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Abstract

The work presented in this thesis encompassed laser ablation of various transition
metals within a liquid environment.

The ablation process within liquid produces

nanoparticles of an assortment of size and composition. The transition metals studied
represent some of the transition metals studied previously within the Castleman research
group, as the purpose of this research was to use prior studies and discoveries as a
framework to achieve a materials-oriented synthesis by means of similar experimental
methods. In creating nanoparticles via this solution-phase approach, discoveries were
made regarding the behavior of metals in the ablation process. It was found that this
technique could produce a variety of nanoparticles by variation of solvent and laser
parameters.

Much of the work is devoted towards creating new nanomaterials by

controlling factors such as laser fluence and pulse duration, as well as choosing solvents
with specific properties. By focusing on characterization of these nanoparticles at each
condition, a better understanding of how the variables affect nanoparticle formation was
attained. Through an improved understanding of the ablation process, control over the
properties of the resultant nanoparticles can be obtained, and thusly nanoparticles can be
tailored with specific properties. Creation of nanoparticles via laser ablation in solution
is a relatively young technique for nanoparticle synthesis, and the work presented should
prove useful in guiding further exploration in ablation processes in liquids for
nanomaterial production.
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When a laser is focused onto a target under a liquid environment, the target
material and its surrounding liquid are vaporized. The concoction of vapor is ejected
normal to the surface as a bubble. The bubble has a temperature reaching the boiling
point of the metal, and has a gradient to the boiling point of the solvent. The bubble
expands until it reaches a critical volume, and then subsequently collapses. It is within
this bubble that nanoparticle formation occurs. As the bubble expands, the vapor cools
and nanoparticle growth transpires.

During the bubble collapse, pressures reaching

GigaPascals have been reported, and a secondary nanoparticle formation occurs as a
result of these high pressures. Chapter 1 delves a little more into the nanoparticle
formation mechanisms, as well as an introduction to the analytical techniques used for
characterization.
Transmission electron microscopy (TEM) techniques were used as a primary
method of analysis. A combination of TEM images, selected area electron diffraction
(SAED) patterns, and energy dispersive x-ray analysis (EDS/EDAX) provided a great
deal of information about the as-formed nanoparticles. The images provided size and
shape information, as well as electron density information, which correlates to metal
content.

The diffraction patterns supplied information about the crystallinity of the

nanoparticles, helpful in determining their composition, as well as providing clues about
the formation process. The EDS analysis provided elemental content to compliment the
SAED patterns and TEM images.

Additional analysis was provided by Raman

spectroscopy, utilizing a micro-Raman tool, which aided characterization by yielding
bonding information. The UV-Vis spectrum showed the absorption behavior by the
nanoparticles in their nascent solution. Electrospray ionization (ESI) was a useful tool
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for analyzing the colloidal solutions in search of stable nanoparticles too small to be
analyzed by electron microscopy methods.
Ablation of titanium took place in isopropanol, ethanol, water, and n-hexane,
under various fluences, with a 532 nm Nd:YAG operating at 10 Hz. It was found that a
myriad of nanoparticles could be made with vastly different compositions that were both
solvent and fluence dependent. Nanoparticles were made that incorporated carbon and
oxygen from the solvent, showing how solvent choice is an important factor in
nanoparticle creation. Chapter 3 discusses the results of the titanium work in great detail
and demonstrates carbide production with ablation in isopropyl alcohol. Ablation in nhexane also showed diffraction patterns correlating with carbides, and water showed
oxygen incorporation. These results showed the ability to utilize the solvent in tailoring
nanoparticles to achieve desired properties.
Zirconium and nickel were ablated with the Nd:YAG at 532 nm. These studies
utilized a stainless steel chamber designed and built to improve control over the
experimental variables.

The nickel study showcased the new chamber’s ability for

reproducibility in a size dependence study based upon laser fluence. The results of
ablation with the Nd:YAG were compared to femtosecond ablation experiments
performed with a titanium:sapphire femtosecond laser system.

The Ti:sapphire

femtosecond laser operated at 10 Hz, produced femtosecond pulses centered at ~795 nm.
The pulse duration was varied from 100 fs to 390 fs, the nanoparticles created from each
condition were characterized, and the results are presented in chapters 5 and 6.
Aluminum nanoparticles were made using both nanosecond and femtosecond
laser ablation techniques. Aluminum nanoparticles have a great deal of potential for use
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as fuel additives as well as in paints and coatings. The nanosecond ablation process
rendered large nanoparticles (over 200 nm) and the results are briefly shown in Appendix
A. The femtosecond system produced a much smaller distribution of nanoparticles, with
nanoparticles remaining in suspension for over a month’s time, as evidenced by their
unique UV-Vis absorbance. These nanoparticles were produced in isopropyl alcohol, and
were stabilized by the solvent, as TEM analysis showed nanoparticles with very little
oxygen incorporation. The solvent is bound to the nanoparticles as a result of the
formation process and as a result forms a protective coating, which prevents further
oxidation over time. The remarkable stability of these aluminum nanoparticles is a
testament of employing the high energy scheme of the laser ablation process in a manner
to tailor the production of novel nanomaterials.
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Chapter 1
Introduction

1.1 Background and Motivation
The fact that the properties of materials change when size confinements are
placed upon them has been a phenomena that has been known for a very long time, but it
was not until Faraday’s seminal work on colloidal gold1 that a groundwork was laid for
this behavior. Since that time, there has been a great deal of work done to understand
how the optical and electronic properties change with size and shape in materials at the
nanoscale, dubbed nanomaterials.2,
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The last couple of decades have experienced an

eruption of studies in the field of nanoscience as techniques for studying nanomaterials
have become more refined, and discoveries of novel behavior are made.

Research

concerning nanomaterials bridges disciplines of physics, chemistry, biology, and
engineering.

Results from nanoparticle studies are finding applications in catalysis,

medicine, optics, with endless visionary applications as top-down and bottom-up
synthetic methods are yielding exciting results in the aptly named area of
nanotechnology.
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In much the same fashion as how the properties of materials change as their size
is reduced, the reverse can be said. As aggregates of atoms or molecules begin to cluster
together, the properties of specific clusters of atoms or molecules often change.4-6 Mass
spectrometric techniques have allowed for the examination of specific groups of atoms or
molecules to elucidate their behavior. Studies of clusters have provided information
regarding the onset of solvation7 and insights into the nature of catalytic behavior and
reactivity.8,
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Of particular interest has been the discovery of especially stable or

abundant species that are produced within a cluster distribution.

For example, the

discovery of the C60 Buckminster fullerene10 has led to a new class of carbon chemistry.
The recent discovery of the metallocarbohedrene,11,

12

a twenty atom cage-like species

with eight transition metal atoms and twelve carbons, has been a particularly exciting
discovery due to its unique configuration and excellent possibilities for catalysis and
hydrogen storage.13-15 Recent advancements in cluster chemistry of aluminum have
yielded interesting results showing special oxygen resistance in specific aluminum
clusters and behavior akin to that of alkaline earth and alkali atoms.8, 16, 17 Discoveries of
these unique species by utilizing laser ablation methods within a vacuum environment is
the inspiration for the study of the ablation of metals within a liquid environment.
The implementation of lasers to produce nanoparticles is a fairly recent approach
which has already yielded valuable results.18, 19 The majority of work concerning laser
ablation as a synthetic method for nanoparticles involves gold and silver.20-27 Further
applications involving laser ablation within liquids take advantage of the plasmon
resonance band of noble metal nanoparticles in the visible range to adjust their
properties.28-33 In addition to noble metal nanoparticles, laser ablation studies within
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liquid environments have been performed incorporating various other metals, alloys, and
semiconductor materials.34-45 Studies of liquid effects have been carried out where it has
been found that different solvents and the incorporation of surfactants into liquids can
lead to size and compositional changes in the resulting nanoparticles.46-51 These studies
have shown a vast range of applicable nanoparticle composite materials that can be
created by a simple ablation technique.
The underlying theme to the work presented in this thesis is the connection of the
information learned from gas phase experimentation, theoretical calculations, and
materials synthesis and analytical techniques; to develop a synergistic approach to
producing particles with chosen properties. The path discussed herein employs a similar
approach to that used routinely in gas phase studies. Laser ablation within a vacuum
environment has proven to be a valuable method for creating novel species with
enhanced stability and/or particular reactivity. Using prior knowledge learned about the
formation process of novel species from ablation under vacuum, attempts were made to
recreate a similar environment wherein the liquid may serve to immediately solvate the
cluster of interest. An important aspect of the laser ablation within solution process is
that the nanoparticles are immediately solvated, thus reducing the potential for exposure
to oxidizing conditions. Although laser ablation within liquids did not immediately
produce species that have been made and analyzed using gas phase techniques, it did lead
to some interesting discoveries in a new field where not much is known about the
experimental mechanisms.
Laser ablation of a metal within a liquid environment creates a vastly different
landscape of reactivity, which makes direct correlations difficult. Laser irradiation of the
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metal creates a superheated environment, wherein the solvent in contact with the metal
and the metal itself are vaporized.52-54 Upon ablation of the metal target with a laser
pulse, a bubble is ejected normal to the surface of the metal. The bubble is essentially a
superheated solvent comprised of the liquid, the target material, and various
combinations of atomic and ionic species resulting from the extremely high energy
placed upon the metal.

Sano has described a similar effect with experiments in a

submerged arc discharge and has shown that there is a sharp temperature gradient within
the bubble where various nanoparticle formation mechanisms can occur.55 Theoretical
calculations were used to model the temperature cross-section of the bubble and these
calculations showed that the there is a sharp temperature change near the perimeter of the
bubble. The central region of the bubble reaches temperatures of 4000 K, and the
perimeter is limited to the boiling point of the liquid.
The ejected bubble continues to expand until it reaches a critical size, and then
subsequently collapses. Some very informative shadowgraphs (Schlieren images) have
been taken wherein the bubble formation, expansion, and collapse are imaged with
respect to time, along with pressure transducer traces.56-58 The collapse of the bubble has
been shown to create pressures ranging from 0.1 MPa to several hundred GPa.53, 54, 59, 60
Cluster and nanoparticle formation in ablation under a liquid occurs either by
condensation as material moves into the coldest region of the superheated bubble or by
the pressures induced by the collapse of the bubble. In contrast, cluster formation in a
vacuum occurs from condensation as a hot vapor is either adiabatically cooled by a
supersonic expansion of a gas or by collision with a very cold inert gas.
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Because there is a difference between the cluster formation processes, gas phase
studies have served mainly as a guideline from which to begin a study of nanoparticle
creation mechanisms. In the work presented here, the effects of solvent, laser fluence,
and pulse length on the formation of nanoparticles from different metals have been
analyzed. The titanium and zirconium ablation studies began as an outgrowth of the
readily made metallocarbohedrene species comprised of these metals. In identifying the
nanoparticles created by ablation in liquid environments, insights into the formation
mechanism were obtained.
As various parameters were changed, so did the resultant species; and the
correlation between changes in nanoparticle character as environmental conditions
change provided invaluable information to help guide future efforts to make tailored
nanoparticles.

Nanoparticles made by ablation of titanium, zirconium, nickel, and

aluminum were studied and the results are presented herein. Preliminary studies have
been done with niobium, vanadium, silicon, and carbon; the results of these studies are
not included, but the information gained from those studies was used to help direct future
studies. In terms of the work presented, the solvents studied include water, ethanol,
isopropanol, deuterated isopropanol, 1-propanol, butanol, hexanes, and solutions with
surfactants.
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1.2 Introduction to Technique

1.2.1 Laser Interaction
A metal rod is placed either into a beaker or a chamber, which is then filled with
solution. A laser is directed onto the metal rod by entering the surface of the liquid in the
beaker or through windows on the chamber. The laser is focused to a small area, greatly
increasing the power applied to a specific spot, similar to a magnifying glass and
sunlight. As the laser power is increased, the metal is superheated, and material is ejected
into solution. This phenomenon is known as ablation. The solution in contact with the
metal at the ablation point is also superheated, combining to form a superheated gaseous
bubble. The bubble expands away from the surface of the metal; the bubble contains a
combination of extremely hot metal and solution in the form of atoms, clusters, radicals
and ions, which serves as a reaction vessel. The superheated vapor in the bubble causes
the bubble to expand to a critical point, and then it undergoes rapid cooling and collapses.
During the expansion of the bubble, the many constituent species interact with each
other, forming larger clusters and nanoparticles of various forms.
The type of laser used for ablation affects nanoparticle composition. Two laser
systems were used in the analysis presented in this thesis, a neodymium:ytterbium
aluminum garnet (Nd:YAG) and a titanium:sapphire (Ti:Sapph) laser system.

A

Nd:YAG laser generates laser pulses that are 10 nanoseconds long; and the Ti:Sapph
generates laser pulses with an optimal pulse duration of 100 femtoseconds. The Nd:YAG
can deliver over 3 Watts incident upon the metal rod, although experiments are not
typically run higher than 2 Watts. The Ti:Sapph delivers around 20 mW. Both systems
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operate at 10 Hz, for an output of 300 mJ/pulse and 2 mJ/pulse for the Nd:YAG and the
Ti:Sapph, respectively. The temporal nature of the laser pulse affects the intensity of the
light delivered to the metal rod. The Nd:YAG delivers more total energy than the
Ti:Sapph, but because the duration of the pulse with the Nd:YAG is longer, the photon
density of the Ti:Sapph provides much higher peak power.

1.2.2 Nanoparticle Characterization
Once the metal rod has been ablated and the ensuing reactions have terminated,
the solution is analyzed to determine the products. Electron microscopy techniques allow
us to probe materials much smaller than conventional optical microscopes can attain.
The Transmission Electron Microscope (TEM) provided information about the
morphology, structure, and composition of nanoparticles. Raman spectroscopy was used
to examine the vibrational characteristics of unknown samples, as well as distinguishing
the creation of known materials. UV-Vis spectroscopy measured the optical behavior of
the produced materials. Electrospray ionization techniques were used to analyze the
solution for nanoparticles that are too small for electron microscopy. Individually, each
of these techniques provides valuable information about the products of the ablation
method. These analytical techniques are complimentary and together they provide an
arsenal for fully understanding the laser ablation technique.
Chapter 2 of this thesis covers the experimental techniques used to study
nanoparticle formation in liquids. Attention is paid to the two different experimental
setups on which this work is based.

The various analytical techniques used to
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characterize the products of laser ablation are discussed. These analytical techniques
serve as the foundation for studying the nanoparticles formed from ablation of different
metals.
Chapter 3 addresses the ablation of titanium with a Nd:YAG laser. Ablation took
place within a beaker at various laser fluences. Solvents included water, ethyl alcohol,
isopropyl alcohol, and n-hexane. Products formed from ablation were titanium based
nanoparticles with various sizes and compositions.

Carbides were produced,

nanoparticles with differing oxidative character were made, and conclusions about size
effects based upon fluence and solvent were drawn.
A new chamber was designed to improve ablation characteristics. Chapter 4
describes a study utilizing the new system to study nickel nanoparticles. The size of the
nanoparticles was found to be solvent independent. Fluence was shown to play a role in
nanoparticle sizes, and the solvent affects the dispersion and shelf life of the
nanoparticles.
Chapter 5 discusses zirconium nanoparticles created by ablation with a
femtosecond laser. The sizes and optical properties of the nanoparticles are reported
under different conditions. The effect of pulse duration on the nanoparticles is analyzed.
Chapter 6 takes pulse duration analysis one step further as the results from nanosecond
and femtosecond ablation are characterized.
Chapter 7 contains the results from studies with aluminum ablated with the
Ti:sapphire laser.

Aluminum nanoparticles have immense potential as an energetic

material. Ablation took place under two focal regimes, and the differences between the
two are reported. The nanoparticles in solution and their optical behavior were found to
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be extremely stable over time. The nanoparticles produced by ablation with 390 fs pulses
had a larger size distribution than the zirconium nanoparticles produced under similar
conditions. The aluminum nanoparticles are unique in that the smaller nanoparticles
showed a dispersive character, which may be the underlying character that makes them
remarkably stable. EDS analysis of these nanoparticles shows that they are aluminum
nanoparticles, and appear to be solvent protected.
During the course of my graduate research, I have investigated the formation of
nanoparticles as a result of the ablation of titanium, zirconium, nickel, and aluminum in
various solution matrices and with a variety of lasing conditions. The results of these
studies have shown compositional differences in nanoparticles that are unique to each
metal studied.

Laser ablation within solution provides a viable synthesis route for

making novel nanoparticles. The interplay between the metal, the laser, and the solvent
are crucial tailoring nanoparticle production.

The work I have shown has greatly

furthered the understanding of how these conditions interact together in nanoparticle
formation. With this information, conditions can be tuned to produce new nanomaterials
with specific characteristics.
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Chapter 2
Experimental Methods

2.1 Introduction
The aim of this chapter is to present a comprehensive overview of experimental
techniques used in this work in order to facilitate reproduction of experimental results
and enable future experimentalists to fully understand experimental design and analytical
methodology.

Presented herein are experimental design and analytical techniques,

subdivided with details of specific practices. Within the experimental design section, two
experimental setups are described. Each method is detailed, along with the experimental
conditions pertaining to operation within the confines of the technique.

The first

technique utilizes a simple metal rod within a beaker and ablated in solution under an
inert atmosphere. The second experimental setup utilizes an in-house built stainless steel
chamber designed for precise control of experimental conditions. The analytical portion
of the chapter delves into the various analytical tools used for characterization of the
products resultant from the ablation process. A brief description of the underlying theory
of each analytical technique is presented, followed by an explanation of the procedure
involved pertaining to the execution of each analytical technique.
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2.2 Experimental Design

2.2.1 Ablation in a Beaker
The laser ablation within solution experiments have been designed such that they
can be performed on multiple laser systems. As discussed later, different lasers can
produce different nanoparticles, so portability is a very important aspect of these
experiments. Initial experiments were performed by ablating a metal rod in a beaker, as
illustrated in Figure 2-1. A 12” X 18” rectangular breadboard was used as a portable
table upon which experiments could be performed. The breadboard essentially acts as a
miniature laser table, with ¼-20 holes every inch. This portable stage serves as an ideal
platform for setting up the optics required for directing and focusing a laser pulse onto a
metal rod. The breadboard was placed in an enclosure made from plastic which absorbs
532 nm radiation, thus shielding the scatter inherently present from experiments at that
wavelength. The enclosure is filled with nitrogen to provide an inert atmosphere to
prevent the laser from igniting the vapors produced at the surface of volatile liquids. A
direct current motor connected to a power supply was used for rotation of a ¼ inch metal
rod. Adjustment of the current supplied to the motor changes the speed at which the rod
rotates. The rotation was set to a rate of 30 RPM, which is sufficiently fast to allow for
each laser pulse to irradiate a new location on a ¼ inch metal rod employing a 10 Hz
laser system and a spot size of ~1 mm. While the system could be used on multiple
systems, the beaker setup was only used for ablation by a Quanta Ray GCR Series
Nd:YAG. The second harmonic was used, resulting in a wavelength of 532 nm, and the
pulse duration of the Nd:YAG was 7 ns. A mirror coated for 532 nm was used to
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intercept the laser pulse from the Nd:YAG and redirect it into the beaker. A focusing
lens with a 100 mm focal length was used to focus the beam to a point approximately 1
mm in diameter. Actual measurement of the diameter at the contact point with the metal
rod was not feasible, so an estimate based upon observation was used to approximate the
ablation diameter. Quantification of the power delivered to the rod was achieved by
measurement of fluence with a Molectron PowerMax 500A laser power meter prior to
entry into the solvent.

