PDF#
4-0802) and green lines indicate DyOCl (PDF# 22-0260).

Powder XRD analysis shows the presence of platinum metal and dysprosium oxy-

chloride, see Figure 20. SEM-EDS elemental mapping indicates dysprosium, plat-

inum, and oxygen all localized within the same area. Formation of this black powder

is an encouraging result, as it is possible that dysprosium oxychloride is formed from

air oxidation of Dy metal particles due to imperfect surface passivation by Pt metal.

With the difficulties presented through use of other electron-transfer agents, THF

solutions of [K+(15-crown-5)2]Na− were examined as a reducing agent. It was found

that [K+(15-crown-5)2]Na− in THF decomposes at room temperature over a few

hours. This decomposition time necessitates quick transfers and reactions. In a typ-

ical reaction a 10-fold molar excess of [K+(15-crown-5)2]Na− over dysprosium halide

was generated in situ using a 2:1 ratio of 15-crown-5 ether to sodium-potassium alloy

in THF with stirring for 1 hour. [K+(15-crown-5)2]Na− was considered to be fully

generated when the solution was dark blue and the beads of sodium-potassium alloy

were no longer visible. 200 mL of a 1 mM DyX3 (X=Cl or I) solution in THF was

added over 1 hour using a dropping funnel. 100 mL of a 3 mM HAuCl4 solution in

THF was added over 30 minutes. The reaction was allowed to continue stirring for 15

minutes after all the gold salt was added. The products were isolated by centrifuging
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Figure 21: XRD pattern of Au-coated Dy from reduction of DyI3 with [K+(15-crown-
5)2]Na− in THF. The green lines correspond to gold (PDF# 04-0784) and the stars
indicate another cubic phase, consistent with a DyAu alloy. The lattice parameter of
the expanded phase is 4.22 Å (3.5% expanded from pure Au).

at 3000 RPM. These products were washed with methanol, acetone, and water to

remove any [K+(15-crown-5)2]Na−, NaCl, or other side products. A black powder

was isolated that was stable in air.

This powder was analyzed by XRD, SEM-EDS, and TEM-EDS. Powder XRD

shows peaks for gold, and minor peaks consistent with a similar cubic structure to

gold, but expanded lattice constant, see Figure 21. These minor peaks are consistent

with a gold-dysprosium alloy. Vegards Law is not valid for this alloy in the absence

of diffraction data for a known fcc dysprosium-gold alloy phase. SEM-EDS shows

Dy and Au localized together consistent with alloy formation, and emission peaks

for carbon and oxygen are consistent with CO and/or O2 adsorbing to the powder

surface, see Figure 22. TEM-EDS shows separate gold particles as well as areas with

both gold and dysprosium localized together. From TEM analysis, there is evidence

of oxidation in the dysprosium particles indicating a sufficiently passivating shell was

not formed, but this observation is also consistent with an alloy forming and the

dysprosium selectively being oxidized out of the alloy.

58



Figure 22: SEM-EDS mapping of an aggregate cluster from the reduction of DyI3
with [K+(15-crown-5)2]Na− in THF. The dysprosium and gold are well correlated
together and the oxygen peak is consistent with adsorbed O2 on the surface.
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To remove the influence of the capping shell, chemical reduction was attempted

again without a gold capping layer. In a typical reaction a 3-fold molar excess of

[K+(15-crown-5)2]Na− over dysprosium iodide was generated in situ using a 2:1 ra-

tio of 15-crown-5 ether to sodium-potassium alloy in THF with stirring for 1 hour.

[K+(15-crown-5)2]Na− was considered to be fully generated when the solution was

dark blue and the beads of sodium-potassium alloy were no longer visible. 300 mL of

a 2 mM DyI3 solution in THF was swirled for 15 minutes. [K+(15-crown-5)2]Na− was

added to the DyI3 solution drop wise by addition funnel at a rate of ca. 9 mL/min.

The reaction was swirled for 15 minutes after all the [K+(15-crown-5)2]Na− was added.

The products were isolated by centrifuging at 3000 RPM. These products were washed

with THF and diglyme to remove KI and any residual reactants. A black powder was

isolated.

Powder XRD patterns of this powder inside a sealed XRD sample holder reveal

diffraction peaks from dysprosium metal, potassium iodide, and dysprosium oxide,

see Figure 23. There are many unassigned peaks as well, and such a mixture makes it

difficult to analyze the pattern definitively. Without any viable way to separate the

dysprosium metal from side products, this synthesis method was abandoned in favor

of a new method.