Figure 2-1: Illustration of experimental setup for ablation in a beaker.
Care must be taken when adjusting the focal point onto the rod as high powers
cause surface aberrations at the air/liquid interface which detrimentally affect the
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experiment. The high energy density at the surface of the liquid can cause an acoustic
wave, which can move the beaker and result in the beaker interfering with the laser pulse.
The surface turbulence caused from the laser pulse will result in a change of the angle
traversed by the laser through the liquid. Since the index of refraction of the liquid is
different than that of air, slight fluctuations in the surface causes the path of the laser to
change. As can be seen from Figure 2-1, the angle created between the metal rod and the
laser is small. Since the beam is focused, this change in the path of laser results in a
change in the photon density applied to the ablation point, which can affect the dynamics
of formation. Any fluctuation of the laser path laterally to the rod may result in the laser
ablating the edge of the rod, or missing the target entirely. In addition to slight variations
in ablation conditions introduced from surface fluctuations, the surface of the liquid is
prone to evaporation. The liquid surface can splatter and cause blemishes on the focusing
lens, thereby disabling the lens. Splattering occurs if the diameter of the laser pulse is too
narrow or if the fluence is too high.
Prior to experimentation, the laser is aligned in long pulse mode to minimize
scatter during the alignment process. It is imperative that proper laser safety glasses are
worn and safety measures are taken. In general, the harmonic box of the Nd:YAG is set
to the second harmonic crystal and does not need adjustment. Some slight optimization
of the crystal angle while measuring second harmonic power may be necessary from time
to time. The mirror used to intercept the laser beam is placed in its approximate location
above the experimental setup. While still in long pulse mode, the flash-lamps are turned
up until enough light is available to align the system. Adjustment of the mirror is made
such that the beam path enters the beaker and makes contact with the rod. The beam path
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should be at a slight deviation from perpendicular to the breadboard. By introducing a
slight angle, backscatter is prevented from traveling back into the laser cavity, which
would deliver unnecessary wear on the Pockels cells, reducing their life and potentially
burning them out. Once the beam path is established, the focusing mirror is inserted, and
the focal conditions are aligned. With the rod in place, the DC motor is turned on in a
manner to assure smooth and consistent rotation at 30 RPM. The liquid medium to be
used for the experiment is then introduced and alignment is verified, whereupon
necessary optical adjustments due to the refractive index change from the liquid are
made. The laser is then turned off, and switched to Q-switch mode, 10 Hz. The
enclosure is then assembled around the experiment, and nitrogen is introduced into the
enclosure.
Once the enclosure is purged of oxygen, ablation can begin.

The power is

gradually ramped up, and then the amplifier is switched on and increased. The power is
measured with the Molectron Laser Power Meter. Some slight adjustment of the Qswitch may be necessary to optimize lasing conditions. Typical running times have
varied between 20 and 45 minutes. Laser powers for experiments range between 15
mJ/pulse and 100 mJ/pulse.

The limiting factor in power delivered to the rod is

dependent on the liquid within the beaker.

Careful attention must be paid to the

experiment as the laser pulse can cause the beaker to shift, splatter, and volatile solvent
may evaporate more rapidly. After conclusion of the ablation experiment, the sample is
then transferred to a scintillation vial until further analysis of the colloidal product can be
undertaken.
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In the first experiment with this method, a copper rod was placed in a beaker and
ablated with a 532 nm Nd:YAG in various solutions to verify different nanoparticles can
be made with different solvents. The copper rod was ablated in water, a solution with
sodium dodecyl sulfate (SDS), and isopropyl alcohol. Resultant solutions were yellow in
color with a strong UV absorption.

The samples were centrifuged, and the

nanoparticulate matter created a very small flake at the bottom of the centrifuge tube.
The flake from water and the SDS solution was blue-green in color, whereas the flake
from the isopropyl alcohol was a reddish brown color. The difference in color is due to
different oxidation states of the copper, verifying that different nanomaterials can be
synthesized by variation of the liquid surrounding the metal.

2.2.2 Ablation in a Box
A stainless steel liquid chamber was designed and built which greatly improved
the experiments of laser ablation within a solution. An illustration of the experimental
setup using the liquid chamber is given in Figure 2-2. The reproducibility of experiments
performed within a liquid environment has been greatly improved by using this setup.
By having a controlled enclosure, experimental conditions previously unattainable can be
performed. Since the laser pulse enters through a port on the side of a filled container,
fluctuations at the liquid interface induced by the pulse are thereby eliminated. The
power deliverable to the rod is drastically increased as surface effects from the liquid are
negligible. The limitation to the laser power is the entrance window; if the power density

20
is too high, the laser will burn the quartz window. Conditions can be more precisely
replicated as the experimental parameters can now be measured precisely. The solvent
and metal rod used for the experiment can be kept from oxygen contamination in
situations where materials are easily oxidized.

Figure 2-2: Illustration of experimental setup for laser ablation within solution using
stainless steel chamber.
The initial design is shown in the AutoCAD drawing1 shown in Figure 2-3. The
chamber dimensions are 3” X 4”, making the system readily transportable. The chamber

1

AutoCAD drawing courtesy of Barry Dutrow, Physics Machine Shop, The Pennsylvania State University.
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is designed to be very small to eliminate excess solvent and maximize portability. The
chamber cavity was designed to minimize the amount of liquid necessary to accomplish
each experiment to keep the sample as concentrated as possible. The cavity forms a
cross, with one axis along the laser path, and the other axis being along the metal rod.
The cavity along the laser path is the diameter of the entry window. However, the cavity
traversing along the metal rod is significantly taller. The top-right and middle-left images
in Figure 2-3 illustrate the extended cavity. The expanded dimension allows for the
cavity to retain a headspace for gaseous expansion. The headspace is occupied by
nitrogen, supplied by one of the inlets on the top of the chamber.
The laser entry windows are ¾” in diameter. The entry windows were originally
designed to have the laser enter from Brewster’s angle for 532 nm (~30o). However, this
was immediately realized to be impractical for liquid applications as the index of
refraction for the liquids used causes the laser to traverse the chamber at an angle which
will not pass through the chamber. The laser ports were altered so that the entry windows
were perpendicular to the laser path. The window on one side was made to be flush with
the chamber, and the opposite side was set to extend ½” from the chamber.

The

alternative lengths allow for variation in focal conditions, as focal conditions are different
once the laser pulse enters the liquid medium. If a tight focus incident upon the rod is
desired, the longer path length will provide a larger beam diameter at the laser entry
point, critical for window preservation. The shorter path length is ideal for situations
where broad focal conditions are desired.

Figure 2-2 offers a three dimensional

perspective of the chamber in its experimental configuration.
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Figure 2-3: AutoCAD Drawings of stainless steel chamber designed for ablation of metal
rod within liquid.
Focal conditions at the point of ablation can be readily described since the path
length within the liquid, and the index of refraction of the liquid are well known. Focal
conditions are set as the experiment is prepared. Then by measuring the focal length and
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calculating the focus based upon initial beam diameter, the energy density delivered
during an ablation event can be evaluated. The view port on the top of the chamber
allows for observation of the laser path as it traverses the chamber. The view port aids in
adjusting focal conditions, but more importantly allows for effortless alignment onto the
metal rod.
Four feet were designed and implemented to improve transportability and
application. The feet are spaced one inch apart, aligning them with the breadboard,
which as mentioned previously, is congruent with standard laser tables. The feet can be
extended to accommodate various beam heights arising from different laser systems. The
laser enters the chamber parallel to the breadboard, and the focusing lens is placed on the
breadboard or attached to a laser table. The rod enters the chamber through an ultra-torr
fitting which allows the rod to be rotated without breaking the seal between the internal
and external environments. The inlets on the top of the chamber allow the chamber to be
filled with the solvent of choice, as well as purged or filled with an inert gas.
Experiments were then performed as outlined for ablation in a beaker
experiments, and results are reported in respective chapters. After the completion of an
ablation experiment, the solution was drained from the valve on the underside of the
chamber into a scintillation vial. Analysis was then performed on the colloidal sample by
taking aliquots from the scintillation vial and used as necessary for the respective
technique.
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2.3 Analytical Techniques
Once an ablation experiment reached completion, the solution containing a
colloidal suspension of nanoparticles was transferred to a scintillation vial and capped. A
host of analytical techniques were used to characterize the suspended nanoparticles.
Electron microscopy techniques are particularly well suited for analysis of small
materials. Transmission Electron Microscopy (TEM), Selected Area Electron Diffraction
(SAED or ED), and Energy Dispersive X-Ray Spectroscopy (EDS or EDAX) were all
used in conjunction to provide qualitative and quantitative information about the nature
of the samples.
It is worthwhile to note that Scanning Electron Microscopy (SEM) was used on
occasion, and images of spherical nanoparticles were obtained. Unfortunately the SEM
only provided information about the shape of the nanoparticles, something which also
can be obtained from TEM images. Therefore, SEM techniques will not be discussed any
further within the scope of this thesis. Additionally, X-Ray Diffraction (XRD) was
performed with dried samples in an attempt to obtain crystal structure of the
nanoparticles. However, the nature of the experiments was such that there was not
adequate sample to obtain appreciable signal.
Micro-Raman Spectroscopy proved very useful in elucidating the bonding
structure of the materials produced. UV-Vis spectroscopy was used to characterize any
optical activity that resulted from the metal nanoparticles suspended in solution.
Electrospray ionization (ESI) and atmospheric pressure chemical ionization (APcI) was
used to analyze nanoparticles too small and dispersed to be able to directly analyze with
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the TEM. ESI, APcI, and UV-Vis spectroscopy are well suited for the characterization of
these materials because they allow analysis of the nascent nanoparticles. Preparation of
the samples for electron microscopy techniques required drying and pre-concentration of
the sample prior to analysis.

The general procedure required for each analytical

technique is outlined in respective subsections below.

2.3.1 Electron Microscopy
Electron microscopy techniques are used to analyze materials that are too small to
be analyzed with optical techniques. The resolution of a microscope can be explained by
the Rayleigh criterion for scattered light.1 In Eq. 2.1, δ is the distance that can be
resolved, λ is the wavelength of radiation, µ is the refractive index, and β is the semiangle of collection of the magnifying lens. The denominater can be approximated to one,
and the resolution is 0.61 times the wavelength of light. Based upon wave particle
duality, the de Broglie wavelength of an electron is given in Eq. 2.2. h is Planck’s
constant, me is the mass of an electron, and eV is the kinetic energy. From this it can be
calculated that at an accelerating potential of 200 keV, λ is 0.00273 nm. Practical
resolution is not as good as the theoretical limit due to lens abherations, but subnanometer resolution is obtainable with a high resolution microscope.
δ=0.061λ/µsinβ

λ=

h
2me eV

2.1

2.2
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A Transmission Electron Microscope (TEM) works by accelerating a focused
beam of electrons through a sample. The behavior of the electrons as they transmit
through the sample gives information about the sample. As electrons come in contact
with material, they are scattered away from the beam path. The more dense a sample, the
higher the probability of scattering and degree of scattering.

Electron microscope

techniques can yield information about surface morphologies and topographies,
composition, and atomic arrangement.
Imaging and morphological information is obtained by capturing an image of the
unscattered electrons. The TEM can be switched to a diffraction mode, wherein the
scattered electrons are imaged, forming a diffraction pattern. The diffraction pattern is
characteristic of the structure of the sample. A well ordered crystalline structure will
scatter in a very specific manner, indicative of its atomic arrangement. Amorphous
samples have no order and scatter electrons without direction, and consequently do not
yield a perceptible diffraction pattern.

Polycrystalline samples are made up of a

combination of angles resulting from the same packing structure. The electron beam
scatters from all crystal orientations, resulting in a circular pattern. Atomic analysis can
be obtained by tightly focusing the electron beam onto the sample. The high intensity
causes the emission of x-rays, and since each element has a unique x-ray signature, a
spectrum of x-rays will yield atomic composition.
Transmission electron microscope analysis was performed primarily at the TEM
facillities of the Materials Characterization Facillity at the Materials Research Institute
(MRI) of Penn State University.

A TEM microscope is available within the Life

Sciences Department, located at South Frear, and was used for initial TEM
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measurements. The microscope was set to an accelerating voltage of 80 keV; a low
accelerating voltage makes analysis of small particles difficult. The voltage was rarely
adjusted as its primary use was for cellular structures, much larger than the scale
necessary for nanoparticle analysis.

Two instruments were used at MRI for TEM

analysis, a Philips 420 Tungsten based TEM with 120 keV accelerating voltage, and a
JEOL LaB6 TEM operating at 200 keV. Energy dispersive x-ray spectroscopy (EDS)
analysis was performed on the Philips instrument using a Gresham Sirius 30 Li X-ray
detector, and an EDAX Detector was used on the JEOL instrument.
The samples were prepared for TEM analysis by pipetting the solution containing
nanoparticles onto the TEM grids in a drop-wise fashion. The solution was dripped onto
the grid, and then allowed to dry. After the solution dried, another aliquot was added to
the grid. The solution was coated onto the TEM grids five to ten times in order to ensure
adequate particle coverage, thus reducing the time required for TEM characterization.
TEM grids were purchased from Ted Pella or SPI Services. The grids used for sample
analysis were copper grids of either 200 mesh or 300 mesh. A host of grids with different
coatings were used including Formvar, holey carbon, lacey carbon, holey SiO/SiO2, and
lacey SiO/SiO2. Formvar is a polymer commonly used to coat the grids. The holey and
lacey coatings are typically applied to a Formvar coated grid to develop a more stable
coating. The Formvar coating can be preferentially removed with chloroform to leave
only the lacey or holey coating. The lacey carbon grids have proven to be the most useful
choice for nanoparticle analysis. As the solution is drying, the nanoparticles are very
mobile, and in the drying process they agglomerate to the lacey surface. The lace
between the grids serves as a web and captures the nanoparticles where they can be
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subsequently analyzed in the TEM. The holey grids tend to have particles dispersed on
the grid, with some aggregation around the holes in the grid. The SiO/SiO2 grids are
particularly useful in determining the carbon content of the nanoparticles. Elemental
analysis of the nanoparticles is obtainable and a SiO/SiO2 grid ensures that there is no
background signal from carbon. Since the electron microscope operates at high vacuum,
the samples must be dried adequately prior to analysis. If there is liquid on the grid, it
may contaminate the microscope and cause an unstable electron beam. Additionally, any
liquid remaining can cause charging effects induced from the electron beam. To properly
dry the samples, they are put under vacuum for 1-2 hours or dried at ambient conditions
over a period of 2-4 hours for volatile solvents and overnight for aqueous solutions.
Detailed operational instruction of each specific TEM instrument is available in
manuals so only a general discussion of the method will be addressed here. The electron
microscope must be warmed up and tuned prior to analysis of the sample.

The

microscope may need periodic tuning if the analysis takes several hours. The TEM grid
is then placed into a TEM sample holder which is then inserted into the instrument
through a vacuum port. The sample is inserted into the microscope through a vacuum
port and the electron beam is tuned. Insertion of the objective aperture will improve
contrast, which is useful for imaging small nanoparticles and nanoparticles with low
relative metal content. The stage is adjusted such that the sample is in the focal plane of
the electron gun. The stage is translated around to find the object of interest. The
magnification and focus are then optimized to obtain an image. Images were taken by
lifting a phosphorescent screen and exposing film; wherein the negatives were developed
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and then images were scanned from the negative for analysis. A digital camera has been
installed recently which eliminates the need for film developing of TEM images.
After obtaining a TEM image, a selected area electron diffraction (SAED) pattern
can be obtained.

SAED is accomplished by removing the objective aperture, and

inserting a selected area aperture. Once the proper size aperture is chosen and positioned,
the instrument is switched to diffraction mode. The diffraction pattern is optimized, the
electron beam spread out, and a pointer is placed in the path of the center spot from the
direct beam. The film is double exposed for a diffraction pattern. First it is exposed for
1-2 minutes, then the pointer is removed, and the film is exposed for 0.1 seconds.
Removing the pointer exposes the direct beam, which is very bright, and long exposure
times will bleach the film.
The nature of the nanoparticles produced from the laser ablation in liquids is such
that often times the nanoparticles display extremely complex diffraction patterns. The
nanoparticle formation process essentially locks areas of the nanoparticles into a
particular configuration, and a single nanoparticle may contain many crystalline facets,
yielding a diffraction pattern much like the stars at night. Since the ablation process
produces a distribution of nanoparticles, there are also polycrystalline nanoparticles and
crystalline nanoparticles which yield good analytical results. Tilting the stage will result
in a change in the diffraction pattern as the orientation with respect to the electron beam
has now changed, which can sometimes result in a better quality diffraction pattern.
Additionally, a combination of angles captured will yield a resultant diffraction pattern
similar to that of a polycrystalline sample. The diffraction pattern of polycrystalline
samples can then be compared to tabulated values for various known materials.2
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To determine the elemental composition of the specific nanoparticles, Energy
Dispersive x-ray Spectroscopy (EDS) is employed. While the metal rod is a known
substance, the interaction of the solvent can play a substantial role in the final product.
The EDS spectrum gives elemental analysis of nanoparticles in the area of interest. The
relative intensities of the elemental species obtained on a spectrum give clues about the
abundance within the nanoparticle. Specific stoichiometric information of the detected
elements is not obtainable at the size regime in which these nanoparticles reside. An
EDS spectrum is obtained by focusing the electron beam and capturing the emitted xrays. The high intensity of the focused electron beam can cause atomic rearrangement
within the nanoparticle. Since the EDS analysis can be destructive to the sample, it is
generally performed after imaging and diffraction. The sample is tilted toward the
detector prior to focus of the electron beam to increase x-ray counts. An aperture is
placed in the path of the electron beam to reduce the diameter and intensity of the
electron beam. The aperture can be placed to look at individual nanoparticles less than 5
nm in diameter; but when doing so, the x-ray intensity is so low that very few counts are
obtained, although elemental information usually can still be attained.

2.3.2 Raman Spectroscopy
As the materials of interest in this work are between single molecules and bulk
materials, techniques that address both are very useful. Raman spectroscopy provides
information about the vibrational structure of molecules and solids. The Raman spectrum
is obtained by using a high energy source to excite a material to a virtual state. The
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energy applied to the sample induces a polarization, and as it relaxes, the differences in
the energy of relaxation correspond to different vibrational levels. Raman spectra contain
peaks associated with specific vibrations, and the collective spectrum of these explicit
vibrational energies can serve as a fingerprint for a specific material. Individually, these
peaks in the Raman spectrum can be assigned to a vibrational energy associated with a
particular bond. The Raman spectra from unknown samples can be used to help identify
the sample by elucidating the structure of a material by inferring bonding from observed
vibrational energies. Combined with complimentary techniques yielding atomic analysis,
we can gain an understanding of the composition of the produced nanoparticles.
We have employed micro-Raman characterization to analyze the nanoparticles
formed from ablation. Three micro-Raman instruments have been used to characterize
the samples, all three of which are located in Dr. John Badding’s laboratory at Penn State
University. Initially, a home-built micro-Raman instrument was used, which provided
some interesting results, which were further analyzed with subsequent instruments. Two
Renishaw micro-Raman instruments were purchased for departmental use and are cared
for by the Badding group. A UV Raman and a visible region Raman microscope with a
514 nm and 633 nm excitation laser were used. The UV Raman instrument provides very
good vibrational information with respect to carbon systems. As such, the Raman spectra
from the UV microscope gave enhanced signal in nanoparticles with carbon bonds, but
otherwise provided little additional information for systems studied herein. The visible
Raman microscope provides two alternative wavelengths within one microscope, yielding
complimentary spectra. The visible Raman microscope was predominately used for
Raman characterization.
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For Raman analysis, aliquots of solution are dripped from a pipette onto a
microscope slide and allowed to dry. Several drops are added sequentially with a drying
step between each addition. The highest concentration of aggregates was found at the
outer edges of the sample. The drying process forms a ring where the liquid sample
reaches its maximum diameter before drying. An objective lens of 50X or 100X was
used for finding nanoparticle aggregates. A CCD camera is used to image the sample,
and align the particle with the incoming laser for Raman excitation. Several aggregates
are analyzed to obtain the best representation of all possible Raman active species within
the sample.

2.3.3 UV-Vis Absorption
The fact that optical activity of materials changes with size and shape in the
nanometer regime is one of the primary reasons that nanoparticles hold such interest to
the scientific community. UV-Vis spectroscopy operates based upon the principle of
Beer’s Law, given in Eq. 2.1 where A represents absorbance. The logarithmic function is
a measure of the incident radiation intensity, Io, and the transmitted intensity, I; ε is molar
absorptivity, b is the path length, and c is the concentration of the sample. The path
length is fixed by using the same quartz cuvette for each measurement.

The

concentration affects the intensity of the peaks. The molar absorptivity is a wavelength
dependent factor that is specific to each substance and gives rise to the specific
absorption spectrum. UV-Vis absorption measurements were performed on the colloidal
solutions using an Agilent UV-Vis spectrophotometer. Nearly all nanoparticles had a
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significant absorption in the UV region, specifically at ~200 nm. Some nanoparticles
display absorption in the visible region.

The characteristic absorptions of the

nanoparticles are due to plasmon resonances and interband transitions.3 The UV-Vis
spectra are obtained by taking an absorbance spectrum.

The obtained spectra are

background subtracted from a blank comprised of the same liquid under which ablation
occurred.
A = log(Io/I) = εbc

2.1

2.3.4 ESI and APcI
In view of the large distribution of nanoparticles created in these ablation
experiments, a complete analysis with a single technique is difficult.

Electrospray

ionization (ESI) and Atmospheric Pressure Chemical Ionization (APcI) analysis were
performed to gain an idea of the smallest of nanoparticles created from the ablation
process. TEM imaging can provide information about nanoparticles that are less than 5
nm in size, but the composition of these nanoparticles is difficult to assess. ESI and APcI
techniques are invaluable for providing information about nanoparticles smaller than
4000 m/z. Nanoparticles and species of this size are very difficult to see with electron
microscopy methods, and their dispersity within the solution makes concentration
difficult. Concentration by evaporation has resulted in the nanoparticles coating the glass
rather than leading to a more concentrated solution. The ESI is a very nice tool because a
sample can be directly subjected to ESI for analysis from the scintillation vial. The
instrument returns masses of species found in solution with sub-atomic resolution. The
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resolution obtained from analysis allows identification of the specific masses of species,
and the ability to discern multiply-charged analytes greatly assists in determining the
identities of unknowns.
ESI analysis was performed on a MicroMass Quattro II. Initial analysis was
carried out by Dr. A. Daniel Jones at Penn State University. At some later time, we
acquired the Quattro II, and I repaired and reinstalled it in our laboratory. It is now being
used on several projects for analysis of nanomaterials in the materials-related projects
within the Castleman group. The Quattro II is equipped as a triple quadrupole system,
which provides further tools to elucidate species by means of Collision Induced
Dissociation (CID). In CID experiments, a specific mass is chosen, and argon ions are
used as a collision species to cause fragmentation. The fragmented species are then
measured as a function of collision energy from which the nature of the parent species
can be acquired.
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Chapter 3
Analysis of Titanium Nanoparticles Created by Laser Irradiation
Under Liquid Environments

3.1 Abstract
The results of studies of the formation of various titanium based nanoparticles by
laser ablation of a titanium rod in liquid environments comprised of water, ethanol, 2propanol, and n-hexane, are reported.

The effect of fluence on nanoparticle

characteristics was studied by ablation with a 532 nm Nd:YAG operating at 10 Hz,
showing that mean particle size and the size distribution increase with increasing laser
intensity. The solvent plays a crucial role in the nature of the nanoparticles, as solvent
components are incorporated into the nanoparticles during formation.

Titanium

nanoparticles formed in oxygen rich solvents incorporate oxygen, while those formed in a
carbon rich environment are found to contain carbon; ablation in solutions such as
alcohols resulted in nanoparticles with both carbon and oxygen.

The nanoparticles

created in their respective liquid environments are very stable, maintain their character
over time, and remain in solution for months after creation.
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3.2 Introduction
Creation and characterization of nanoscale materials is currently a very active
area of science, due in large measure to findings that the properties of materials confined
to nanometer dimensions are highly size and shape dependent. Their properties are often
times different from those of their bulk counterpart, and miniscule changes in size can
result in new optical or electronic properties. Their unique properties are often applicable
for catalysis and biological uses, as well as in optical, electronic and magnetic materials.
A great deal of research has been done on the formation and characterization of
nanoparticles.1

Recently, laser irradiation within a liquid environment has been

demonstrated as a practical method for nanoparticle creation.2,

3

Prior work has been

focused predominately on the creation of gold and silver nanoparticles4-6 wherein a laser
is focused onto a gold or silver target immersed in liquid. Size and shape control of noble
metal nanoparticles has been demonstrated by laser irradiation, utilizing a resonance
effect arising from the plasmon resonance of the nanoparticles.7,

8

The effects of

wavelength and pulse duration on nanoparticle formation have been studied,

9-13

with

attention also being given to various solvents and surfactants.14-18 Silver nanoparticles
formed from laser ablation have found use as catalysts for reduction reactions.19
In addition to research performed with gold and silver nanoparticle creation and
characterization, work is now being done with a variety of metals.20-24 For example,
magnetic colloids have been produced by laser ablation of cobalt.25

Mixed metal

materials and alloys also have been used to produce novel nanoparticles with a great deal
of success.

26, 27

Ablation of a graphite rod has been used with similar methods to
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produce nanocrystalline diamond.28 Diamond-like carbon and other carbon solids also
have been created without the use of a graphite rod by irradiation with a tightly focused
laser into carbon-rich solutions.29,

30

The following body of work is focused on the

creation and characterization of titanium-based nanoparticles and the experimental
parameters that govern their properties.
A beneficial aspect of the laser ablation method is the direct formation of
colloidal solutions comprised of nanoparticles. The nanoparticles formed from laser
ablation are produced directly in solution, whereby they are relatively free from oxidative
effects. Oxidation does occur as a result of ablation in oxygen-rich solutions. Typical
chemical methods for nanoparticle formation require counter ions and/or surface
modifications to the nanoparticles to keep them suspended.

The formation process

renders nanoparticles coated with solvent molecules, whereupon the nanoparticles
produced by laser vaporization remain suspended in their nascent solution. The solvent
molecules surrounding the nanoparticles form a protective shell, which prevents
aggregation and allows the nanoparticles to be suspended indefinitely. Brownian motion
is expected to be operative and help ensure particle suspension. An advantage of the
comparatively new laser vaporization under liquid technique is the abundance of novel
nanoparticles that can be fabricated via the high energies involved with laser irradiation
as a nanoparticle creation technique. The research reported herein was undertaken to
explore the nanoparticles created by the ablation of a titanium rod under different
solvents.

Of particular interest is the role oxygen and carbon play in nanoparticle

formation. The carbon and oxygen content of the solvent used for ablation has a direct
impact on the composition of the produced nanoparticles. The effect of fluence and
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variation of the solution environment on the nature of the nanoparticles was investigated
and the findings are presented.

3.3 Experimental Methods
The nanoparticles were formed via laser irradiation of a titanium rod immersed in
a 30 ml beaker containing liquid, using the experimental arrangement shown in Figure
Figure 3-1 .

Incident light entered the solution from above and was then focused on the

rod using a 10 cm focusing lens, while the rod was rotated at a rate of 30 RPM to ensure
each ablation event occurred on a fresh spot. The spot size incident upon the rod was
focused to a point approximately 1 mm in diameter. The ablation experiments were
performed using a Quanta Ray GCR Series Nd:YAG frequency doubled (532 nm),
operated at 10 Hz. The fluence, measured with a Molectron PowerMax 500A laser
power meter prior to entry into solvent, was varied from 20 mJ/pulse to 100 mJ/pulse.
Due to substantial energy loss resulting from reflection at the solvent interface, as well as
scattering by as-produced nanoparticles, actual irradiation intensity incident upon the
titanium rod is not known precisely. Ablation times for the experiments reported herein
ranged from 30 to 60 minutes. Each experiment was performed within a laser protected
enclosure, under a nitrogen atmosphere. After completion of an experiment, the solution
containing nanoparticles was then transferred to a vial and stored for subsequent analysis.
Organic solvents used for ablation experiments were purchased from VWR Scientific,
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and all solvents were 99.9% pure, spectroscopic grade. 18 megaohm ultrapure water was
employed in the experiments conducted in aqueous media.

Figure 3-1: Experimental setup for laser ablation of titanium in liquid environment.
Once the solution of nanoparticles has been created, Raman spectroscopy and
electron microscope techniques were used to characterize the product. Transmission
electron microscopy (TEM) was performed on two instruments: a Philips 420 Tungsten
based TEM with 120 keV accelerating voltage, and a JEOL LaB6 TEM operating at 200
keV. Energy dispersive x-ray spectroscopy (EDS) analysis was performed on the Philips
instrument using a Gresham Sirius 30 Li X-ray detector, and an EDAX Detector was
used on the JEOL instrument. 200 mesh copper grids, purchased from Ted Pella, were
used for electron microscope measurements. Both carbon coated and SiO/SiO2 coated
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grids were used to support nanoparticles for TEM studies. The samples were prepared
for TEM analysis by pipetting the solution containing nanoparticles onto the TEM grids
in a drop-wise fashion. The solution was dripped onto the grid, and then allowed to dry.
After the solution dried, another aliquot was added to the grid. The solution was coated
onto the TEM grids five to ten times in order to ensure adequate particle coverage, thus
reducing the time required for TEM characterization. Analysis of the TEM images was
done with ImageJ.31 Multiple TEM images from various samples were used in attaining
the data displayed in the presented histograms.

Micro-Raman characterization was

performed on a Renishaw Raman spectroscope equipped with a dual laser system. A
Laser Physics argon ion laser was used for excitation at 514 nm and a JDS Uniphase HeNe laser for 633 nm excitation. The colloidal solution was pipetted onto a microscope
slide, and then aggregates of particles were isolated and focused upon using a 100X
optical microscope.

3.4 Results
Titanium nanoparticles were created by ablation within various solvents.
Nanoparticles produced in carbon rich solvents were found to incorporate carbon, with
evidence derived from Raman spectra and diffraction patterns demonstrating carbide
formation in some cases.

Ablation in water led to varying degrees of oxygen

incorporation and oxide formation. Very stable nanoparticles are produced due to the
high pressures and temperatures of the reaction conditions. After initial analysis, the

41
solutions of nanoparticles were stored in vials. The nanoparticles were analyzed over a
period of months following creation. Aside from minor fluctuations amongst sampling,
there was no deviation in the composition of the nanoparticles, demonstrating that the
nanoparticles do not undergo further reaction or aggregation over time. Some of the
larger nanoparticles had settled out, and a faint deposit was visible on the bottom of the
vials. TEM analysis of the solution without the deposit revealed nanoparticles still
suspended in solution.

3.4.1 2-Propanol
Titanium ablated within 2-propanol produces nanoparticles with various sizes and
stoichiometries within the same sample. Nanoparticles tend to aggregate together as the
solvent surrounding them is evaporated.

Nanoparticle density is quite low without

undertaking a subsequent concentration of the solution. Sample aliquots were added to
the grids several times, which greatly increased the size of nanoparticle aggregates. TEM
images of the nanoparticles showed a broad size distribution. Figure 3-2 shows a TEM
image of nanoparticles created by ablation within 2-propanol at 50 mJ/pulse.

The

nanoparticles formed at 50 mJ/pulse exhibit a size distribution predominately ranging
from less than 5 nm to about 60 nm, with an occasional particle as large as 130 nm. The
average size of nanoparticles in the distribution is 17 nm, but the distribution is rather
broad. The median diameter is 13 nm, indicative of the size distribution skew due to
smaller quantities of nanoparticles in the larger size regime.
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Figure 3-2: TEM image of nanoparticles produced from laser ablation of 2-propanol at
50 mJ/pulse. Inset: Diffraction pattern from nanoparticles.
A histogram of nanoparticles produced at 50 mJ/pulse and 80 mJ/pulse is given in
Figure 3-3 . The histogram depicts nanoparticles up to 100 nm in diameter, as larger
particles were uncommon. To account for the different number of nanoparticles arising
from analyzing multiple samples at different fluences, the nanoparticle count was
adjusted to demonstrate the same number of total nanoparticles within the displayed
region.

An increase in fluence to 80 mJ/pulse led to the formation of larger

nanoparticles. The average nanoparticle size was 27 nm, with a median diameter of 17
nm. The pronounced shift of the mean size is due to the presence of larger nanoparticles,
with sporadic particles being found as large as 200 nm. Nanoparticles produced from
ablation at 80 mJ/pulse exhibited a broader size distribution than that of 50 mJ/pulse.
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Figure 3-3: Histogram of nanoparticles created at 50 mJ/pulse and 80 mJ/pulse.
The TEM image shown in Figure 3-2 gives insight into the composition of the
nanoparticles. The contrast of the nanoparticles is indicative of the electron density of
the nanoparticle, wherein nanoparticles with a higher metal content appear darker.
Energy dispersive x-ray spectroscopy (EDS) confirmed the various compositions of
nanoparticles. EDS analysis of the particles showed the presence of carbon, oxygen, and
titanium. There were stark differences between the particles based upon size, with EDS
signatures ranging from a strong presence of carbon, oxygen, and titanium within the
smaller nanoparticles, to only titanium present with the largest ones. As a general trend,
the smaller particles exhibit higher carbon content relative to titanium. The oxygen
content was also higher with the nanoparticles of diameter less than 10 nm. The higher
carbon and oxygen content observed with the small nanoparticles is attributed to a
solvent shell that encompasses the nanoparticles. The diffraction behavior implies that
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there does not appear to be oxide formation occurring. The nanoparticles in the 10 to 30
nm range have titanium to carbon ratios in the vicinity of 1 to 1, with slight variation
amongst the nanoparticles. The oxygen content is significantly lower than the carbon and
titanium content of these particles. The bound solvent plays a smaller role in the EDS
signal obtained from the nanoparticles. As the nanoparticles increase in size, the surface
area to volume ratio decreases, and consequently less signal arises due to surface atoms.
Electron diffraction patterns of several similar particles were determined and the
results have been compared to d-spacing tabulated for several titanium-containing
compounds from the Hanawalt powder diffraction files.32 The calculated values for the
d-spacing were reasonably close to d-spacing for TiC, TiO, and TiH. The measured
diffraction pattern shows a distinct pattern, but reported d-spacing measurements for the
TiH and TiO species fall within a reasonable limit of deviation possible from
measurement. A titanium carbide standard was used for calibration and comparison to
help elucidate the nature of the produced nanoparticles. Electron diffraction patterns for
the titanium carbide standard match well to those obtained from the nanoparticles.
Comparison with the calibrated values allows elimination of all but one TiO phase, which
leaves the TiO and the TiH phase along with the TiC phases as candidates for the source
of the electron diffraction pattern.
Micro Raman spectroscopy has proven to be very useful in elucidating the nature
of the nanoparticles produced with 2-propanol.

Multiple samples from experiments

performed under various fluences were analyzed with similar results being obtained for
each. Particles were analyzed using both the 50 X lens and the 100 X lens on the optical
microscope. Several particles rendered no discernable Raman signal and there were
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many displaying unidentifiable Raman spectra. Many particles were found that provided
Raman spectra similar to the Raman spectra from a titanium carbide standard. The peaks
in the titanium carbide standard match position and relative intensities to many of the
Raman spectra taken from 2-propanol samples. There were particles that exhibited slight
variation in peak intensities; the peaks at 1350 and 1575 cm-1 were more prone to
fluctuation than those in the 200-600 cm-1 region. Figure 3-4 shows one of such spectra
obtained from the particles produced in 2-propanol compared with the Raman spectrum
of a titanium carbide standard. The peaks at 200-600 cm-1 correspond to titanium and
titanium-carbon modes. Carbon-carbon interactions are responsible for the modes at
1350 and 1575 cm-1. The combination of information gained from the EDS spectra, the
electron diffraction patterns, and the Raman spectra provides evidence showing the
ablation technique in 2-propanol is a viable method for producing novel species such as
titanium carbide nanoparticles.
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Figure 3-4: Raman spectrum of titanium carbide standard and nanoparticles created in 2propanol.

3.4.2 Water
Ablation of titanium within water leads to the largest size distribution of the
solvents examined.

To illustrate the large deviation in size, Figure 3-5 shows a

representative TEM image of nanoparticles 100 nm and smaller. The image is taken
from the colloidal solution produced from ablation at 50 mJ/pulse. The nanoparticles
fashioned by irradiation under water tend to be comprised of titanium with varying
degrees of oxygen content. EDS analysis of several nanoparticles revealed that there
were those containing exclusive titanium content as well as titanium nanoparticles with
varying degrees of oxygen content. As a general trend, relative oxygen content increased
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with decreasing particle size. For example, large nanoparticles (greater than 50 nm) have
low oxygen content, whereas particles that are less than 50 nm tend to have a larger
relative oxygen concentration. Titanium to oxygen ratios within nanoparticles smaller
than 50 nm ranged from as low as 1.4:1 to as high as 3:1. Matrix surrounding particles
displayed an average titanium to oxygen ratio of 1:1. The matrix appears to be comprised
of nanoparticles less than 5 nm in diameter. The titanium and oxygen content of the
matrix surrounding the nanoparticles is found to fluctuate from spot to spot within an
aggregate, as well as from aggregate to aggregate. The maximum titanium to oxygen
ratio observed within the matrix was 1.3:1 Ti:O. In contrast, the lowest relative titanium
content found amongst the matrix is 0.9:1 Ti:O.

Figure 3-5: TEM image of nanoparticles formed from ablation of titanium in water at 50
mJ/pulse.
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The effect of fluence was studied with water as the solvent. Ablation at lower
fluence led to the creation of smaller nanoparticles, smaller aggregates of nanoparticles,
and a lower concentration of nanoparticles.

Figure 3-6 depicts a histogram of

nanoparticles produced by ablation at 25, 50, and 100 mJ/pulse. The histogram was
normalized to represent the same number of particles for each fluence, and represents a
sampling of nanoparticles from 5-100 nm. Nanoparticles greater than 100 nm were found
at all three measured fluences; these nanoparticles have been excluded from the
histogram and calculated averages to provide more accurate representation of the
dominant species. Nanoparticles created in water exhibit a very broad size distribution.
Ablation at 50 mJ/pulse and at 100 mJ/pulse led to very similar size distributions. The
mean and median particle sizes were within 1 nm. Irradiation at both fluences creates the
intermittent very large particle. The inclusion or exclusion of the large particles for
average size calculations does not affect the correlation of the two fluences as the large
particle incidence is similar for each fluence.