Reduction of Dy(III) Ion by Planetary Ball Milling with Calcium Reduction

of Dy salts using mechanochemical synthesis techniques was attempted as a novel

synthesis strategy for obtaining Dy micropowders. With traditional wet chemistry

techniques, solvation spheres exist which mitigate the reduction potential of reaction

agents; however, mechanochemical techniques overcome this limitation by grinding

reagents in the solid state. The high-energy impacts of grinding balls with the sides

of the chamber generate short term forces capable of causing chemical reactions, like

oxidation/reduction81. Mechanochemical reactions are driven by thermodynamics,

not solution oxidation/reduction potentials or solution kinetics.
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Figure 23: XRD pattern of powder from reduction of DyI3 with [K+(15-crown-5)2]Na−

in THF. The purple lines correspond to Dy2O3 (PDF# 22-0612), the red lines corre-
spond to KI (PDF# 04-0471), and the green lines correspond to Dy metal (PDF#
15-0430). There are many more phases present and assigning all peaks becomes an
intractable problem.

Reduction of DyF3 to Dy0 has been successfully implemented in a tube furnace

using direct reaction with calcium metal. To attempt this synthesis via ball milling,

a proof of concept synthesis was attempted. A small disperser container was loaded

with 0.250 g DyCl3 and 0.110 g Ca with about 0.1 g (ca. 20) 10 mm steel balls. These

materials were then agitated by an internal peg. The proof-of-concept reaction worked

well, forming a dark powder around the chunks of calcium. With these encouraging

results, the reaction was scaled up to a planetary ball mill (Retsch PM100). A large

stainless steel jar was loaded with 0.115 g of calcium pieces, 0.601 g DyCl3 powder,

and 0.20 g (ca. 40) 10 mm hardened steel balls in a glove box. The jar was then

secured with an air tight clamp and brought out of the box and loaded into the

planetary ball mill. The mill was run at 500 RPM for 2 hours and allowed to cool.

The jar was then pumped back into the glove box for disassembly and analysis of

contents. Using an air-tight XRD holder the products were analyzed by XRD.

X-ray diffraction patterns show a broad peak consistent with nanoparticulate dys-

prosium metal. Some of the powder was brought out and exposed to air; rapid
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bubbling consistent with dysprosium metal reacting with water was noted (CaCl2

co-product is deliquescent). TEM-EDS of this sample shows Dy, Cl, and O spatially

well correlated and Ca as a coating, see Figure 24. It is difficult to deduce much

structural information though as the particles were quite aerated and would collapse

under TEM inspection.

The above reaction was repeated using DyF3 in place of DyCl3. XRD analysis of

the resulting black powder shows four broad peaks that are assignable to a fcc unit

cell and one peak assignable to CaF2. The lattice constant of the fcc unit cell phase is

consistent with those observed for nanoparticulate powders of rare-earth metals, like

gadolinium and dysprosium.82 TEM-EDS analysis of this powder reveals that Ca, F,

and Dy are spatially well mixed, but regions of Ca and F are distinct from Dy. These

maps are consistent with the XRD analysis, revealing formation of a highly dispersed

mixture of nanoparticulate Dy and CaF2, see Figure 26 and Figure 27. However,

CaF2 is insoluble in any solvent, which means separating it from the Dy metal is

impractical. As the halides go from F to I, solubility increases for CaX2 (X = halide).

To mitigate the inseparable coproducts problem, different halide salts of calcium

were considered. It was found that from a thermodynamic point of view, DyI3 reacting

with Ca to form Dy0 and CaI2 was even more thermodynamically favorable than the

fluoride, with a Gibbs free energy of formation between −350 kJ/mol to −460 kJ/mol.

0.788 g of DyI3 and 0.094 g of Ca were added to a stainless steel reaction chamber,

with ca. 30 stainless steel balls. This chamber was sealed air-tight and placed into

the planetary ball mill. The reaction was performed at 600 RPM for 5 hours at a -2:1

inner:outer spinning rate. After the reaction was stopped, the chamber was brought

back into the glove box and unsealed. A black powder was observed. Using THF

to transfer the powder and separate it from the grinding media, this suspension was

then centrifuged at 3000 RPM for 30 minutes. The final black powder recovered was

highly magnetic. The supernatant, which was decanted away, was a dark yellow color.
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Figure 24: TEM of aerated particle from reduction of DyCl3 with Ca by ball milling.
Dy, Ca, Cl, and O are correlated and detailed structural information is difficult to
deduce because the structure collapses quickly under TEM illumination.

63



Figure 25: XRD of the product from the reduction of DyF3 with Ca in the planetary
ball mill. The indexed peaks are assigned to a fcc unit cell with a cell parameter, a =
4.90 Å. If this is assumed to be a fcc form of Dy metal, then the atomic radius would
be 1.73 Å, which is close to the accepted literature value of 1.78 Å. The extra peaks
around 28◦ and 47◦ 2θ are from CaF2.