Ablation at 25 mJ/pulse created

nanoparticles with an average diameter 5 nm smaller than the nanoparticles created at
higher fluences. The maximum size was also smaller for ablation at 25 mJ/pulse. The
nanoparticles formed from 25 mJ/pulse are noticeably lower in concentration and
aggregate size, as compared to ablation at higher fluences.
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Figure 3-6: Histogram of nanoparticles formed by ablation in water at 25, 50, and 100
mJ/pulse.

3.4.3 Ethanol
Compared to other solvents, ethanol provides a relatively inert environment for
the production of nanoparticles. Nanoparticles produced from ablation of titanium in
ethanol are primarily titanium species. TEM analysis of the nanoparticles produced in
ethanol showed a lack of aggregation. Nanoparticle aggregates typically comprised less
than ten nanoparticles. EDS analysis of the particles shows predominately titanium, with
some signal arising from carbon and oxygen. Analysis of the nanoparticles was done on
both SiO/SiO2 and carbon coated copper grids. Comparison of the EDS spectra of
nanoparticles from both grids confirms that there is some carbon and oxygen signal that
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originates from the film coating the grids, in addition to signal arising from nanoparticles.
The EDS spectra of the nanoparticles on SiO/SiO2 confirm the presence of carbon, and
the EDS spectra from the carbon coated grids confirm oxygen; these findings
demonstrate that a small amount of carbon and oxygen is present on the nanoparticles.
The electron diffraction pattern of the nanoparticles produced in ethanol does not
correlate with either oxides or carbides; thus it is proposed that the carbon and oxygen
signal arises due to ethanol species bound to the outer layer of the nanoparticles.
Preliminary electrospray results have shown removal of covalently bound solvent
molecules by collision induced dissociation. Variation of fluence did not lead to much
deviation in the composition of the nanoparticles produced with ethanol.

3.4.4 N-hexane
Nanoparticles formed in n-hexane utilize the surrounding carbon of the solvent,
whereby the carbon contained in hexane contributes to the formation of carbon rich
species. Nanoparticles produced in hexane appear to be surrounded in a matrix very
different from the matrix arising from ablation in water or alcohols. Based upon physical
examination of the TEM images, the matrix encompassing the nanoparticles resembles a
polymer-like material rather than an aggregate of very small nanoparticles. Figure 3-7
shows a TEM image of particles produced at two different fluences, illustrating the vast
influence that fluence has on particle formation in n-hexane. Nanoparticles produced at
50 mJ/pulse form smaller particles, and are enshrouded in the matrix. EDS analysis of
the matrix at several different areas shows the matrix to be a carbon-rich species
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containing very slight variation of titanium. Average matrix analysis at 50 mJ/pulse
yields 1:3.3 titanium to carbon ratio.

Figure 3-7: TEM images of nanoparticles produced from laser ablation of titanium in nhexane. Top image corresponds to ablation at 50 mJ/pulse. Bottom image corresponds
to ablation at 100 mJ/pulse. Diffraction pattern from nanoparticles is inset in each figure.
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The nanoparticles that arise from ablation at 100 mJ/pulse have a size distribution
that is broader than the distribution of particles from lower fluences. A histogram of the
nanoparticles produced from 100 mJ/pulse as well as those formed from ablation at 50
mJ/pulse is given in Figure 3-8 .

Larger particles are formed with higher fluence;

additionally, more particles of all sizes are produced as the ablation fluence increases.
The matrix still has a polymer-like appearance, but it contains a higher degree of
nanoparticles. The average titanium to carbon content for the matrix is 1:2.4. The
nanoparticle composition was highly dependent on size, as particles greater than 40 nm
had nearly 2:1 titanium to carbon ratio, and those nanoparticles smaller than 20 nm
contained as low as 1:1.3 titanium to carbon. Ablation at 100 mJ/pulse also led to a large
black deposit that formed in solution. The black deposit formed as an aggregation of
material from solution, as it was present after the solution had rested for a few minutes.
A Raman spectrum from the black deposit is given in Figure 3-9 , which revealed the
deposit to be amorphous carbon.
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Figure 3-8: Histogram of nanoparticles produced from laser ablation of titanium in nhexane at 50 mJ/pulse and 100 mJ/pulse.

Figure 3-9: Raman spectrum of amorphous carbon deposit resulting from ablation in nhexane at 100 mJ/pulse.
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The nanoparticles produced in n-hexane have a high degree of carbon
incorporation, which comes directly from the solvent.

The ablation event contains

enough energy to atomize the solvent molecules, and hence carbon radicals are then
likely to be available to form nanoparticles with the ablated titanium.

The n-hexane

molecules are not completely atomized, as evidenced by the presence of the matrix. The
matrix is an amorphous species containing primarily carbon, with a varying amount of
titanium incorporated. It is expected that the matrix from the ablation at higher fluence
would contain more titanium with respect to carbon. The higher energy incident upon the
rod would cause more titanium ejection. The higher energy would also translate to the
solvent, serving to break more carbon-carbon bonds, leading to more carbon available for
nanoparticle formation and shorter carbon fragments to be incorporated into the matrix.
Raman studies of the products from various fluences were performed to provide further
insight, but results thus far have been inconclusive.

3.5 Discussion
Nanoparticles were formed from the laser ablation of titanium under various
liquids. The composition of the nanoparticles is dependent upon the laser power incident
upon the titanium rod and the liquid environment surrounding the rod. During the
ablation event, both the titanium and the surrounding solvent are vaporized. Examination
of the liquid during ablation reveals bubble formation and ejection normal to the titanium
rod. These superheated bubbles serve as reaction vessels wherein nanoparticles are
created. Atomic and molecular ions likely come from both the solvent and the titanium
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rod during the ablation event, whereby ion-ion, ion-radical, and ion-molecule interactions
take place to form new species. As such, the solvent plays a vital role in the nature of
nanoparticles produced, and is evidenced by the tailored production of nanoparticles
containing carbon and/or oxygen. In the ablation of titanium within 2-propanol, the
titanium species is expected to coexist within the bubble along with carbon, oxygen, and
hydrogen in various states. The EDS analysis has shown that titanium, carbon, and
oxygen content can vary from nanoparticle to nanoparticle, indicating that there are
multiple species interacting. Ablation within water results in nanoparticles with oxygen
incorporation, likewise n-hexane produces an abundance of carbon rich nanoparticles.
The polymer-like matrix enshrouding nanoparticles formed from n-hexane is most likely
resultant from carbon chains and radicals created from the ablation event.
The effect of the solvent on nanoparticle formation is further shown by
comparison of the size distribution of various solvents. Ablation within water exhibits
the largest size distribution with the diameters of produced particles ranging from less
than five nanometers to hundreds of nanometers.

Nanoparticles created within 2-

propanol and ethanol do not attain the large sizes achieved in water; and the nanoparticles
produced within n-hexane do not form as large as within 2-propanol. The nanoparticles
formed in n-hexane are limited in size due to quenching effects. Within the superheated
bubble are solvent vapors and large carbon species, which arrest nucleation and
coalescence. The 2-propanol nanoparticles reach a larger size without the large carbon
species to inhibit nucleation processes.

The 2-propanol ultimately quenches the

nanoparticle growth as the species within the bubble reach colder areas of the
superheated vapor within the bubble.

Studies have shown that there is a sharp
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temperature gradient within the bubble created by laser vaporization, with the vapor
having a maximum temperature at the center of the bubble and rapidly decreasing in
temperature as it reaches the gas-liquid interface.33-35 The colder zone facilitates the
condensation of species confined within the bubble. Nanoparticles formed by ablation in
water do not experience the same quenching effects, as particles sizes are much greater
than those formed in other solvents.
Increasing fluence results in a shift in the size distribution to larger sizes. The
shift is due to the presence of more particles at larger sizes. Small nanoparticles are
formed at both low fluence and at high fluence. The increase in energy at the ablation
point from the increased fluence causes more material to be introduced for nanoparticle
creation. The increase in fluence results in more titanium being ejected from the rod.
There is also more solvent vaporized with higher fluence. In addition to inherently more
material available from the solvent, the bubble created from ablation is larger. A larger
bubble would have a larger volume for interaction, allowing for longer nucleation times
and thus facilitating larger nanoparticle formation.
A superheated bubble expands until it reaches a critical volume, and subsequently
collapses.36-43 The ablation event causes many bubbles to be ejected normal to the
surface of the rod; but the collapse is not experienced by all bubbles, as there are some
that reach the surface. Similar experiments have been performed analyzing the gases that
evolve as a result of the high temperatures reached.33, 35 Based upon these results, it is
our conjecture that the bubbles that survive to reach the surface contain a mixture of
volatile gases such as H2, CO, CO2, as well as small hydrocarbon species. The gases are
formed as a direct result of the high energy from the laser irradiation, which is sufficient
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to break the carbon-hydrogen bonds. During collapse, confined species are subjected to
extremely high pressures, which may contribute to the formation of the nanoparticles.
The collapse of the bubble also effectively binds solvent molecules to the nanoparticles.
These solvent molecules form a shell which prevents the nanoparticle from undergoing
further reaction. The solvent molecules surrounding the particles also serve to protect the
as-formed nanoparticles from oxidation. This is a valuable feature of the experiments as
it is very important during nanoparticle analysis to have particles that retain their
character throughout the duration of examination.

Resistance to oxidation is also

important in order to ensure reproducibility from one sample to the next. The presence of
this solvent shell also serves to solvate the nanoparticles, allowing them to remain
suspended in solution for an indefinite period of time.

3.6 Conclusion
Nanoparticles of various sizes and compositions were produced by the ablation of
a titanium rod under different solution environments. While laser ablation in solution
may produce a relatively large size distribution, the abundance of unique species that are
created makes laser ablation a valuable technique for the creation of new nanomaterials.
The nature of the solvent plays a vital role in the composition of the resultant
nanoparticles. Titanium nanoparticles produced by ablation in water incorporate oxygen
from the water. Nanoparticles formed from n-hexane show a high degree of carbon
incorporation.

Ethanol and 2-propanol affect the nanoparticle formation differently.
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There is more available carbon in the 2-propanol, which is reflected in the presence of
titanium carbide nanoparticles. The high carbon content of n-hexane leads to carbon
containing nanoparticles as well as a matrix surrounding them that is unique to the
solvent. The nanoparticles created by ablation in liquids are immediately and indefinitely
suspended in their parent solution.
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Chapter 4
Size Dependence of Nickel Nanoparticles Produced by
Laser Ablation in Solution

4.1 Abstract
The results of the ablation with a 532 nm Nd:YAG laser of a nickel rod in
solutions of isopropyl alcohol and hexanes are reported. Ablation was performed at
fluences of 50 mJ/pulse and 100 mJ/pulse for isopropyl alcohol and 100 mJ/pulse for
hexane. It was found that the nanoparticle size distribution from ablation in isopropanol
was more narrow with 100 mJ/pulse as opposed to 50 mJ/pulse. The size distribution
from ablation in hexanes shows the same nanoparticle dispersion as from ablation in
isopropanol at the same fluence. The nanoparticles produced within alcohol are well
suspended and stable within the solution they are created in, whereas those created within
hexanes are agglomerated and precipitate out of solution within 24 hours.
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4.2 Introduction
The study of materials of nanometer dimensions is an exciting area within
science. As the sizes and shapes of these nanomaterials change, so do their physical and
chemical properties.

Optical, electronic, and even magnetic responses can arise,

dissipate, or simply have different properties from a macroscopic sample of the same
material. The use of lasers for production of colloidal nanoparticles is a recent technique
capable of producing nanoparticles directly into a controlled environment.1,

2

Experiments involving gold and silver have been routinely studied as their optical
properties and responses to changes in size and shape are well characterized.3-8 Studies
of materials without a strong plasmon absorption are less common, and consequently less
is known about their behavior.
Nickel presents interesting prospects as a nanomaterial because of potential
applications associated with unique properties that arise in nickel nanoparticles.9
Production of nickel nanoparticles has shown them to be useful in nanotube synthesis,
catalysis, and magnetism.10-13

Laser-assisted synthetic pathways such as laser

decomposition of nickel carbonyl have been used to produce monodisperse
nanoparticles.14 Studies have also been performed by laser ablation of nickel under
aqueous environments using surfactants to aid in size dispersion.15 Direct nanoparticle
formation from ablation of nickel is not well understood, and the nanoparticles formed by
ablation in liquids have not been well characterized. Our studies have been performed as
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an attempt to establish an understanding of nickel nanoparticles formed from ablation in
alcohols and organic solvents can influence their size and behavior.

4.3 Experimental
Nickel nanoparticles were created within a stainless steel enclosure designed for
ablation within liquid. Figure 4-1 contains an illustration of the experimental setup. The
second harmonic of a Quanta Ray GCR Series Nd:YAG was used for ablation of a nickel
rod within the chamber. The Nd:YAG operated at 10 Hz, and generates 10 ns pulses.
The rod was rotated at 30 RPM to provide a new area for each ablation event, thereby
reducing residual heating effects from pulse to pulse. Power measurements were made
with a Molectron PowerMax 500A laser power meter; measurements were taken before
the laser passes through the focal lens. The laser beam was focused to a spot size of ~1
mm with a 10 cm focusing lens. The focal conditions were established by adjusting the
focal length and gauging the spot size from the view port at low laser powers. The nickel
rod was ablated for 10 minutes within liquid prior to experimentation to remove any
surface oxidation.

Ablation experiments were performed for 45 minutes.

The

nanoparticle solution was captured in a scintillation vial for subsequent analysis. Each
experiment was performed in sequence, the only condition that was altered between
experiments was the power of the laser pulse delivered to the nickel rod.

In all

experiments, stimulated Raman emission from the solvent was observed. As expected,
the red flashes from the Raman emission were more intense at 100 mJ/pulse than for 50
mJ/pulse.
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Figure 4-1: Illustration of chamber used for ablation of nickel within isopropanol and
hexanes.
The nanoparticles in solution were analyzed by Transmission Electron
Microscopy (TEM).

TEM analysis was performed by dropping several aliquots of

solution onto a 300 mesh, lacey carbon coated copper TEM grid, purchased from Ted
Pella. The TEM grids had a removable Formvar® coating that was left intact. The
Transmission electron microscopy (TEM) was performed on a JEOL LaB6 TEM
operating at 200 keV.

Energy dispersive x-ray spectroscopy (EDS) analysis was

performed with an EDAX Detector attached to the microscope.

Analysis of the

nanoparticles was done by measuring the diameters from scanned negatives using
ImageJ.16
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4.4 Results and Discussion
Laser ablation of the nickel rod was performed in isopropyl alcohol at fluences of
50 mJ/pulse and 100 mJ/pulse, and ablation in hexanes is reported for ablation at 100
mJ/pulse. Figure 4-2 shows an image representative of these obtained from ablation in
isopropyl alcohol at 50 mJ/pulse. There is an abundance of nanoparticle aggregation,
which is attributed to the Formvar® layer capturing the nanoparticles. The composition
of the nanoparticles was measured with EDS, and the spectrum shows predominately
nickel. Figure 4-3 displays an EDS spectrum captured by focusing the electron beam
onto an aggregate and collecting the x-ray signal from several nanoparticles. There is a
small amount of carbon present within the spectrum which is attributed to contributions
from the lacey carbon background and Formvar® surrounding the aggregate.
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Figure 4-2: TEM image of nickel nanoparticles created by ablation within isopropyl
alcohol at 50 mJ/pulse.

Figure 4-3: Energy Dispersive X-ray Spectrum of an aggregate of nickel nanoparticles
from ablation at 50 mJ/pulse in isopropyl alcohol.

68
Statistical analysis of the total nanoparticle distribution for ablation at 50 mJ/pulse
has yielded a mean nanoparticle diameter of 13.5 nm with a median value of 9.8 nm. A
histogram of the distribution is shown in Figure 4-4, along with a distribution of
nanoparticles produced from ablation at 100 mJ/pulse. Fluctuations in the distribution
are an artifact of the conversion from pixels to nanometers, and subsequent binning of
nanoparticles. Thousands of nanoparticles were analyzed to ensure deviations in the size
dispersion accurately represent the solution. There were nanoparticles larger than the 60
nm displayed, but histogram was cut short as less than 1% of the produced nanoparticles
were larger than 60 nm.
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Figure 4-4: Distribution of nickel nanoparticles arising from ablation within isopropyl
alcohol.
Size analysis from an ablation 100 mJ/pulse yielded a mean nanoparticle diameter
of 10.8 nm and a median value of 7.8 nm. As can be seen from Figure 4-4, ablation at
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100 mJ/pulse rendered a nanoparticle distribution that was narrower and comprised of
smaller nanoparticles when compared to nanoparticles produced from ablation at 50
mJ/pulse. The distribution of nanoparticles resultant from ablation at 100 mJ/pulse is
much sharper than the distribution of nanoparticles produced from 50 mJ/pulse.
Nanoparticle diameter measurements were normalized to have the same total particle
count to allow proper comparison between samples.
Ablation of nickel within hexanes produced nanoparticles within an amorphous
carbon-rich material, much like has been seen previously with titanium studies.17 A TEM
image is shown in Figure 4-5 of nanoparticles generated by ablation at 100 mJ/pulse.
The background of the image is different from the TEM image shown in Figure 4-2 as the
image in Figure 4-5 is from a SiO/SiO2 grid. The grid was used to determine the carbon
incorporation into the nanoparticles.

The amorphous material surrounding the

nanoparticles contained carbon and nickel, but elemental analysis of individual
nanoparticles was difficult as they were surrounded in the amorphous solid.

The

nanoparticles were analyzed and the size dispersion is reported in Figure 4-6 As a means
of comparison, the size distribution reported from isopropyl alcohol above is shown
along with the measured diameters of nanoparticles from hexanes.

The average

nanoparticle size from ablation in hexanes is 11.5 nm with a median diameter of 8.0 nm.
The agreement in size dispersion of the ablation at 100 mJ/pulse is quite
surprising. It was expected that the solvent would play a larger role in the size of the
nanoparticles. Previous experiments involving ablation of titanium in isopropanol and nhexane showed that the nanoparticles produced in n-hexane were smaller than the
complimentary nanoparticles produced in isopropanol.17

The FWHM of the size
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distribution for hexanes and isopropyl alcohol at 100 mJ/pulse is 8 nm. The distribution
of nanoparticles from ablation at 50 mJ/pulse in isopropyl alcohol was broader, with a
FWHM of 11 nm. The stability of the nanoparticles in their nascent environment was
different between isopropyl alcohol and hexanes.

Immediately after ablation, both

solutions had a slight yellow color. After one day, the color had faded significantly in
scintillation vial containing hexanes. There was already a noticeable deposit on the
bottom of the vial which could be swirled, but would not dissolve entirely into solution.
In contrast, the nickel nanoparticles in isopropyl alcohol took a week before a slight ring
of material had settled enough to be visible.

The solution of nickel nanoparticles

generated in isopropyl alcohol retained a slight yellow color for several weeks.

Figure 4-5: TEM image of nanoparticle agglomerates produced from ablation in hexanes
at 100 mJ/pulse.
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Figure 4-6: Size distribution analysis of ablation of hexanes compared with ablation of
isopropyl alcohol at a fluence of 100 mJ/pulse.

4.5 Conclusions
We report the results from ablation of a nickel rod at two different fluences within
isopropyl alcohol and compare these results to those obtained from ablation within
hexanes. The size distribution of the nanoparticles produced by ablation at 100 mJ/pulse
was narrower than from ablation at 50 mJ/pulse. The narrow size distribution reflects
that a higher concentration of nanoparticles of a smaller size are formed at higher
fluences. Solvent effects were immediately recognized as the nanoparticles produced
from hexanes were incorporated into a host of amorphous material. Surprisingly, the
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nanoparticles formed in hexanes were found to be of a similar distribution of sizes as
those created in isopropyl alcohol. This suggests that the mechanism of nanoparticle
formation with nickel may not rely heavily upon the solvent at the fluences studied. The
solvent does play a role in the dispersity of the nanoparticles; as after one week, severe
agglomeration was present with the hexanes sample while only trace amounts of material
were found on the bottom of the scintillation vial from the isopropyl alcohol samples.
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Chapter 5
Synthesis of Zirconium Nanoparticles
by Ultrafast Laser Ablation

5.1 Abstract
We report the results of the ablation of a zirconium rod in isopropyl alcohol
employing a titanium sapphire femtosecond laser operating at sub-800 nm wavelengths
with a fluence of 2 mJ/pulse and a 10 Hz pulse rate.

Ablation of zirconium was

investigated under two different focal regimes, resulting in ablation with different power
densities.

Optimally, the femtosecond laser system produces pulses of 100

femtoseconds; however, experiments were also performed in which the temporal nature
of the femtosecond pulse was adjusted by stretching the pulse to minimize
supercontinuum formation. The resultant nanoparticles displayed size distributions with
mean values of 12 to 15 nm. Optical activity of zirconium nanoparticles is addressed.

5.2 Introduction
The study of nanomaterials is a burgeoning area of science, as materials of
nanometer dimensions typically display characteristics unlike their bulk counterparts. As
the dimensions of a material are confined to sub-micrometer dimensions, changes in size
can impact behavior.1

Reasons for differing behavior were largely known, but the

rationale was not understood for some time, as scientific theories and tools were not yet
available to study the phenomenon. Now tools and techniques have become refined,
optical and electronic properties have been shown to change with variations in size and
shape of nanomaterials.2-7 Hence, the unique properties are being explored for possible
biological applications and potential uses in catalysis, electronics, magnetic and optical
materials, among other uses.
Recently, laser ablation within liquids has been utilized as a pathway to produce
stable nanoparticles.8-10 Investigations of nanoparticle production via laser ablation has
generally focused on the creation of gold and silver nanoparticles.11-20 Noble metal
nanoparticles are commonly created with controlled properties using bench top synthetic
techniques,21,

22

so comparisons between ablation techniques and wet chemistry

techniques can be drawn to further understand the ablation process and the nanoparticle
moieties it can be employed to produce. Characteristics of nanoparticles produced by
laser ablation have been shown to be affected by wavelength,23,

24

and control over

properties can be attained by utilizing the visible absorption of plasmon resonance
bands.25-27 The liquid environment also plays a factor in nanoparticle synthesis as shown
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by studies made with various liquids and surfactants, whereupon the resultant
nanoparticles have been characterized.15,

16, 28-31

Laser ablation processes involve

extremely high energies which are central to the synthetic method, where material is
superheated and ejected into the liquid medium. Because of these high energy schemes,
stable nanoparticles of many different materials can be formed.10, 32-40
In the study described herein, a femtosecond laser system was employed to
synthesize zirconium nanoparticles, and the results are presented and discussed.
Femtosecond ablation techniques have been used to study nanoparticles under vacuum,
41-44

and within liquids.45-49 Results of these studies have shown that the size distribution

of nanoparticles can be greatly reduced by employing femtosecond laser pulses for
ablation as opposed to nanosecond laser pulses. The longer pulse duration and higher
total power of a nanosecond pulse results in more thermal energy transferred to the target
during ablation, whereas irradiation by a femtosecond pulse delivers the entire energy
packet into the material before it has time to dissociate from the surface. Models have
been introduced discussing explosive boiling and thermal evaporation of the target
material.50-53 The energy transfer process for a femtosecond pulse is considered to be
largely an electron-electron interaction, while electron-phonon interactions dominate
picosecond and longer pulses.54-58
Nonlinear effects within the solvent, namely supercontinuum generation, were
noticeably apparent with a 100 fs laser pulse.

The white light generated from

supercontinuum and the concentric rainbow resultant from conical emission, were
observed from the femtosecond pulse traversing the isopropyl alcohol. Supercontinuum
phenomena arising from femtosecond pulses propagating through various media,
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including liquids, have been studied to gain an understanding of this nonlinear process.5967

Control of supercontinuum has proven useful in instances where the generation of a

white light source is desirable, such as fiber optics and broadband applications.68, 69 For
ablation techniques, the effects of supercontinuum generation are not well characterized.
The studies undertaken and described forthwith describe ablation conditions
where supercontinuum is present, and conditions where the femtosecond pulse is
decompressed such that a significantly longer pulse is generated, which successfully
eliminated supercontinuum.

Nanoparticles produced from ablation of zirconium in

isopropanol were analyzed with electron microscopy techniques to examine their physical
properties, and UV-Vis measurements were performed to describe the optical response of
the nanoparticle produced under the different ablation conditions.

5.3 Experimental Methods
The formation of nanoparticles took place by ablation of a zirconium rod within
an enclosed chamber; Figure 5-1 depicts the experimental setup used. The zirconium rod
is introduced into the chamber through a Swagelok® ultra-torr fitting. The rod is rotated
by a DC motor attached to a Lambda Electronics power supply at 30 RPM for ablation
experiments. The laser pulse is focused with a 100 mm focal length optical lens. The
focal length reported is measured from the edge of the rod to the lens. The top of the
chamber houses a view port, which serves to assist with alignment and focusing
conditions for ablation. The femtosecond laser system consists of a mode-locked Spectra
Physics Tsunami Ti:sapphire oscillator that generates an 82 MHz pulse train and is
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pumped by a 5 W Spectra Physics Millenia diode laser. Pulse amplification is carried out
by a regenerative Ti:sapphire amplifier pumped by the second harmonic of a 10 Hz
Spectra Physics GCR 150-10 Nd:YAG laser to produce pulses with an energy of 2
mJ/pulse and a temporal width of 100 fs. The fluence was measured with a Molectron
PowerMax 500A laser power meter prior to entry into the solvent medium.

The

wavelength was measured with an Ocean Optics Inc fiber optic spectrometer, model
SD2000. A Positive Light SSA-F Single Shot Autocorrelator connected to a Tektronix
TDS5104B Digital Phosphor Oscilloscope was used to measure the temporal nature of
the femtosecond pulses.

Figure 5-1: Illustration of the chamber employed for ablation experiments.
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The zirconium rod was conditioned before femtosecond ablation experiments by
ablation with a 532 nm Quanta Ray GCR Series Nd:YAG.

Conditioning was

accomplished by immersing the rod in isopropyl alcohol and ablating it for 10 minutes at
a fluence of ~200 mJ/pulse. Ablation took place with a broad focus (2-3 mm) to irradiate
and thereby remove any existing oxide layer and remaining surface effects resulting from
exposure to other solvents. The chamber was then rinsed with isopropyl alcohol and the
rod was immersed with a fresh sample of isopropyl alcohol while under a nitrogen
environment.

Isopropyl alcohol used for experiments was Anhydrous ACS grade,

purchased from VWR Scientific. The chamber was then transported to the femtosecond
laser system and aligned for ablation with the Ti:sapphire laser system. The experiments
were repeated with minor changes in experimental conditions.

The first series of

experiments were done with 795 nm pulses at 2.1 mJ/pulse; and each ablation experiment
lasted for 40 minutes. When the experiments were repeated, the femtosecond laser pulses
were centered at 793 nm, with 2 mJ/pulse; and ablation experiments were run for 45
minutes. The experiments were extended by five minutes as an attempt to compensate
for the slight power deviation. The wavelength deviation is considered negligible as the
FWHM of the wavelength of the femtosecond laser system is 20 nm.
Upon completion of an ablation experiment, the isopropanol solution was then
drained from the chamber into scintillation vials. Electron microscope techniques were
used to characterize the nanoparticles within the isopropanol. Transmission electron
microscopy (TEM) was performed on a JEOL LaB6 TEM operating at 200 keV. Energy
dispersive x-ray spectroscopy (EDS) analysis was performed with an EDAX Detector on
the JEOL instrument. Carbon-coated 300 mesh copper grids, purchased from Ted Pella,
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were used for electron microscope measurements. The samples were prepared for TEM
analysis by pipetting the solution containing nanoparticles onto the TEM grids in a dropwise fashion. The solution was dripped onto the grid, and then allowed to dry. After the
solution dried, another aliquot was added to the grid. The solution was coated onto the
TEM grids ~ten times to ensure adequate particle coverage for efficient TEM analysis.
Aggregation is a consequence of the drop-wise technique and assists in the size
distribution analysis. TEM images were collected from a Gatan digital CCD camera.
Analysis of the TEM images was done with ImageJ.70 Multiple TEM images from each
sample were used in attaining the data displayed in the presented histograms. UV-Vis
absorption measurements were taken on an Agilent 8453 UV-Vis spectrophotometer.

5.4 Results and Discussion
The Ti:sapphire femtosecond laser system delivers 100 femtosecond pulses under
optimal compression settings. During ablation under these conditions, there is significant
supercontinuum generation by the femtosecond pulse. A supercontinuum is generated
within the isopropyl alcohol with an unfocused beam. Supercontinuum was observed by
removing the rod from the beam path and allowing the laser pulse to traverse through the
isopropanol-filled chamber and pass through the window on the back side of the
chamber. The laser pulse was divergent upon exiting the chamber, and displayed white
light and prismatic features generated from supercontinuum or conical emission. The
supercontinuum behavior was also observed from the view port above the chamber where
filamentation within the solution made observation effortless. Power loss through the
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solvent-filled chamber was 17% when supercontinuum generation occurred. Power loss
through the solvent with no supercontinuum present was 10 %. Measurements of power
loss were performed by measuring the power prior to entry into the chamber, and then
measured upon exit of the chamber. Due to the divergent nature of the laser pulse, the
power meter was placed against the exit window, at which point the diameter of the exit
beam was smaller than the diameter of the power meter surface.
Supercontinuum generation results in a power loss by the laser pulse as it
traverses the solution. Additionally, there are changes in the focus of the beam, and
likely aberrations from optimal femtosecond behavior under supercontinuum conditions.
To help identify potential effects occurring as a result of supercontinuum generation,
ablation of zirconium took place under three conditions. 1) Focusing lens 70 mm from
zirconium rod, optimal compression. 2) Focusing lens 70 mm from zirconium rod,
detuned compression.
compression.

3) Focusing lens 85 mm from zirconium rod, detuned

The femtosecond compression of the pulse is detuned to eliminate

supercontinuum behavior from a pulse allowed to traverse through the chamber
unfocused. The detuning of the femtosecond pulse is performed by adjusting a stage in
the compression region of the regenerative amplifier. Movement of this stage results in
inefficient compression of the laser pulse, thereby resulting in a pulse with a longer
temporal profile, which is less susceptible to supercontinuum generation.

With a

temporal pulse width of 390 fs, as measured with the autocorrelator, the laser was
sufficiently detuned as to produce no supercontinuum with an unfocused beam. The laser
compression was not adjusted when the focal lens was moved from 70 mm to 85 mm.
Supercontinuum occurred by spatial compression of the pulse by the focal lens at 85 mm
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focal distance.

Under the 85 mm, 390 fs pulse conditions, filamentation was observed

approximately 5 mm prior to encountering the zirconium rod. From visual inspection
through the view port, the observed supercontinuum generation was confined to the
center region, the area with highest photon density.

5.4.1 Electron Microscopy Characterization
Ablation of zirconium in isopropanol by a femtosecond pulse produced
nanoparticles suspended within solution. As detailed in the experimental section, the
nanoparticles were taken from solution and deposited on a TEM grid; Figure 5-2 depicts
a TEM image of a group of nanoparticles representative of the distribution of
nanoparticles obtained by ablation with a 100 fs pulse at 70 mm. As can be seen from the
TEM image, the nanoparticles produced from femtosecond ablation display a range of
sizes. Figure 5-3 depicts the nanoparticle distribution resulting from the same ablation
conditions that produced the nanoparticles in Figure 5-2. The nanoparticle distribution
was calculated by analyzing several TEM images, with every attempt made to collect
images representative of the entire sample. The average particle size was 13.5 nm, with a
median value of 8.3 nm. Approximately 0.5% percent of the nanoparticles analyzed were
found to be above the 80 nm depicted on the histogram.
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Figure 5-2: TEM Image of nanoparticles created by femtosecond ablation with focusing
lens placed 70 mm from zirconium rod.

Figure 5-3: Histogram of nanoparticle size distribution from ablation at 70 mm, 100 fs
pulse.
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Figure 5-4 contains an EDS spectrum of a nanoparticle from ablation under 70
mm, 100 fs pulse conditions. EDS spectra exhibited slight variation amongst sampling,
depending on many factors. Size of the nanoparticle, the size of the focused electron
beam, and the proximity to the lacey carbon support all played a role in the variability of
the relative signals arising from carbon and oxygen with respect to each other and with
respect to zirconium. Smaller nanoparticles had a higher relative oxygen and carbon
content with respect to zirconium. EDS spectra from nanoparticles found on the lacey
carbon support would have an enhanced carbon signal and some oxygen signal due to xray contribution from the support film.

Zr

Zr
O
C

Cu
Cu

Zr

Figure 5-4: EDS spectrum of nanoparticles produced by ablation with a 100 fs pulse with
focal lens placed 70 mm from zirconium rod.
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The nanoparticles created by femtosecond ablation displayed crystalline features,
as evidenced by the diffraction pattern shown in Figure 5-5. The ring pattern shown
correlates well with tabulated powder diffraction data for zirconium.71 All zirconium
nanoparticles do not display the same diffraction pattern. Some nanoparticles display a
single crystalline pattern, while most are either polycrystalline, or contain many various
crystalline states, resulting in a complex diffraction pattern that is difficult to
deconvolute.

Figure 5-5: Electron diffraction image from nanoparticle created by ablation of
zirconium under 100 fs pulse conditions.
The size distribution of the nanoparticles produced under the three experimental
conditions described above is shown in Figure 5-6. The size distributions for each
experiment were normalized to a total particle count of 1000. The histogram was taken
by binning the nanoparticles into one nanometer bins, the fluctuations in the histogram
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are a virtue of the size calculation and bin. Due to the conversion to nanometers, some
sizes are over represented in the histogram bin. Adjustment of bin size results in a
smoother histogram in one area, but another artifact would appear elsewhere on the
histogram, and detail is lost by increasing bin size. Only spherical nanoparticles were
counted; materials produced from ablation that did not possess spherical character were
not analyzed for purposes of nanoparticle size distribution. Upon analyzing only the
nanoparticles, there were very little differences in the size distribution under the various
experimental conditions. The size distribution slowly decayed beyond 30 nm, and there
were minor differences between the size distributions resulting from the temporal nature
of the ablation pulse. The 390 fs pulse produced more species of larger diameters at both
focal conditions.
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Figure 5-6: Histogram of nanoparticles produced from femtosecond ablation at three
separate experimental conditions. 70 mm and 85 mm refer to the distance the focal lens
is placed from the Zr rod. 100 fs and 390 fs refer to the temporal pulse width of the laser
pulse. Inset is a graphical representation of the histogram data.
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While these size distributions are very similar, there is an anomaly with regard to
the ablation experiments at 85 mm focal conditions. The anomaly is the presence of a
nebulous material produced under this condition which was unaccounted for in the
nanoparticle size analysis. TEM analysis showed a great deal of this material which has
the appearance of molten metal. Figure 5-7 illustrates a representative example of the
nanomaterial incongruent with the round nanoparticles typically found from the laser
ablation process. The left side of Figure 5-7 contains an aggregate of nanoparticles that
are representative of those used for size analysis. Aggregates such as these and solo
particles found throughout the sample were used to calculate the size distribution. The
remainder of the TEM image is overshadowed by this relatively nebulous material. EDS
analysis confirms that the material is zirconium. The material appears to have never fully
vaporized and form nanoparticles. It is our hypothesis that the tighter focus introduces an
incredibly high power density into the zirconium rod causing metal to be ejected from the
surface of the rod in a molten state rather than being ejected from the rod in a vapor state.
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Figure 5-7: TEM image of nanomaterials produced from 390 fs ablation with focal lens
placed 85 mm from zirconium rod. The left side of the image contains an aggregate of
nanoparticles while the remainder of the TEM image is dominated by nebulous zirconium
material.

5.4.2 Optical Behavior
The UV-Vis absorption spectra are shown in Figure 5-8 . All three solutions of
nanoparticles displayed very similar behavior in the UV region. The solutions were
treated to the same process conditions, so any differences in spectra are expected to be a
result of the ablation parameters employed. The ultraviolet and visible absorption by
each solution of nanoparticles had a maximum absorption at 202-204 nm, with a strong
shoulder being present at 220 nm. Two other shoulders were present in the UV region,
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one at 250 nm and another at 275 nm. With all three solutions, there was a continuous
absorption across the visible wavelength region that extended to 1100 nm. The UV-Vis
absorption behavior of 10 nm zirconium nanoparticles has been calculated based upon
Mie theory.72 The calculated spectrum shows a strong absorption at 200 nm and a broad
absorption peak at 300 nm that decays into a continuous small absorption. The two
spectra are similar in their 200 nm absorption, as well as their continued absorbance
across the visible. The solutions of nanoparticles had a slight appearance of a blue-purple
hue. The differences are attributed to deviations in size, and to surface morphology
different from pure zirconium. There is a broad absorption from 550 nm to 700 nm,
which may account for the faint color. Concentration of the solution by means of a rotoevaporator served to increase the overall absorbance, but did not cause a strong increase
in solution color.
The nanoparticles ablated with the 100 femtosecond pulse did not have the same
absorption in the visible region. It is conjectured that pulse duration is responsible for
variation in nanoparticle characteristics. The longer pulse causes more thermal heating of
the zirconium prior to ejection. Pietanza et al. have discussed how electron-electron and
electron-phonon dynamics are important in the ablation dynamics as one transitions from
a femtosecond to a picosecond laser pulse.73

Further studies, both theoretical and

experimental, are necessary to show specifically how pulse duration affects nanoparticle
formation in a way that gives rise to optical response.
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Figure 5-8: UV-Vis absorption spectra of nanoparticles produced from femtosecond
laser ablation. Inset is an expanded view of the region from 520 nm to 680 nm.

The nanoparticle solution from the 85 mm focal length ablation had a lower
absorption than either of the other experimental conditions. The lower absorption is
attributed to a lower nanoparticle concentration. The experimental conditions were such
that nanoparticle formation was inefficient as evidenced by the presence of the molten
material, which was much larger in mass than the nanoparticles themselves. Over the
course of one month, some nanoparticles settle out of solution to the bottom of the
sample vials. The 85 mm, 390 fs pulse sample in one of the two experiments had
noticeably more settled material than the other samples, and had lost all optical activity,
indicating that the nanoparticles had aggregated and crashed out of solution entirely. The
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sample in which this occurred also had the highest amount of the non-nanoparticle
material shown in Figure 5-7. Nanoparticles remained suspended over time as evidenced
by the fact that the optical activity within all other samples remained without agitation of
the sample.