The black powder was then washed with hexane, which was decanted away as well,

and allowed to dry for 2 hours in the glove box.

XRD analysis shows a large very broad peak consistent with Dy2O3 and a few low

intensity peaks consistent with Dy metal. TEM-EDS shows extensive contamination

from Fe, Cr, and Si, the first two of which are components of stainless steel and Si

most likely from the detector. The individual particles were quite small (ca. 10 nm),

but were agglomerated to about 0.5 µm to 1µm particle size.

Physical Size Reduction of 40-mesh (<420 µm) Dysprosium Metal Particles With

the difficulties presented through reduction of dysprosium salts, direct size reduction

of 40-mesh dysprosium turnings was attempted through ball milling. It was found

that ball milling dysprosium with 5 mm WC balls, ca. 5 mL of hexane, and 0.5 mL

oleylamine produces promising particles of 1µm to 10µm. Figure 28 shows a repre-

sentative SEM of the as received 40-mesh dysprosium particles, and Figure 29 shows

the corresponding XRD pattern using the air-tight XRD holder. The as-received
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Figure 26: TEM-EDS mapping of product from ball milling DyF3 with Ca pieces in
a planetary ball miller for 5 hours at 600 RPM. Correlations can be noted between
Ca and F, while Dy is absent, and vice versa indicating Dy and CaF2 as coproducts;
mapping of oxygen is consistent with absorbed O2 on the surface. The agglomerate
shown is about 250 nm wide.
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Figure 27: TEM-EDS spectrum from a typical particle from the reaction of DyI3
mechanochemically reduced by Ca. There are zones of Fe, Cr, and Si within the Dy
particle. The EDS spectrum shows Dy and O as the major elemental components,
but Ca, I, Cr, Fe, and Si are also present in significant amounts. The Cu peak is due
to the Cu grid, and not a signal in the sample. Fe and Cr are components of stainless
steel, which is what the grinding chamber and media are made of. Si is most likely a
contaminant from the detector.

dysprosium is under oil, and a hexane wash is used to remove all oil before grinding.

In a glove box, 0.875 g of washed dysprosium is placed in the ball-milling chamber

along with ca. 5 mL of hexane and 0.5 mL oleylamine. The chamber is sealed with

an air-tight clamp in the glove box and brought out to be ground on the Retsch

PM100 planetary ball mill for 30 min at 600 RPM with a -2:1 inner:outer spinning

rate. Control experiments without the oleylamine show an unexpected diffraction

peak in the XRD pattern at about 30◦ 2θ. Because the peak does not align with the

expected position of Dy2O3, we are assigning it as a likely sub-oxide of dysprosium,

just coating the surface. To mitigate the sub-oxide problem, grinding could only be

performed for 10 minutes.

Adding oleylamine to hexane in the grinding chamber helped in a couple of dif-

ferent ways. First, the particles show an XRD pattern that more closely matches the

expected intensities from the PDF card. Better alignment of the XRD patter is most

likely due to a more equilibrium structure forming. Secondly, the sub-oxide peak
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Figure 28: SEM of the as-received 40-mesh dysprosium. The particles are quite rough
and not at all uniform in shape.

Figure 29: XRD of the as-received 40-mesh dysprosium. The green lines correspond
to Dy (PDF# 15-0430). The grey trace is the background due to the air-free holder.
The only peaks present are from dysprosium metal, however the intensities do not
match the PDF card, so likely there is some preferential alignment.
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Figure 30: XRD pattern of product from ball milling 40-mesh dysprosium in a Retsch
PM100 for 45 minutes at 600 RPM with hexane and oleylamine. The green lines are
for dysprosium metal (PDF# 15-430), and the intensities match much more closely.
An unidentified peak around 30◦ 2θ is visible (it was not visible in a sample milled
for 20 minutes), and is assumed to be a sub-oxide coating on the surface of the
dysprosium particles.

does not appear significantly in the XRD pattern until about 45 minutes of grind-

ing, meaning smaller and more uniform particles should be obtainable, see Figure 30.

After grinding, the vessel is brought back into the glove box to be opened. Then,

using hexane, the ground powder is transferred to a centrifuge tube for particle size

separation. To separate particles, the solution is agitated and allowed to settle for

ca. 1 minute, then whatever is still suspended is transferred to a new centrifuge tube

using a pipette as quickly as possible. Using this technique, reasonable particle size

separation was obtained on a sample milled for 45 minutes, see SEM in Figure 31

(XRD of this product is Figure 30).

The particles were coated in a platinum capping layer. This capping layer was

accomplished by suspending the freshly milled dysprosium in toluene with enough

platinum hexafluoroacetylacetonate to coat the particles with ca. 10 nm of platinum.

This suspension is refluxed overnight to initiate a transmetalation reaction. This sus-

pension is allowed to cool and the platinum capped dysprosium particles are recovered

through centrifugation at 3000 RPM. A black free-flowing highly magnetic powder is

recovered.
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Figure 31: SEM image of product from ball milling 40-mesh dysprosium in a Retsch
PM100 for 45 minutes at 600 RPM with hexane and oleylamine. Most of the particles
are on the order of 5µm to 10 µm, however there are particles as small as 0.5 µm and
as large as 60 µm within this sample.As the two images show, these particles are very
flat (the second image is a 45◦ tilt of the first image).

The particles still appear flat, shaped more like flakes after milling. To induce a

more spherical shape, microwave heating was implemented. The idea is to heat the

particles just enough to soften and lower their surface energy (which should be lowest

with spherical shapes), but not enough to melt or to sinter into larger particles. Using

one 30-second treatment at 300 W under an argon atmosphere, a slight rounding out

of the particles was noted, see Figure 32 versus Figure 31.

Optimizing the rounding procedure with microwave treatment proved difficult.

Instead rounding was performed by tumble milling. Tumble milling was performed

in a glass vial with ca. 10 5 mm WC ball bearings, hexane and oleylamine for 72

hours, by spinning the vial with a rotary motor. SEM of a typical Dy size reduction

reaction capped with Pt and then rounded by tumble milling is shown in Figure 33.

EDS of this material shows that it is dysprosium metal co-localized with platinum.

The SEM-EDS was taken on a carbon tab, which has oxygen adsorbed in the surface,

see Figure 34. A line-scan profile of the EDS map confirms that the dysprosium and

platinum are co-localized and the oxygen signal is constant across the sample (i.e.

not from oxidized dysprosium), see Figure 35. This procedure yields the best quality

micro-particulate powder of Pt-stabilized Dy metal yet achieved.
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Figure 32: SEM of a typical particle from the microwave softening of dysprosium that
was ball milled for 45 minutes with hexane and oleylamine. This image was taken
at a 45◦ slant to emphasize that the particle is no longer flat like a flake (as it was
originally). This particle is ca. 1.5 µm wide, 1 µm deep, and 1 µm tall. The particles
are still between 5µm to 10 µm on average, but this particle was isolated enough to
demonstrate the rounding effect of the microwave softening.

Figure 33: SEM of Pt-coated Dy particle rounded by tumble milling. The particles
are about 1µm to 10µm and show about 20 % are spherical.
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Figure 34: SEM-EDS showing selected elements in a typical Pt-coated Dy particle
rounded by tumble milling. The Pt and Dy are colocalized together, and O is shown
everywhere.

Figure 35: Line scan from SEM-EDS showing the change in concentration of selected
elements across a particle. The scan was started and ended on a carbon background.
The constant oxygen concentration across the scan indicates very minimal oxidation
of the Dy particle.
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The magnetic properties of the as synthesized dysprosium particles were mea-

sured. First the mass magnetization was measured as a function of temperature, see

Figure 36. Dysprosium is known to go through two magnetic ordering transitions as

temperature is lowered from about room temperature (300 K) to 4 K. The first tran-

sition is a paramagnetic to antiferromagnetic ordering transition at about 179 K, and

the second transition is a antiferromagnetic to ferromagnetic ordering transition at

about 85 K.83 These known transitions correspond to what is seen the measured mass

magnetization versus temperature curve with a paramagnetic to antiferromagnetic

ordering transition occuring at about 179 K and a antiferromagnetic to ferromagnetic

ordering transition occuring at about 73 K. Next the magnetic hysteresis at 4.2 K was

measured, see Figure 37. Dysprosium is known to have magnetic saturation of about

350 A m2 kg−1.83 This is about double what is seen for the as synthesized material;

however, the literature value was measured for a single crystal and the synthesized

sample is an agglomeration of polycrystaline microparticles. This difference in crys-

tallite domain size could be responsible for this difference in magnetic saturation, but

more experimentation is needed.
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Figure 36: The temperature dependence of Pt coated Dy micropowder sample mag-
netisation measured in magnetic field of 1000 Oe. Two inflection points are seen,
which correspond to two transitions in magnetic ordering in the sample. See text for
discussion

Figure 37: Magnetic hysteresis curve of Pt coated Dy micropowder sample recorded
at 4.2 K. Magnetic saturation is seen at 147 A m2 kg−1. The coercivity is seen to be
259 kA m−1.
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Discussion and Conclusion