5.5 Conclusions
Colloidal solutions of zirconium nanoparticles were fabricated by ablation with a
femtosecond laser system at ~795 nm. The size distribution of the nanoparticles was
shown to be fairly independent of pulse duration and focal conditions under the regimes
studied. It was found that the energy density plays a role in the dynamics of nanoparticle
formation, despite the similarities in size distribution. The presence of nanoparticles and
amorphous material shows there is a difference in the requisite conditions for
nanoparticle formation at the tighter focal conditions.
It is likely that both temporal and spatial energy densities are a factor in
liquid/metal interactions that affect the nanoparticle creation. The exact nature of this
role is difficult to elucidate based solely on these experiments since supercontinuum
generation intensifies as the energy density of the femtosecond pulse escalates.
Theoretical studies of femtosecond ablation processes describe explosive material
ejection and to a lesser extent the thermal processes involved. Further exploration of the
transition as pulse duration is increased would help to clarify which model is the
dominant process in nanoparticle formation. A detailed understanding will provide the
ability to have a controlled synthesis to create tailored nanoparticles through energetic
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processes that are unattainable by alternative methods. A systematic study involving the
variation of the diameter of the femtosecond pulse at the ablation point, and the temporal
nature of the femtosecond pulse in a stepwise manner, will provide invaluable
information in directing this understanding. In addition to enhancing knowledge about
mechanics of nanoparticle formation, alteration of the temporal character of the
femtosecond pulse can be useful in tailoring properties. Investigations into the optical
behavior of the zirconium nanoparticles has provided insight into how the temporal width
of the femtosecond pulse can be adjusted to generate nanoparticles with different optical
characteristics.
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Chapter 6
A Comparison of Zirconium Nanoparticles
Produced by Nanosecond and Femtosecond Laser Pulses

6.1 Abstract
Results from the laser ablation of zirconium in isopropyl alcohol using
nanosecond and femtosecond pulses are reported. A Nd:YAG laser operating at 532 nm
with a 7 ns pulse was used for nanosecond ablation.

For femtosecond ablation, a

Ti:sapphire femtosecond laser system was employed, which generated 2 mJ pulses at 795
nm. Ablation was performed with 100 fs and 390 fs pulses. The size distribution of
nanoparticles formed from each ablation method is compared.

The effect of surface

treatment prior to ablation is addressed by comparing subsequent ablation studies of
identical conditions. UV-Vis absorption spectra are given, showing that the absorbance
character of the resultant nanoparticles is dependent on the duration of the laser pulse.
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6.2 Introduction
The study of materials with nanometer dimensions is an ever-increasing area
within science and industry. A broad range of potential applications exists from biology
and medicine, to catalysis, to pigments and dyes, to optical, electrical, magnetic, and
energetic materials; nanomaterials are being studied in areas of physics, chemistry,
biology, materials science, and engineering. The immense interest in nanomaterials is
because of the unique electronic, optical, magnetic, and chemical properties that arise in
materials in the nanometer regime. These properties are often-times quite different than
those found in the bulk material, and have been found to be size and shape dependent.
Recently, laser irradiation of metals within liquids to produce nanoparticles has been
shown to be a viable method for nanoparticle creation.1,

2

Ablation of a metal within

solution has the advantage of creating nanoparticles directly within a liquid, a one step
synthesis method for colloidal suspensions. Additionally, the high energies associated
with laser ablation allow for nanoparticles to be fabricated that otherwise may not be
feasible with traditional bench top synthetic techniques. Characterization of gold and
silver nanoparticles produced under various liquids have shown the broad range of
applicability to this technique.3-7 Studies have been performed analyzing how the liquid
environment affects the nanoparticles,8-13 to aide in understanding the mechanisms
responsible involved in this young method.
During the ablation process, plasma of the target material is ejected from the
target surface. The ablation event vaporizes the liquid at the solid liquid interface, and
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the vapor creates a bubble containing superheated material (up to 5000K) from both the
liquid and the target.14-22
formation.

The bubble serves as a reaction vessel for nanoparticle

During expansion, the temperature gradient within the bubble promotes

nucleation and nanoparticle growth. The bubble expands until it reaches a critical size,
and then subsequently collapses.

Upon collapse, the nanoparticles are subjected to

pressures reaching gigaPascals, arresting growth of material within the bubble, and
driving further nanoparticle formation.
Femtosecond lasers have been used to produce nanoparticles as well, and the
pulse duration of the laser has been shown to affect the resultant product.23-26 The
mechanism for material ejection with nanosecond and femtosecond ablation has been
studied to understand the influence of the pulse duration.27-36 The energy transfer process
for a nanosecond pulse involves the coupling of photons to the electronic and vibrational
modes of the target. Vibrational coupling provides thermal energy to the target during
the ablation process. Additionally, laser irradiation occurs during plasma formation,
resulting in further excitation to the species derived from the target and solvent. The
short timescale of the femtosecond laser pulse allows only for electronic coupling, as the
laser pulse has been delivered to the material before ejection begins. The result is a
significant contribution from surface heating and plasma-photon interactions with the
nanosecond laser ablation that are not present in a femtosecond ablation scheme.
In the presented work, zirconium nanoparticles were produced by ablation with
both nanosecond and femtosecond laser pulses. A 532 nm Nd:YAG producing 7 ns
pulses was used for ablation of a zirconium. A Ti:sapphire femtosecond laser system was
employed for ablation with both 100 fs and 390 fs laser pulses. The nanoparticles were
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analyzed with electron microscopy methods and the results are compared. The UV-Vis
absorption of the nanoparticles is presented as the absorbance was found to vary with
pulse duration.

The effect that surface oxidation on the zirconium rod has on

nanoparticle formation is also discussed as nanoparticle size and dispersion is altered
with oxidation.

6.3 Experimental Methods
Preparation of nanoparticles by laser ablation took place within an enclosed
chamber that was transportable between laser systems.

An illustration of the

experimental setup is given in Figure 6-1. The zirconium rod was introduced into the
chamber through an ultra-torr fitting, and was rotated at 30 RPM. ACS grade isopropyl
alcohol was introduced from an inlet on top of the chamber and the laser aligned and
focused onto the rod. A 10 Hz Quanta Ray GCR Series Nd:YAG, frequency doubled
(532 nm), was used for the nanosecond ablation. The fluence was measured with a
Molectron PowerMax 500A laser power meter prior to focusing lens. The femtosecond
laser system consists of a mode-locked Spectra Physics Tsunami Ti:sapphire oscillator
that generates an 82 MHz pulse train and is pumped by a 5 W Spectra Physics Millenia
diode laser. Pulse amplification is carried out by a regenerative Ti:sapphire amplifier
pumped by the second harmonic of a 10 Hz Spectra Physics GCR 150-10 Nd:YAG laser
to produce 10 Hz pulses with an energy of 2 mJ/pulse and a temporal width of 100 fs.
390 fs pulses were produced by adjusting a stage in the compression region of the
regenerative amplifier. The wavelength was measured with an Ocean Optics Inc fiber
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optic spectrometer, model SD2000. A Positive Light SSA-F Single Shot Autocorrelator
connected to a Tektronix TDS5104B Digital Phosphor Oscilloscope was used to measure
the temporal character of the femtosecond pulses.

View Port

Motor
Inlets/Outlets
Metal
Rod

Laser
Port
Focal
Lens
Drain
Port

Adjustable
Feet

Figure 6-1: Illustration of experimental setup.
Nonlinear solvent effects were observed for both nanosecond and femtosecond
experiments.

Stimulated Raman emission was observed within the chamber during

nanosecond ablation experiments, and supercontinuum was present during 100
femtosecond ablation. Thusly, an exact value for the energy delivered to the zirconium
rod cannot be precisely determined. The solutions of nanoparticles created by ablation
were stored in scintillation vials immediately following ablation. Transmission Electron
Microscopy work was performed on a JEOL LaB6 TEM operating at 200 keV. Energy
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dispersive x-ray spectroscopy (EDS) analysis was performed with an EDAX Detector on
the JEOL instrument. Several aliquots of solution were dropped onto lacey carboncoated 300 mesh copper grids for TEM analysis. Examination of the TEM images was
done with ImageJ.37 UV-Vis absorption measurements were taken on an Agilent 8453
UV-Vis spectrophotometer.

6.4 Results and Discussion

6.4.1 Nanosecond Ablation
Ablation of zirconium by the Nd:YAG was performed at fluences of 75 mJ/pulse
and of 150 mJ/pulse. The zirconium rod was placed in the chamber and ablated at 75
mJ/pulse. The solution was collected, the chamber rinsed and filled with isopropanol
again (all under nitrogen), and the rod was ablated at 150 mJ/pulse, followed by an
additional ablation at 75 mJ/pulse. The nanoparticles created from the initial ablation
were surrounded by a nanomaterial that was composed primarily of zirconium, with
varying amounts of oxygen, verified by EDS analysis.

Nanoparticle aggregation

behavior from the initial ablation is different from the subsequent ablation experiments.
The different behavior is attributed to surface oxidation present on the zirconium rod.
The difference in surface characteristics results in different species being formed, which
tend to agglomerate. The solutions from subsequent ablation experiments did not contain
the same material, as TEM images have shown different aggregation phenomena.
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A TEM image of the nanoparticles and surrounding nanomaterial produced from
the initial ablation at 75 mJ/pulse is shown in Figure 6-2A. As can be seen from the
image, there is a combination of nanoparticles and an amorphous material surrounding
them. The material on the bottom right of the TEM image is carbon lace from the
support. Nanoparticles were contained within the amorphous material, and often times
the nanoparticles were found in large aggregates wherein the same nanomaterial appears
to have acted as a net, gathering a high concentration of nanoparticles. The high degree
of aggregation is indicative of the accelerated precipitation of nanoparticles from
solution. A visible deposit on the bottom of the scintillation vial was present after 24
hours.
Nanoparticles created by ablation in isopropyl alcohol displayed vastly different
character, from amorphous species to varying degrees of crystallinity.

Diffraction

patterns taken of various nanoparticles show the complexity of resultant nanoparticles.
Figure 6-2B is a selected area diffraction pattern of the nanoparticle lying on the edge of
．
the lace from Figure 6-2A. The main diffraction is assigned to the [0110] plane of
zirconium, showing the hcp structure typical of zirconium. The image contains many
other artifacts arising from multiple crystal features within the nanoparticle. Figure 6-2C
contains a diffraction pattern of an fcc moiety arising from a nanoparticle found
elsewhere within the same sample.

Disparity in crystal structure within individual

nanoparticles is a common phenomenon resulting in nanoparticles with very irregular
diffraction patterns, often-times too irregular to obtain qualitative information. While
these diffraction patterns shown in Figure 6-2 are from nanoparticles created by the initial
ablation conditions, similar diffraction patterns were observed in nanoparticles from the
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subsequent ablation experiments. The trends for multiple species are congruent with
ablation by the Nd:YAG.38

A)

B)

C)

Figure 6-2: A) TEM image of nanoparticles produced by ablation of zirconium with 7 ns
pulses at 75 mJ/pulse. B) Selected area electron diffraction pattern of nanoparticle from
above image. C) Diffraction pattern from another nanoparticle.
The nanoparticles formed from subsequent ablation experiments were found to be
aggregated together as series of nanoparticles. Figure 6-3 shows a TEM image of a
representative aggregate of nanoparticles, produced from ablation at 150 mJ/pulse.
Aggregation of this nature was quite common; the nanoparticles formed from the
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secondary ablation at 75 mJ/pulse displayed very similar characteristics. Nanoparticles
were found on grids varying from solo nanoparticles to aggregates containing numerous
nanoparticles.

Figure 6-3: TEM image of nanoparticles produced by ablation with Nd:YAG at 150
mJ/pulse.
The size distribution of the nanoparticles is displayed in the histograms shown in
Figure 6-4. Figure 6-4A shows a histogram of the nanoparticles produced with the 75
mJ/pulse initial ablation. The average size of the nanoparticles is 16.2 nm, with a median
value of 10.2 nm.

Figure 6-4B shows a histogram of the size distribution of the

secondary ablation at 75 mJ/pulse and the 150 mJ/pulse ablation conditions.

For

purposes of side-by side comparison, the size distributions in Figure 6-4B were
normalized to an identical total particle count. As can be seen from the histogram of the
two fluences, the particle sizes are very similar. The mean particle size was 11 nm for
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the secondary 75 mJ/pulse ablation and 11 nm for 150 mJ/pulse, with median values of
7.7 nm and 6.9 nm, respectively.

Figure 6-4: A) Histogram of nanoparticles produced from ablation of zirconium rod at 75
mJ/pulse, initial experiment. B) Histograms of nanoparticles produced from ablations at
75 mJ/pulse and 150 mJ/pulse.

108
The average size is approximately 5 nm larger when ablation takes place on an
oxidized surface. The shift in size distribution is indicative of nanoparticle formation
from surface atoms. Ablation of the raw zirconium rod resulted in a surface cleaning
process wherein impurities from oxidation and previous ablation experiments were
removed from the surface. The initially removed material has a different composition
than the underlying zirconium, which facilitates further aggregation. Consequently, the
significant

agglomeration

envelops

smaller

nanoparticles,

rendering

them

indistinguishable amongst the agglomerate even if they are present.
The similarities in nanoparticle size distribution amongst the 75 mJ/pulse and 150
mJ/pulse would tend to suggest that the ablation in the regimes studied is independent of
the laser fluence. While this may indeed be the case, the agreement between nanoparticle
characteristics produced at the different fluences is attributed to stimulated Raman
emission from the isopropyl alcohol. The tight focal conditions employed for these
experiments was found to cause nonlinear effects resulting in the stimulated Raman
emission of a C-H stretch in isopropyl alcohol.

During the course of the ablation

experiments, a bright red flash was visible from the ablation chamber. The red flash was
detected with ablation in both isopropyl alcohol and within hexanes. The emitted light
scattered from the rod was measured through the viewport using the Ocean Optics
spectrometer. An intense peak with a FWHM of one nm was observed at 629.65 nm for
isopropyl alcohol and 627.4 nm in hexanes. The shift in wavelength from the 532 nm of
the Nd:YAG corresponded to the energy of a C-H stretch, and a literature search found
corroborating values for stimulated Raman emission in alcohols and organic liquids.39, 40
The observed Raman emission was more intense at the higher fluence. This suggests that
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at higher powers, a higher percentage of the laser pulse is lost to absorption by the
solvent. Thus the additional power supplied for ablation is transferred to the solvent and
subsequently emitted by a Raman transition, resulting in a drastic reduction of photons
incident upon the rod. Due to the similarities in results and the likely comparable
conditions at the ablation event, the nanosecond results from 75 mJ/pulse and 150
mJ/pulse were combined for comparison to femtosecond results.

6.4.2 Femtosecond Ablation
The Ti:sapphire femtosecond laser system delivers femtosecond pulses of 100 fs
when optimally compressed. When these femtosecond pulses entered the chamber with
isopropyl alcohol, a supercontinuum was generated. Measurement of power loss through
the chamber was 17 % when supercontinuum was present. With an unfocused beam, the
supercontinuum was divergent upon exit of the chamber, suggesting that focal conditions
are altered when supercontinuum occurs.

To obtain an understanding of how

supercontinuum generation may affect nanoparticle formation, ablation took place under
optimal compression and when the femtosecond pulse is not ideally compressed, which
thusly eliminated supercontinuum. The compression of the laser pulses was altered by
moving a stage in the compression region of the regenerative amplifier until the
femtosecond pulses produced no supercontinuum. The temporal duration of the laser
pulses at this point, as measured with a single shot autocorrelator, was 390 fs. Ablation
of zirconium was performed with 100 fs pulses and with 390 fs pulses. The same focal
conditions were used for both experiments.
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Ablation at 100 fs created nanoparticles with an average size of 12.1 nm, with a
median value of 8.3 nm. Figure 6-5 is a TEM image representative of many of the
nanoparticles formed from ablation by a 100 fs pulse at 795 nm. The nanoparticles did
not display the same type of crystallinity as those produced with nanosecond pulses, as
often times the nanoparticles displayed single crystal characteristics, which corresponded
to that expected of a zirconium packing structure. The difference in crystallinity was
immediately visable in the TEM, as the nanoparticles frequently exhibited striations in
underfocused conditions due to the atomic packing within the nanoparticle.

The

nanoparticles displaying these crystalline features were between 20 and 60 nm in size. It
was very difficult to obtain crystalline information on small nanoparticles due to the
limits of the selected area apperture of the electron microscope and the propensity of the
small nanoparticles to undergo melting and atomic rearrangement upon exposure to the
electron beam.
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Figure 6-5: TEM image of nanoparticles produced by 100 fs ablation.
Nanoparticles produced by femtosecond ablation with 390 fs pulses showed
subtle differences in character. With 390 fs pulses, the diffraction patterns from many of
the nanoparticles were mostly crystalline, displaying spots denoting internal crystal
structure, but often times displayed faint ring patterns indicative of polycrystalline nature.
In addition to the difference in crystallinity, there were many nanoparticles which were
not spherical; they exhibited prolate or hemispherical character, as well as geometric
features such as cubic or hexagonal shape. The different pulse duration led to a similar
nanoparticle size distribution as seen with 100 fs ablation. However, only the spherical
and nearly spherical nanoparticles were identified in calculating nanoparticle size
distributions. Nanoparticles which portrayed large distorsions in any dimension were not
counted. Figure 6-6 shows a TEM image showing an aggregation of nanoparticles that
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display predominately non-spherical species.

The mean nanoparticle diameter of

spherical nanoparticles was 13.5 nm, with a median diameter of 8.3 nm. Non-spherical
nanoparticle formation such as this was uncommon with 100 fs ablation, and not
observed under nanosecond ablation conditions.

Figure 6-6: TEM image of nanoparticles produced from 390 fs ablation.
The similarity in size behavior noted by the analogous mean particle size is
further demonstrated by the comparison of the two femtosecond ablation conditions.
Figure 6-7 shows a histogram comparing nanoparticles produced from 100 fs ablation
and 390 fs ablation, normalized to the same total particle count.

In general, size

distribution does not fluctuate a great deal with the variation in pulse duration studied.
The 100 fs conditions produced 7% more nanoparticles smaller than 25 nm, as compared
to the 390 fs conditions. Because of the fewer number of nanoparticles greater than 25
nm, the 7% is made up in the 25-70 nm range, resulting in 70% more nanoparticles
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created by 390 fs ablation in the 25-70 nm range. With 390 fs ablation, the nanoparticles
in the 25-70 nm range constitute 15 % of the total nanoparticle count.

80
70
60

Count

50
40

100 fs

30

390 fs

20
10

45

42

39

36

33

30

27

24

21

18

15

12

9

6

3

0

0
Size /nm

Figure 6-7: Histogram showing the size distribution of nanoparticles created by
femtosecond ablation with pulses of 100 fs and 390 fs duration.

6.4.3 Nanosecond and Femtosecond Ablation Comparison
The nanosecond and femtosecond ablation techniques provide different conditions
for nanoparticle production.

The Nd:YAG provides higher overall power to the

zirconium rod than the Ti:sapphire system, but the power density of the femtosecond
pulses is greater than for the nanosecond pulses.