From the three methods attempted to prepare microparticles of air-stabilized lan-

thanide metal several observations can be made. First, solution reduction of simple

dysprosium salts or organometallic reagents is thwarted by incomplete reduction of

dysprosium ions, dysprosium complexation to Lewis basic amine solvents, incom-

plete noble metal surface passivation, metal alloy formation, and complex mixtures

of reaction products. Second, mechanochemical reduction of Dy(III) halide powders

with calcium metal gives nanoparticulate Dy metal powders, elemental contamina-

tion by stainless steel grinding media, and formation of intractable co-products, such

as CaF2. Finally, planetary ball milling of commercial 40-mesh dysprosium powder

with WC grinding media in the presence of oleylamine followed by platinum-metal

surface passivation and rounded by tumble milling gives platinum-stabilized dyspro-

sium micropowder specimens. Up to 0.5 g sample batches can be formed using this

procedure. While the obtained microparticles have irregular shapes with rough sur-

face topologies and a wide size distribution, powder sieves and SEM harvesting can

be utilized to select specific particles for MRFM application. Approximately twenty

percent of formed particles have appropriate shape and size for MRFM application.
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APPENDIX A

CONFINED-PLUME CHEMICAL DEPOSITION AND
PHOTOLUMINESCENCE CHARACTERIZATION OF YTTRIUM

BORATE POWDERS DOPED WITH LANTHANIDE PHOSPHORS

General Introduction

Radiation detection is a necessary safety consideration in areas where high ra-

diation dosage is expected. Most radiation is detected using scintillation detectors,

which are short time period.84,85 Long-term detection of radiation damage, where the

maximum damage in an area can be detected at some future data, is also a safety

consideration. Yttrium borate doped with a lanthanide is one such possible long-

term radiation sensor.86 Yttrium borate powders can be synthesized by a multitude

of techniques, including sol-gel87, spray pyrolysis88, hydrothermal synthesis89,90, solid-

state reaction91,92, and combustion synthesis93. These methods can be tuned to give

microparticles, which are usually of high polydispersity and not well attached to any

substrate. These powders are then pressed into pellets or otherwise modified to hold a

particular shape using binder additives. These techniques are not able to give uniform

thin layers of yttrium borate micropowders evenly coating a substrate. Walker, et

al., found that the penetration depth for ionizing radiation was on the order of 15 to

20µm, while light for photoluminescence (PL) measurements typically penetrate on

the order of 100 µm.86 For more information on photoluminescence measurements see

Chapter 1 page 10. Since typical samples are pressed into pellets that are millimeters

thick, most of the PL signal is generated by powder unaffected by ionizing radiation,

which skews the effect to be measured.

Utilizing a new synthesis strategy devised in the Lukehart lab, namely Confined

Plume Chemical Deposition (CPCD)16, thin films of yttrium borate micropowder can

be synthesized to improve radiation damage measurements. The materials for radi-

ation damage measurements are usually modified with binder after synthesis, which

requires more material to achieve strong luminescence. Synthesis also typically takes
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a long time. CPCD can produce materials quickly (ca. 15 minutes) and directly in

the area of application without any additional binders. Using a laser, it is possible to

decompose precursors to desired products with controlled thickness and overall size.

For CPCD, the laser must be tuned to some absorption present in the precursor. The

energy absorbed by the precursor then atomizes, and possibly even ionizes, atomic

constituents. The plume that has been generated then rapidly cools, and the heaviest

most stable phases are deposited on the substrate. CPCD nucleates and grows de-

sired products directly from the substrate with relatively even coating, but minimal

substrate damage.

Experimental

Reagents and General Methodologies Europium nitrate hexahydrate and cerium

nitrate hexahydrate were purchased from Strem and used as received. Decaborane was

purchased from Alfa Aesar and used as received. Yttrium nitrate was purchased from

Johnson Matthey Catalog Company and used as received. Approximately 1.5 in× 1 in

rectangular glass supports were cut from microscope slides as needed. A custom

aluminum holder was cut at Vanderbilt in the machine shop and used as the sample

holder for CPCD experiments. A 1 in× 1 in × 1 mm ultrahigh molecular weight

polyethylene (UHMWPE) spacer with a 1 cm× 1 cm hole was cut.

Powder X-ray diffraction scans were obtained on a Scintag X1 θ/θ automated

powder X-ray diffractometer with a Cu target, a Peltier-cooled solid-state detector,

and a zero-background Si(510) sample support and UHMW-PE spacers. SEM images

were obtained on a Hitachi S-2400 electron microscope with an accelerating voltage

of 10 kV to 20 kV.

Confined Plume Chemical Deposition Processing Microsecond IR pulses are pro-

duced by a erbium doped yttrium aluminum garnet (Er:YAG) crystal pumped by
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Figure 38: IR spectrum of Y[O2CN(H)Pr]3], the N-propyl carbamate of yttrium. The
N-H stretching at 3452 cm−1 and N-CO2 stretch at 1499 cm−1 and 1428 cm−1 are
marked in the spectrum.

a Xe flash lamp at a fundamental wavelength of 2.94µm. The pulse energy can be

tuned between 100 mJ to 300 mJ with a repetition rate between 10 Hz to 30 Hz. For

these experiments the repetition rate was kept constant at 10 Hz and the energy was

between 250 mJ to 300 mJ. The laser beam is focused to about a 1 mm circle. This

gives a peak power density of about 2.5× 105 W cm−2. For a precursor to absorb

2.94µm, it must absorb energy around 3400 cm−1. This energy corresponds to vibra-

tions in secondary amines or a hydroxyl group. To attempt a yttrium molecule with

a primary amine, for the 2.94µm laser, a new precursor was synthesized. Yttrium

tris(N-propyl-carbamate) has good absorbance in the 3400 cm−1 range, see Figure 38.

The band near 3400 cm−1 is due to the N-H vibration in the molecule; and the two

bands at 1499 cm−1 and 1428 cm−1 are from C-O stretching bands in the N-CO2 part

of the molecule. All other bands are from the propyl side-chain (either C-H or N-C

vibrations and motions).

To produce YBO3, yttrium tris(N-propyl-carbamate) was mixed with decaborane

such that boron was in a five times atomic excess to yttrium. This carbamate precur-
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Figure 39: IR spectrum of Y(NO3)3 · H2O mixed with B10H14 and Ce(NO3)3 · H2O.
Strong absorption near 3400 cm−1 is obvious, and the peaks around 1500 cm−1 are
from [NO3]

− vibration.

sor has good absorbance of the IR laser, giving a strong plume; however, XRD shows

phase separation into yttria and borate and the powder is dark from carbon incor-

poration. Optimal conditions for CPCD of yttrium tris(N-propyl-carbamate) proved

difficult to elucidate, so a different precursor was sought. Most likely the size of the

N-propyl-carbamate ligand did not allow adequate mixing of the Y and B to form

YBO3, so phase separation is seen. The IR spectrum of yttrium nitrate hexahydrate

showed strong absorbance around 3400 cm−1 as well, most likely due to the waters

of crystallization, see Figure 39. This was also mixed with decaborane to give a five

times atomic excess of boron to yttrium. This mixture plumed well under CPCD

conditions, and gave a colorless powder that showed YBO3 by XRD.

The final consideration is to add a lanthanide dopant without affecting the reaction

too much. First cerium nitrate was added to yttrium nitrate and decaborane in an

acetone solution; however, a reaction appears to occur as a yellow color develops in

the initially colorless solution as acetone evaporates. Also after CPCD of the dried

solid, phase separation was again an issue as determined by XRD. The product of
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mixing cerium nitrate, yttrum nitrate, and decaborane in a solvent was not further

characterized. To achieve the desired YBO3:Ln final material, the powders of cerium

nitrate, yttrium nitrate, and decaborane were ground in a mortar and pestle to mix

and grind into a fine powder. Then using a spacer cut out of a sheet of ultrahigh

molecular weight polyethylene (UHMWPE) to help confine the powder, CPCD was

attempted again. XRD shows YBO3 as the primary phase with a small amount of

B2O3, see Figure 41.

Results and Discussion

Yittrium nitrate mixed with decaborane and cerium nitrate in an acetone solution

gives a yellow substance that, after being processed under CPCD conditions, affords

a mixture of phases. YBO3, Y2O3, and B2O3 are all present in the XRD pattern, see

Figure 40. From relative peak areas, relative amounts can be estimated. Without

further correction, only approximate amounts can be estimated. From Figure 40,

B2O3 is the dominant phase followed by Y2O3, and YBO3 only appears a small

impurity. This likely means that whatever reaction takes place to turn the powder

yellow also keeps the Y(NO3)3 from mixing well with B10H14. However, when the

powders were mixed in a mortar and pestle, YBO3 became the dominant phase, see

Figure 41.

Europium-doped YBO3 is also of interest for this project, since Eu has a strong

photoluminescence (PL) signal from within an YBO3 matrix. To synthesize YBO3:Eu,

yttrium nitrate, decarborane, and europium nitrate were mixed in a mortar and

pestle. This powder mixture was then confined between two glass substrates with a

UHMWPE spacer and subjected to CPCD processing. XRD of the final material also

shows YBO3 as the dominant phase, see Figure 42.