At 75 mJ/pulse, the total Watts

delivered nearly 40 times that of the 2 mJ/pulse available in the femtosecond ablation
case. At the focal conditions used for the experiment, the fluence for the Nd:YAG is 9.5
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J/cm2, and 77 mJ/cm2 for the Ti:sapphire. The different focal conditions translates to a
fluence incident upon the zirconium rod that is 125 times larger under nanosecond
ablation. The higher fluence of the nanosecond laser does not directly correlate to the
power applied during ablation. Due to the ultrashort pulse from the femtosecond system,
it provides a higher power density than the nanosecond system. The 100 fs laser pulse
delivers 7.7 x 1011 W/cm2 and 2.0 x 1011 W/cm2 with 390 fs pulses. The power density
with a femtosecond pulse is two orders of magnitude higher than the 1.4 x 109 W/cm2
from the 7 ns pulse.
The distribution of nanoparticles is remarkably similar given the power variation
for the three separate conditions studied. A histogram showing the normalized size
distribution of nanoparticles from 100 fs, 390 fs, and 7 ns ablation conditions is given in
Figure 6-8. From a general perspective, the distribution appears similar. Ablation with
the Nd:YAG led to a smaller average size, with most particles less than 15 nm and very
few nanoparticles beyond 40 nm in diameter. Femtosecond ablation also led to the
majority of nanoparticles in the less than 15 nm range, but nanoparticles tailed off
extending to 70 nm, with very few beyond 70 nm. The presence of these nanoparticles
between 25 and 70 nm is responsible for the larger average sizes, and provides the largest
discrepancy between the size distributions of nanoparticles resulting from ablation at
different pulse durations.
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Figure 6-8: Histogram depicting the size distribution of nanoparticles produced from
ablation with both the nanosecond and femtosecond laser pulse conditions

6.4.4 UV-Vis Absorbance
The UV-Vis absorbance spectra for the nanoparticles produced under the three
temporal ablation regimes are shown in Figure 6-9. The UV-Vis spectra for all three
solutions have similar characteristic absorption in the UV. The difference between the
three is their behavior in the visible region.

The nanoparticles produced from the

Nd:YAG do not absorb beyond 550 nm. A concentrated solution of nanoparticles from
the Nd:YAG has a slight yellow color. The femtosecond laser produced nanoparticles
that absorb light across the entire visible region, extending to 1100 nm.

The

nanoparticles produced with 100 fs pulses and a steady absortpion from 400 nm
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extending to the limits of the spectrophotometer.

The 390 fs laser pulse produced

nanoparticles with a slight, broad absorption peak at 585 nm. The 390 fs solution had a
very slight purple hue, which is attributed to the slight absorption in the visible region.
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Figure 6-9: UV-Vis spectra of nanoparticles produced with laser pulses of 7 ns, 390 fs,
and 100 fs.

6.5 Conclusions
Zirconium nanoparticles were created by ablation under three different laser pulse
duration regimes. It was found that the nanoparticles created under each condition have a
similar size distribution, with the exception of those ablated from an oxidized metal rod.
The distribution from femtosecond ablation produced more nanoparticles in the 25-70 nm
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range. These nanoparticles were found to vary between the 100 fs and 390 fs conditions,
in both the number of nanoparticles and their shape. The differences in optical behavior
between the nanoparticles from the various conditions serve as a barometer for the
differences in nanoparticle characteristics. These characteristics were found to vary with
the laser parameters used for ablation. Further studies on the effects of pulse duration can
help understand how the temporal character of the ablation pulse can be used to create
nanoparticles with specific qualities.

6.6 Acknowledgements
The authors are grateful to the Air Force Office of Scientific Research, Grant No.
FA 9550-04-1-0066, for their financial support of this work.

Electron microscopy

analysis was made possible by the Materials Characterization Facility at the Materials
Research Institute of The Pennsylvania State University.

6.7 References

1.
Henglein, A., Physicochemical Properties of Small Metal Particles in Solution Microelectrode Reactions, Chemisorption, Composite Metal Particles, and the Atom-toMetal Transition. Journal of Physical Chemistry 1993, 97, (21), 5457-5471.
2.
Neddersen, J.; Chumanov, G.; Cotton, T. M., Laser-Ablation of Metals - a New
Method for Preparing Sers Active Colloids. Applied Spectroscopy 1993, 47, (12), 19591964.

118
3.
Compagnini, G.; Scalisi, A. A.; Puglisi, O.; Spinella, C., Synthesis of gold
colloids by laser ablation in thiol-alkane solutions. Journal of Materials Research 2004,
19, (10), 2795-2798.
4.
Amendola, V.; Rizzi, G. A.; Polizzi, S.; Meneghetti, M., Synthesis of gold
nanoparticles by laser ablation in toluene: Quenching and recovery of the surface
plasmon absorption. Journal of Physical Chemistry B 2005, 109, (49), 23125-23128.
5.
Compagnini, G.; Scalisi, A. A.; Puglisi, O., Production of gold nanoparticles by
laser ablation in liquid alkanes. Journal of Applied Physics 2003, 94, (12), 7874-7877.
6.
Mafune, F.; Kohno, J.; Takeda, Y.; Kondow, T.; Sawabe, H., Formation and size
control of silver nanoparticles by laser ablation in aqueous solution. Journal of Physical
Chemistry B 2000, 104, (39), 9111-9117.
7.
Bae, C. H.; Nam, S. H.; Park, S. M., Formation of silver nanoparticles by laser
ablation of a silver target in NaCl solution. Applied Surface Science 2002, 197, 628-634.
8.
Amendola, V.; Polizzi, S.; Meneghetti, M., Laser ablation synthesis of gold
nanoparticles in organic solvents. Journal of Physical Chemistry B 2006, 110, (14), 72327237.
9.
Tsuji, T.; Okazaki, Y.; Higuchi, T.; Tsuji, M., Laser-induced morphology changes
of silver colloids prepared by laser ablation in water - Enhancement of anisotropic shape
conversions by chloride ions. Journal of Photochemistry and Photobiology a-Chemistry
2006, 183, (3), 297-303.
10.
Simakin, A. V.; Voronov, V. V.; Kirichenko, N. A.; Shafeev, G. A.,
Nanoparticles produced by laser ablation of solids in liquid environment. Applied Physics
a-Materials Science & Processing 2004, 79, (4-6), 1127-1132.
11.
Bozon-Verduraz, F.; Brayner, R.; Voronov, V. V.; Kirichenko, N. A.; Simakin, A.
V.; Shafeev, G. A., Production of nanoparticles by laser-induced ablation of metals in
liquids. Quantum Electronics 2003, 33, (8), 714-720.
12.
Mafune, F.; Kohno, J.; Takeda, Y.; Kondow, T.; Sawabe, H., Formation of gold
nanoparticles by laser ablation in aqueous solution of surfactant. Journal of Physical
Chemistry B 2001, 105, (22), 5114-5120.
13.
Khomutov, G. B.; Koksharov, Y. A., Effects of organic ligands, electrostatic and
magnetic interactions in formation of colloidal and interfacial inorganic nanostructures.
Advances in Colloid and Interface Science 2006, 122, (1-3), 119-147.
14.
Tsuji, T.; Tsuboi, Y.; Kitamura, N.; Tsuji, M., Microsecond-resolved imaging of
laser ablation at solid-liquid interface: investigation of formation process of nano-size
metal colloids. Applied Surface Science 2004, 229, (1-4), 365-371.
15.
Schiffers, W. P.; Shaw, S. J.; Emmony, D. C., Acoustical and optical tracking of
the collapse of a laser-generated cavitation bubble near a solid boundary. Ultrasonics
1998, 36, (1-5), 559-563.
16.
Georgiou, S.; Koubenakis, A., Laser-induced material ejection from model
molecular solids and liquids: Mechanisms, implications, and applications. Chemical
Reviews 2003, 103, (2), 349-393.
17.
Wolfrum, B.; Kurz, T.; Mettin, R.; Lauterborn, W., Shock wave induced
interaction of microbubbles and boundaries. Physics of Fluids 2003, 15, (10), 2916-2922.

119
18.
Yavas, O.; Schilling, A.; Bischof, J.; Boneberg, J.; Leiderer, P., Bubble nucleation
and pressure generation during laser cleaning of surfaces. Applied Physics a-Materials
Science & Processing 1997, 64, (4), 331-339.
19.
Sasoh, A.; Watanabe, K.; Sano, Y.; Mukai, N., Behavior of bubbles induced by
the interaction of a laser pulse with a metal plate in water. Applied Physics A-Materials
Science & Processing 2005, 80, (7), 1497-1500.
20.
Schilling, A.; Yavas, O.; Bischof, J.; Boneberg, J.; Leiderer, P., Absolute pressure
measurements on a nanosecond time scale using surface plasmons. Applied Physics
Letters 1996, 69, (27), 4159-4161.
21.
Philipp, A.; Lauterborn, W., Cavitation erosion by single laser-produced bubbles.
Journal of Fluid Mechanics 1998, 361, 75-116.
22.
Sano, N.; Wang, H.; Alexandrou, I.; Chhowalla, M.; Teo, K. B. K.; Amaratunga,
G. A. J.; Iimura, K., Properties of carbon onions produced by an arc discharge in water.
Journal of Applied Physics 2002, 92, (5), 2783-2788.
23.
Tsuji, T.; Kakita, T.; Tsuji, M., Preparation of nano-size particles of silver with
femtosecond laser ablation in water. Applied Surface Science 2003, 206, (1-4), 314-320.
24.
Kabashin, A. V.; Meunier, M., Synthesis of colloidal nanoparticles during
femtosecond laser ablation of gold in water. Journal of Applied Physics 2003, 94, (12),
7941-7943.
25.
Link, S.; Burda, C.; Nikoobakht, B.; El-Sayed, M. A., Laser-induced shape
changes of colloidal gold nanorods using femtosecond and nanosecond laser pulses.
Journal of Physical Chemistry B 2000, 104, (26), 6152-6163.
26.
Sylvestre, J. P.; Kabashin, A. V.; Sacher, E.; Meunier, M., Femtosecond laser
ablation of gold in water: influence of the laser-produced plasma on the nanoparticle size
distribution. Applied Physics A-Materials Science & Processing 2005, 80, (4), 753-758.
27.
Wang, C. X.; Liu, P.; Cui, H.; Yang, G. W., Nucleation and growth kinetics of
nanocrystals formed upon pulsed-laser ablation in liquid. Applied Physics Letters 2005,
87, (20).
28.
Eustis, S.; El-Sayed, M. A., Molecular mechanism of the photochemical
generation of gold nanoparticles in ethylene glycol: Support for the disproportionation
mechanism. Journal of Physical Chemistry B 2006, 110, (29), 14014-14019.
29.
Garrison, B. J.; Itina, T. E.; Zhigilei, L. V., Limit of overheating and the threshold
behavior in laser ablation. Physical Review E 2003, 68, (4).
30.
Schafer, C.; Urbassek, H. M.; Zhigilei, L. V., Metal ablation by picosecond laser
pulses: A hybrid simulation. Physical Review B 2002, 66, (11).
31.
Zhigilei, L. V.; Garrison, B. J., Microscopic mechanisms of laser ablation of
organic solids in the thermal and stress confinement irradiation regimes. Journal of
Applied Physics 2000, 88, (3), 1281-1298.
32.
Andreev, S. N.; Samokhin, A. A.; Smurov, I., On the theory of explosive boiling
of a transparent liquid on a laser-heated target. Applied Surface Science 2006, 252, (13),
4506-4510.
33.
Craciun, V.; Bassim, N.; Singh, R. K.; Craciun, D.; Hermann, J.; BoulmerLeborgne, C., Laser-induced explosive boiling during nanosecond laser ablation of
silicon. Applied Surface Science 2002, 186, (1-4), 288-292.

120
34.
Itina, T. E.; Sentis, M.; Marine, W., Synthesis of nanoclusters by nanosecond
laser ablation: Direct simulation Monte Carlo modelling. Applied Surface Science 2006,
252, (13), 4433-4438.
35.
Pietanza, L. D.; Colonna, G.; Capitelli, M., Electron and phonon dynamics in
laser short pulses-heated metals. Applied Surface Science 2005, 248, (1-4), 103-107.
36.
Pushkin, M. A.; Lebid'ko, V. V.; Borman, V. D.; Tronin, V. N.; Troyan, V. I.;
Smurov, I., Mechanism of the formation of metal nanoclusters during pulsed laser
deposition. Applied Surface Science 2006, 252, (13), 4425-4428.
37.
Rasband, W. S. ImageJ, National Institutes of Health, Bethesda, Maryland, USA:
1997-2004.
38.
Golightly, J. S.; Castleman, A. W., Analysis of titanium nanoparticles created by
laser irradiation under liquid environments. Journal of Physical Chemistry B 2006, 110,
(40), 19979-19984.
39.
Echevarria, L.; Rodriguez, L.; Karasiev, V.; Piscitelli, V.; Marcano, O. A., Highefficiency stimulated Raman scattering from alcohols: Theory and experiments. Journal
of Raman Spectroscopy 2005, 36, (5), 389-393.
40.
Gisella Eckhardt; Hellwarth, F. J. M., F. J.; Schwarz, S. E.; Weiner, D.;
Woodbury, E. J., Stimulated Raman Scattering From Organic Liquids. Physics Review
Letters 1962, 9, (11), 455-457.

121

Chapter 7
Production of Colloidal Aluminum Nanoparticles by
Femtosecond Laser Ablation within Isopropyl Alcohol

7.1 Abstract
Aluminum nanoparticles were created with an average size of 17 nm by ablation of an
aluminum rod in isopropyl alcohol. A Ti:sapphire femtosecond laser system delivered
390 fs laser pulses of 2 mJ/pulse centered at 795 nm. Two fluences were studied, and
slight deviations in behavior were observed. The aluminum nanoparticles display a
unique absorption across the visible spectrum, wherein a maximum absorption is
observed in the UV, and decays to a continuous slight absorption at 900 nm. The
nanoparticles remain suspended in solution one month after the ablation event as verified
by UV-Vis. TEM analysis of the nanoparticles shows the aluminum nanoparticles are
amorphous. The nanoparticles were found to display two general size classifications,
smaller nanoparticles from 5-10 nm, and a larger distribution from 20-70 nm.
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7.2 Introduction
There is a broad interest in metal nanoparticles for practical applications relating
to the unique optical, electronic, and magnetic properties that arise in materials of
nanometer dimensions.

Aluminum is an important material for many applications,

among which micron-sized and smaller particles are currently being used as additives for
propellants and protechnic applications.1-3 It has been shown that the use of small
particles as fuel additives greatly enhances the energy release in combustion events and
related systems.4-6

It has been shown that the oxide coating present on aluminum

particles may be the limiting step in the energy release process.7,

8

Two factors are

important in accelerating the energy release process. The first is to create an initial
coating that is energetically favorable to an alumina coating (Al2O3). If the initial barrier
to energy release is lowered, ignition takes place more rapidly. The second factor is to
decrease the size of the particle. As the aluminum is burned, an oxide coating can be
produced, inhibiting combustion. Smaller nanoparticles are capable of a faster energy
release as the total atomization energy is lower for each respective nanoparticle.
In our efforts to create transition metal nanoparticles with unique properties by
laser ablation within liquid, we have found that the ablation process renders nanoparticles
with a coating comprised of solvent or fragments of the solvent.9 These studies showed
that the solvent and the laser fluence play a critical role in the final nanoparticle product.
Solvent choice can lead to species with different compositions, as well as affect
nanoparticle stability within solution. Application of this information has led us to try to
create aluminum nanoparticles that are solvent coated, for anticipated applications as an
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energetic material.

Our findings are that ablation with a femtosecond laser system

delivering 390 fs pulses centered at 795 nm is successful in producing a colloidal
suspension of nanoparticles with an average diameter of 17 nm. The is a substantial
amount of nanoparticles 5-10 nm in size, which were found to be highly dispersive on
TEM grids.

The dispersive behavior is likely the basis for the stability of the

nanoparticles within solution. The aluminum colloid produced was found to be stable in
solution for at least one month, as characterized by the optical behavior of the solution.

7.3 Experimental
The experimental setup is the same setup as described in the femtosecond ablation
of zirconium experiments, described in chapter 5.

The measured output of the

Ti:sapphire femtosecond laser system prior to the entry into the chamber was 2 mJ/pulse.
A new focusing lens was used to reduce the lateral distance that the laser pulse generates
supercontinuum under higher fluence conditions. The new lens is a 60 mm focal lens,
and was placed against the chamber for one set of experiments, and then moved back 5
mm to obtain a higher fluence. The calculated fluence based upon these two conditions
was 490 mJ/cm2 and 5.3 J/cm2, and will be addressed as 500 mJ/cm2 and 5 J/cm2. Due to
the lack of precision in measuring the beam diameter and the focal distance prior to
solvent entry, the reported fluence is a calculated approximation which best represents
the incident laser pulse upon the aluminum rod.
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7.4 Results
Aluminum nanoparticles were created by ablation of an aluminum rod within
isopropyl alcohol. The conditions were optimized to eliminate supercontinuum; under
such conditions the pulse duration, as measured by the Single Shot Autocorrelator, was
390 fs. The focal conditions were adjusted by 5 mm, which resulted in two separate
fluences incident upon the rod. Ablation at the broader focus impinges 500 mJ/cm2 upon
the aluminum rod, and the increased optical density resulting from translating the
focusing lens 5 mm produced a fluence of 5 J/cm2. At these focal conditions, very fine
adjustment resulted in noticeable changes in the supercontinuum generation.
Supercontinuum emerged as the optical density increased and filamentation was observed
prior to the aluminum rod under the high fluence conditions. Slight adjustments in focal
conditions lead to large fluctuations in fluence; translation by 1 mm in either direction
results in a calculated fluence range between 2.5 J/cm2 to 18 J/cm2. Further movement of
the focal lens away from the chamber risked damage to chamber window. Reported
fluence was calculated by measuring power, beam diameter, and focal conditions.
Figure 7-1 displays a TEM image of nanoparticles produced by ablation under
500 mJ/cm2 conditions. The average particle size was 18.2 nm with a median diameter
10.5 nm.

The aluminum nanoparticles produced by femtosecond ablation are

significantly larger than zirconium nanoparticles produced by ablation under similar
conditions.10 The difference is expected, as the thermal properties of aluminum are very
different from zirconium. The melting point of aluminum is 933.5 K and the boiling
point is 2792 K, whereas the melting point and boiling point of zirconium are 2128 K and
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4682 K, respectively. Aluminum has a much higher thermal conductivity of 235 W/m·K,
compared to 23 W/m·K for zirconium. The better thermal conductivity results in more
efficient transfer of the laser power to the aluminum lattice. The transferred thermal
energy is sufficient to cause more aluminum to be boiled off due to its low transition
temperatures.

The higher removal efficiency of the aluminum generates larger

nanoparticles.

Figure 7-1: TEM image of nanoparticles produced from ablation of aluminum with 390 fs
pulses with a fluence of 500 mJ/cm2.
Ablation at 5 J/cm2 resulted in nanoparticles with an average diameter of 15.3 nm
and a median of 9.3 nm.

An image of the nanoparticles produced from 5 J/cm2 is given

in Figure 7-2 . The difference in averages is due to the increased presence of larger
nanoparticles under 500 mJ/cm2 conditions. This phenomenon has been observed before
in the nanosecond ablation of nickel experiments.11 A similar ablation process is likely to
be responsible for the size behavior with respect to fluence, despite the difference in
pulse duration. The higher power results in more aluminum vaporized, and the aluminum
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and solvent boils off more rapidly, resulting in smaller nanoparticle formation.
Additionally, the smaller diameter of the laser spot provides a reduced surface area for
interaction, and the smaller surface area interacting with the incident photons may
contribute to the production of smaller bubbles.