Since the XRD pattern confirms reasonably pure YBO3, the samples were analyzed

for photoluminescence (PL). To find the optimal cerium doping level, samples with
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Figure 40: XRD pattern of the product from mixing Y(NO3)3, B10H14, and Ce(NO3)3
in acetone, allowing it to dry, then processing it in CPCD conditions. The red lines
correspond to the line pattern for YBO3 (PDF# 16-0277), the green lines correspond
to Y2O3 (PDF#16-0732), and the black lines correspond to B2O3 (PDF# 06-0297).

Figure 41: XRD pattern of the product from mixing Y(NO3)3, B10H14, and Ce(NO3)3
by mortar and pestle and processing under optimized CPCD conditions. The green
lines correspond to YBO3 (PDF# 16-0277).
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Figure 42: XRD pattern of the product from CPCD of Y(NO3)3, B10H14, and
Eu(NO3)3 mixed by mortar and pestle. the green lines correspond to YBO3 (PDF#
16-0277).

5 atomic percent (at%), 10 atomic percent (at%) and 20 atomic percent (at%) doping

were mixed and processed under CPCD conditions. PL measurements show that ap-

proximately 5-10 at% doping is optimal for YBO3:Ce, see Figure 43. Cerium has char-

acteristic emission peaks at about 390 nm and 415 nm, corresponding to 5D0 → 2F2/5

and 5D0 → 7F2/7 transitions respectively.94 Emission signal increases in intensity with

increasing doping level until concentration quenching dominates and signal intensity

decreases.95 In traditional solid-state reactions, optimal cerium doping is around 3 at%

to 5 at%.96 Further investigation is needed to confirm that the doping amount used

is the amount actually present in the final powders.

Since Eu has a much higher intensity PL response than Ce, doping of YBO3 with

Eu was also attempted by CPCD. To find the optimal europium doping level, samples

with 15 at%, 30 at% and 45 at% doping were mixed and processed under CPCD con-

ditions. PL measurements show that about 30 at% doping is optimal for YBO3:Eu,

see Figure 44. Europium has characteristic emission peaks at about 595 nm, 615 nm

and 627 nm corresponding to 5D0 → 7F1(595 nm) and 5D0 → 7F2(615 nm and 627 nm)

transitions. In traditional solid-state reactions, optimal europium doping is around
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Figure 43: Photoluminescence measurements of YBO3:Ce at 5 at%, 10 at% and 15 at%
doping. The characteristic peaks at 395 nm and 415 nm are clearly visible. Optimal
doping was found to be around 5 at% to 10 at%.

30 at%.97 More experiments are needed between 30 at% to 45 at% doping to find the

exact optimal doping level.

To test if the actual doping levels corresponded to the theoretical doping levels,

SEM-EDS was performed over several particles. The averages of these particles for a

sample of 40 at% Eu in YBO3 and 42.5 at% Eu in YBO3 were analyzed, see Tables

2 and 3 respectively. The relative atomic percents match within experimental error

with the expected stoichiometry, with 33 at% Eu in Y0.77B0.91O3.0 for the sample with

a theoretical stoichiometry of Y0.6B1O3:Eu0.40 and 42 at% Eu in Y0.58B0.73O2.3 for the

sample a theoretical stoichiometry of Y0.575B1O3:Eu0.425. Analyzing heavy elements

like europium is traditionally very difficult with SEM-EDS but the analysis indicates

that most likely all the theoretical europium gets incorporated in the yttrium borate

during synthesis by CPCD.
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Figure 44: Photoluminescence measurements of YBO3:Eu at 15 at%, 30 at% and
45 at% doping. The characteristic peaks at 595 nm, 615 nm and 627 nm are clearly
visible. Optimal doping was found to be about 30 at%.

Table 2: Summary statistics from several particles of 40 at% doped YBO3:Eu. These
percents match well with the theoretical doping, see text for discussion.

Table 3: Summary statistics from several particles of 42.5 at% doped YBO3:Eu. These
percents match well with the theoretical doping, see text for discussion.
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Conclusions

Confined Plume Chemical Deposition has been shown to successfully synthesize

lanthanide-doped yttrium borate powders. Optimal doping for europium-doped yt-

trium borate was found to be 30 at% and for cerium-doped yttrium borate was found

to be between 5 at% to 10 at%. The optimal doping appears to be a little higher

than literature values, but it may be because not all of the dopant gets incorporated.

In order to form YBO3 powder a 5 to 1 boron to yttrium ratio is necessary, which

further supports the theory that not all dopant atoms get incorporated. Further in-

vestigation is needed to confirm the actual doping in the yttrium borate powders and

more precisely what doping level is optimal utilizing CPCD.
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APPENDIX B

LASER-BEAM SHAPING THROUGH SHADOW MASKING AND
CYLINDRICAL OPTICS

General Introduction

Confined-Plume Chemical Deposition (CPCD) is strongly dependent on the shape

of the laser beam being utilized. Beam shaping is the process of redistributing the

irradiance of a beam. The beam intensity profile is usually either Gaussian or flattop.

The native beam emitted by a laser is usually Gaussian, so the objective is to shape

the beam to a flattop profile. CPCD is dependent on the intensity of the laser striking

the sample. Currently a spherical focusing optic gives the best results, as intensity is

focused to a small area and the plume is of uniform temperature. However, the rate

of product formation could be greatly increased if a cylindrical focus was utilized.

A Gaussian beam focused through cylindrical optics gives an elliptical Gaussian

beam with the irradiance highest in the center of the beam and dropping off in

a shallow exponential in one axis and in a steep exponential in the perpendicular

axis. This means that under CPCD conditions, the temperature in the plume will be

highest in the center and follow the exponential curves; however, this is undesirable

as the exact mechanism of plume formation is unknown, so nonuniform temperatures

only complicates processing outcomes. To achieve uniform temperatures over a wide

area, a flattop beam profile is desirable.

Experimental

Equipment The beam mask was cut from a piece of silicon from Sigma Aldrich.

Femtosecond UV pulses are produced in an amplified titanium-sapphire (Ti:sapphire)-

based laser system operating at a fundamental wavelength of 795 nm. A continuous

wave (cw) pumped mode-locked Ti:sapphire oscillator, producing<100 fs pulse widths

at a repetition rate of 82 MHz, is used to seed the Ti:sapphire amplifier which increases
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the energy of the femtosecond pulses to ca. 1 mJ/pulse in a regenerative and linear

double-pass amplifier arrangement while maintaining pulse widths of ca. 150 fs. This

gives a peak power of 6.6 GW. This is focused through either a cylindrical optics

into a line of approximately 400 µm by 6 mm, giving a peak intensity of 2.7 TW cm−2,

or a spherical optic into a spot of approximately 0.5 mm, giving a peak intensity of

130 GW cm−2.

Methodologies To measure the irradiance profile, knife-edge measurements were

utilized. A razor blade was set up on an x,y-stage and scanned across the laser beam

while measuring the total energy. By measuring both the x and y axis from full

energy to no energy, a profile of the laser beam can be generated. Then using this

profile, a beam mask can be calculated that after cylindrical focusing gives a flattop

beam profile. This mask was cut out of a piece of silicon using the UV laser focused

to a spot through the spherical focus.

Results and Discussion

Using a razor blade, knife-edge measurements of the laser beam were made, see

Figure 45. Knife-edge measurements were also made of the beam after cylindrical

focusing to an elliptical Gaussian, see Figure 46. Then a mask shape was calculated

that could be integrated along one axis to give a flattop profile, see Figures 47 and 48.

This shape was then cut into a piece of silicon using a LabView program to control

the x,y-stage. The code for this program is in Figure 49 and Figure 50. Knife-edge

measurements of the final beam measured along the long axis show improved shape,

but not completely flattop, see Figure 51. More work is needed to align the beam mask

to the cylindrical focus optics better and a better beam profile measurement system

is needed; with these improvements better masks could be designed and utilized to

achieve a more flattop profile.
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Figure 45: Gaussian beam of the 795-nm laser. Fitting the total irradiance data to the
cumulative distribution function, a Gaussian function was generated. The x-Gaussian
and y-Gaussian were then combined to give a three-dimensional beam profile.

Figure 46: Elliptical Gaussian beam profile of the 795-nm laser after cylindrical fo-
cusing. The long axis was measured irradiance, but the short axis is simulated based
on visual estimation.
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Figure 47: The formula and shape of the mask to transform a Gaussian beam into a
flattop after a cylindrial focus optics.

Figure 48: Calculated line profile of the laser beam after the mask and integration in
one direction.
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Figure 49: Pictures of the LabView code used to cut the mask shape into a piece of
silicon.
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Figure 50: Continuing pictures of the LabView code used to cut the mask shape into
a piece of silicon.

Figure 51: Gaussian profile fitting knife-edge measurements of the final beam after
mask and cylindrical focus. The total irradiance data was fit with a cumulative
distribution function to generate the parameters of a Gaussian profile.
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Conclusions

Progress was made toward improving CPCD by utilizing a flattop line-focused

beam. While the masked, cylindrically focused beam was not exactly flattop, it

was much less Gaussian than initially emitted. With more uniform beam irradiance,

CPCD can be performed more uniformly and more easily. Using LabView, any shape

can be cut by modifying the formula controlling stage movement.
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