Figure 7-2: TEM image of aluminum nanoparticles produced from 5 J/cm2 ablation.
Nanoparticle behavior was not distinguishable between 500 mJ/cm2 and 5 J/cm2
from TEM observation alone, as the difference between the two fluences was subtle. The
difference in sizes is relatively minor, as both conditions produced similar size
distributions. A histogram of the nanoparticles produced from each condition is given in
Figure 7-3.

The histogram is normalized to reflect the same total particle count,

including those found beyond the scope of the histogram. The general appearance of the
two histograms follows similar trends as seen with previous femtosecond ablation
experiments; however, there is a much higher abundance of nanoparticles from 20 nm to
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100 nm. The size distributions of each fluence display nearly identical behavior from 015 nm. Since the averages of 18 nm and 15 nm for 500 mJ/cm2 and 5 J/cm2 do not show
a shift in the small nanoparticle diameter peak, it stands to conclude that the formation
process involved for the small nanoparticles is relatively unaffected by fluence, in the
regimes studied. The difference in average size comes largely from the behavioral
differences beyond 15 nm. Lower fluence produced more nanoparticles of these larger
sizes, as can be seen from the histogram.

From 16-70 nm, there were 5% more

nanoparticles of the total nanoparticle count were produced from 500 mJ/cm2 ablation
than from 5 J/cm2. 70 % of the nanoparticles were below this range with ablation at 5
J/cm2, whereas 63 % were found in the 500 mJ/cm2 case. The remaining deviation of
nanoparticles was beyond the scope of the given histogram. Nanoparticles were observed
as large as 175 nm in solutions produced from both fluences; but nanoparticles of this
size were extremely rare, and a reasonable limit to nanoparticle size was 120 nm.
Nanoparticles larger than displayed on the histogram were also more frequent for 500
mJ/cm2, nearly twice as many nanoparticles were created greater than 70 nm from
ablation at 500 mJ/cm2.
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Figure 7-3: Histogram of nanoparticles produced at fluences of 500 mJ/cm2 and 5 J/cm2.
Selected area electron diffraction analysis of these nanoparticles gave no
discernable diffraction pattern, leading to the conclusion that the nanoparticles are
amorphous. Sporadic crystal spots were seen, but these were very faint, even with the
large nanoparticles. Nanoparticles that displayed crystallinity often times were found to
be comprised of impurities, which likely is the source of the diffraction pattern signal. It
is plausible that the nanoparticles are nanocrystalline, as there was very light rings found
occasionally, but in general the lack of definite crystal behavior was striking. Literature
perusal located instances where crystalline aluminum materials were found to become
amorphous when transformed to nanoparticles.12 Energy dispersive x-ray spectroscopy
(EDS) investigation showed these nanoparticles are aluminum nanoparticles with some
carbon and oxygen present.

Figure 7-4 shows the EDS spectrum of an aluminum

nanoparticle of ~50 nm. Larger nanoparticles showed smaller contribution from carbon
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and oxygen, and the relative intensities of carbon and oxygen were found to vary
amongst nanoparticles. The lower intensity of carbon and oxygen present in larger
nanoparticles is anticipated as the aluminum nanoparticles are expected to be solvent
protected, and the signal comes largely from this phenomenon.

Al

C O

Cu

Figure 7-4: EDS spectrum obtained from a 50 nm nanoparticle produced from 5 J/cm2.
The small nanoparticles dominating the size distribution were found throughout
the sample. These nanoparticles were present both in aggregates of nanoparticles and
found to be well-dispersed on the carbon lace of the TEM grid. This dispersive behavior
is quite unique, and may not be completely accounted for in the size distribution. Every
attempt was made to obtain a distribution representative of the sample, but quantification
of these small nanoparticles was difficult as they were present throughout the sample,
resulting in possible under-representation. Figure 7-5 shows a TEM image of these
smaller nanoparticles from a region devoid of larger nanoparticle aggregation.
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Aggregation is expected as a result of the drying process as the colloidal solution is
deposited onto the TEM grids. The nanoparticles are mobile within solution, but as the
solution dries, the nanoparticles deposit onto the lace. Typically, as the nanoparticles
deposit, they serve as nucleation sites for subsequent nanoparticles to congregate. Such
behavior is exemplified by the aggregates of nanoparticles shown in Figures 7-1 and 7-2.
These aggregates contain nanoparticles of all sizes. While solo nanoparticles of larger
sizes, such as 50 nm or larger, were present in addition to the aggregates, they were not
plentiful. The widespread occurrence of these disperse nanoparticles is unique to the
femtosecond ablation conditions.

Figure 7-5: TEM image of nanoparticles dispersed on lacey carbon support.
The small dispersed nanoparticles were well represented on TEM grids by
ablation at both fluences reported. EDS analysis of these nanoparticles verifies that these
are aluminum nanoparticles. Figure 7-6 shows the EDS spectrum from one of these
nanoparticles that is less than 5 nm. Due to the extremely small spot size required to
focus solely on one of these nanoparticles, the x-ray count is extremely small, so only
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qualitative information was obtained. The important aspect of was obtained, and that is
the presence of aluminum. The carbon dominating the spectrum is unavoidable as the
nanoparticle resides on a carbon lace, and the spot size of the focused beam is slightly
larger than the diameter of the nanoparticle.

C

Al

O
Cu

Figure 7-6: EDS spectrum obtained from analysis of sub-five nanometer particle.
The resultant solution from femtosecond ablation was a charcoal-like color.
When placed against a black background, the solution appeared light, indicating the
aluminum nanoparticles scatter light efficiently. The optical activity of these colloidal
suspensions of aluminum nanoparticles was quantified by means of UV-Vis absorbance.
Figure 7-7 shows the absorption spectrum of nanoparticles obtained from the 5 J/cm2
sample. The UV absorption is typical of small nanoparticles, but the gradual decay of the
absorption across the visible spectrum is unique to the aluminum system studied. As can
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be seen from the spectrum, the absorption does not reach zero. The solution maintains
the slight absorbance shown at 900 nm to 1100 nm.
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Figure 7-7: UV-Vis absorption spectrum obtained from nanoparticles produce by ablation
with 5 J/cm2.
Multiple attempts were made to obtain a concentrated sample to obtain an XRD
pattern of a dried sample. The sample is expected to be amorphous, as evidenced by
electron diffraction behavior. XRD analysis of the samples did not yield any qualitative
information. While no crystalline behavior was observed, nor was anticipated, a positive
XRD spectrum was difficult to obtain due to difficulties in obtaining sufficient material.
The nanoparticles displayed remarkable stability within their nascent environment. A
solution of nanoparticles was placed in a centrifuge for 3 hours and the resultant solution
maintained its color and had a minimal aggregation due to centrifugation.

A
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concentration was attempted by means of roto-evaporation, which rendered a slight
concentration of charcoal color, and a deposit along the side of the glassware was
noticeable. The nanoparticles remain well dispersed within the isopropyl alcohol solution
over time. After one week, both solutions maintained a very similar response as shown
in Figure 7-7. After one month passed, the solutions were visibly different, as the
solution from 500 mJ/cm2 had lost its color, and a black deposit was clearly observable
on the bottom of the scintillation vial. The solution from 5 J/cm2 had some sedimentation
as well, but was noticeably less. The solution also maintained its charcoal iridescence,
and UV-Vis measurement verified the same pattern shown in Figure 7-7. The measured
absorbance was reduced, indicating the nanoparticles are gradually settling over time.

7.5 Conclusion
A stable colloid comprised of aluminum nanoparticles was produced by
femtosecond ablation of aluminum within isopropyl alcohol.

To the best of our

knowledge, this is the first time that colloidal aluminum has been produced in this size
regime. The nanoparticles are expected to be solvent protected, rendering them nonreactive with respect towards oxidative decay. If the nanoparticles are oxide-coated, the
coating is indistinguishable by TEM observation.
The general behavior of the nanoparticles was found to be independent of fluence.
The subtle differences in the size distribution are a consequence of larger nanoparticles
within the solution and the formation mechanism for the smaller nanoparticles is
theorized to be fluence independent at the pulse duration studied. It was found that at
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higher fluences, a more stable solution was produced. The increased presence of larger
nanoparticles at lower fluence is the likely culprit for aggregation, causing an accelerated
precipitation of the suspension. The stability of the aluminum nanoparticles with respect
to their optical activity is promising, and the specific optical behavior with respect to the
two different fluences provides further insight into how fluence affects the formation
process.

Further studies on these nanoparticles are necessary, and underway, to

determine if the nanoparticles are coated with an oxide or solvent shell, which will have
important ramifications on the potential use of these nanoparticles as a prospective
energetic material.
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Chapter 8
Conclusions

8.1 Concluding Remarks
The synthesis of nanoparticles by ablation of a metal within a liquid environment
has proven to be a successful means to create novel nanomaterials. During the course of
experimentation with ablation processes confined within liquids, it was discovered there
exists a multitude of parameters that can affect the outcome of the process. Variation of
the solvent was shown to affect size, composition and stability. The fluence affects size
and composition differently for each metal, and was different for each solvent. Studies of
different metals have also shown that the reactivity of the metal plays an important role in
the final composition of the nanoparticles. By studying how the various conditions affect
nanoparticle characteristics, knowledge of the formation process is gained. Once a solid
understanding of the processes involved with ablation under liquid is acquired, methods
can be employed to create nanoparticles with tailored properties.
A description of the experimental process was discussed in Chapter 2. The
experimental procedure was described in detail to provide a small encyclopedia of
methods for future work to rely upon. The experimental setup was designed such that
there are no limitations with regards to laser choice. The portability of the experiments
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has been shown to be very useful for study of the ablation process with different lasers.
While the reported experiments have only used a nanosecond Nd:YAG and a Ti:Sapph
femtosecond laser system at ~800 nm, the experiments can be applied to other laser
systems such as excimers and dye lasers.
Ablation within a beaker is a very simple experiment to set up, and can offer
interesting results about nanoparticle formation. The ablation in a beaker technique was
used for many experiments with titanium and other metals, and proved to be a very useful
technique for the creation of nanoparticles with unique properties. A stainless steel
chamber was designed to minimize inconsistencies and expand the capabilities in regards
to the experimental conditions. The new chamber allows for new of potential solvents,
an increased power threshold for power dependence studies, and a controlled
environment for ablation.
After ablation, the nanoparticles were analyzed by a host of techniques: TEM,
SAED, EDS, XRD, Raman, UV-Vis, and ESI/APcI. The electron microscopy techniques
provide a great deal of information. TEM images yield morphological information about
the ablated material; diffraction patterns display the crystallinity; and the EDS spectrum
gives elemental analysis of the nanoparticles. The electrospray provides details about
very small, stable nanoparticles within solution. Raman spectroscopy gives valuable
information about the vibrational bonding present in the aggregates of nanoparticles. The
absorbance and scattering of the nanoparticles is indicative of their character.
The experiments involving the ablation of titanium described in Chapter 3 have
shown that there are many factors that influence the outcome of an ablation experiment.
The solvent is a big factor in the size of the nanoparticles produced. The solvent also
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plays a crucial role in the composition of the nanoparticles. Changing the fluence had a
size and compositional effect that was solvent dependent. Chapter 4 was a natural
extension of this theme, applied to nickel. It was the first set of experiments using the
new chamber; utilizing its reproducibility between experiments, small differences in
nanoparticle characteristics could be quantified accurately.
The zirconium experiments in Chapter 5 delve into the effects of femtosecond
ablation. Nanoparticles were produced with femtosecond pulses, and nonlinear solution
effects were apparent. In minimizing these effects, the change in pulse duration resulted
in a change in optical response to the colloidal solution. Chapter 6 combines information
learned from Chapter 5 with results from nanosecond ablation. The time domain of the
respective laser pulses differ enough that nanoparticle formation mechanisms are
distinctly different, which has a noticeable effect on the absorption characteristics of
these nanoparticles.
Laser ablation in a liquid environment is a novel technique that is capable of
producing colloidal solutions of nanoparticles.

Ablation within liquid is still in its

infancy, and not a lot is known about the process, nor is much known about what
conditions produce various types of materials. There are a host of analytical techniques
available to help us study the ablation phenomena. The analytical techniques offer
complimentary information that can be melded together to obtain a picture of laser
ablation in solution. Analysis of the results of ablation under various circumstances gives
us a moving picture, which can tell the story of how the process works.
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8.2 Future Directions
The experiments that have been performed in this thesis have only opened a door
for potential studies of matter interactions with lasers under liquid media. Naturally,
future directions include more studies of various metals and solvents.

Specifically,

niobium and vanadium studies have analogous studies within the Castleman group
currently. Studies of metals with magnetic susceptibilities were briefly touched upon
with nickel ablation. Ablation of titanium and zirconium has many avenues where more
studies would be very fruitful. Aluminum nanoparticles have reactive or even explosive
potential. New experimental setups to monitor emission spectra can give clues about the
states of the materials involved directly in the ablation event.
The reactivity of titanium with the solvent shows a great deal of promise for new
materials. The titanium work may be revisited with the new chamber, expanding on the
reactivity with carbon by using new solvents and conditions that were not possible with
ablation in a beaker. Exploration of nitrogen-rich solvents for nitride nanoparticles could
be interesting. Repeating the titanium experiments on a femtosecond laser system and
comparing the results would help understand titanium’s seemingly unique behavior.
Zirconium nanoparticles seem to be relatively constant as far as their size
behavior is concerned. Power studies spanning over two or three orders of magnitude are
possible, which may lead to a better understanding of particle formation processes. There
may be a threshold for reactivity that was not reached in the experiments performed.
Studies involving the same power density but variation of spot size would provide
invaluable mechanistic information.
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Preliminary electrospray results have shown that small, stable nanoparticles can
be formed in the ablation process, and CID was used to break solvent molecules that were
bound to these nanoparticles.

Further study is necessary to determine the exact

composition of these nanoparticles, and other interesting species may be formed in the
ablation process that are yet uncharacterized. The binding of solvent molecules helps to
stabilize them in solution; it may also serve to ligate reactive clusters. The Al13 clusters
studied within the Castleman group might materialize from the work began here.
Ablation of aluminum could prove to be very useful in high energy applications, as a
protective solvent shell or carbon coating on a small aluminum nanoparticle could prove
to be the most energetically favorable aluminum nanoparticle coating; making it a
premier formation scheme for fuel additives.

Appendix A
Ablation of Aluminum Results

A.1 Femtosecond ablation under isopropyl alcohol
Aluminum was ablated in isopropyl alcohol by 100 femtosecond pulses, in
addition to the 390 fs ablation discussed in Chapter 7. Ablation of the rod under these
conditions showed behavior unlike that described in Chapter 7, wherein the resultant
product was found to contain both nanoparticles and non-spherical material that reached
micrometer sizes. Figure A-1 shows a representative sample of nanoparticles from 100
fs ablation that exhibits many of the same properties as those observed from ablation with
a 390 fs pulse.

Figure A-1: TEM image of nanoparticles produced from ablation at 500 mJ/cm2, with
100 fs pulses.
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Figure A-2 shows an aggregate of smaller nanoparticles, which also exhibit
spherical character. As is seen in the lower left of Figure A-1, some of the nanoparticles
are incomplete, and form nonspherical entities. The upper left of Figure A-2 shows nonspherical nanoparticles, and the lower nanoparticles are conjoined, highlighting
incomplete nanoparticle formation. Under 100 fs conditions, nanoparticles of this nature
are produced with greater frequency than were produced with 390 fs pulses.

Figure A-2: TEM image of smaller nanoparticles produced by 100 fs ablation.
Figure A-3 shows very large aluminum material that was forcefully removed
under 100 fs conditions. These shards of aluminum, found somewhat frequently on the
TEM grid, are indicative of the high power delivered from the 100 fs pulse. When the
power is delivered to the aluminum without enough time to heat the metal, explosive
ejection of aluminum results. The presence of this material is likely the reason that the
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nanoparticles produced under these conditions aggregate and precipitate out of solution
rapidly.

Figure A-3: TEM image of aluminum material produced in isopropyl alcohol.

A.2 Nanosecond ablation under isopropyl alcohol
Nanosecond ablation took place with the GCR Nd:YAG, operating at 532 nm, Qswitched with 10 Hz pulses of ~7 ns in duration. Ablation of aluminum within isopropyl
alcohol took place within the chamber designed for ablation experiments. The aluminum
rod was cleaned, and an initial ablation was performed to remove the oxide coating
inevitably present on the rod. Ablation for the results shown took place at 100 mJ/pulse.
Figure A-4 shows an aggregate of large nanoparticles (greater than 200 nm) resultant
from the ablation conditions. Large nanoparticles of this size were frequent, and appear
to have a coating likely derived from solvent interaction with aluminum vapor.
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Figure A-4: TEM image of nanoparticles produced from 100 mJ/pulse ablation in
isopropyl alcohol.
Figure A-5 shows a nanoparticle of several hundred nanometers accompanied by
a tail comprised of many smaller nanoparticles. Aggregate behavior such as this was
very common, and is reminiscent of titanium nanoparticles produced by ablation in water
at high fluence. The solution of nanoparticles appeared to have poor stability as a deposit
was visible within days of ablation. Nanoparticles produced by nanosecond ablation are
significantly larger than those produced by femtosecond ablation. Such behavior is
drastically different than was observed in ablation of zirconium.

The different

thermochemical properties of aluminum are likely source of these vastly different
conditions.
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Figure A-5: TEM image of nanoparticles from 100 mJ/pulse ablation of aluminum with
the Nd:YAG in isopropyl alcohol.

A.3 Nanosecond ablation under hexanes
Aluminum was ablated in a solution of hexanes at 100 mJ/pulse. As can be seen
from Figure A-6 , the nanoparticles are surrounded by a carbonaceous material. This
material is reminiscent of the material surrounding the nanoparticles made from ablation
of titanium and zirconium.

However, the material lacks the same polymer-like

uniformity present in the other agglomerates. Nanoparticles were found amongst this
material. The solution of nanoparticles had produced a precipitate of this nanoparticle
matrix within hours of ablation.

Figure A-6: TEM images of nanoparticles produced from ablation of aluminum in
hexanes with 100 mJ/pulse.

Appendix B
Selected Area Diffraction Analysis

The following appendix should prove useful to students interested in using the
electron diffraction to assist in characterization of as produced nanoparticles.

The

selected area electron diffraction (SAED) pattern provides very useful information in
determining the nature of the unknown nanomaterial.

The basic information on

diffraction patterns can be attained from Williams and Carter Transmission Electron
Microscopy series.1 Three types of crystalline structures can be identified: amorphous,
crystalline and polycrystalline.

Amorphous samples give no discernable diffraction

pattern. Crystalline samples will give a spot pattern that is indicative of the specific
crystal. From this pattern it is possible to know the lattice structure and atomic spacing.
A polycrystalline sample will display a ring pattern that is analogous to a XRD powder
diffraction trace. Comparison of the d-spacings can be made to published literature
values for powder diffraction data. The source most commonly used was the Hanawalt
diffraction files.2
Variables such as camera length, accelerating voltage, aberrations, and spot size
have an effect on the interpretation of the diffraction pattern. Often times an exact match
cannot be made with reported values. Two approaches were made to compensate for
these discrepancies: 1) Calibrate the TEM using a sample with a known diffraction
pattern. 2) Use a known sample and test for a diffraction pattern match. Colloidal gold
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was used to calibrate according to the first approach. Once the calibration adjustment is
calculated, the factor is applied to all images to obtain more accurate values. For the
second method, the example from the calculation of the diffraction pattern resultant from
ablation of titanium is shown.
The calculated d-spacings for a series of nanoparticles resultant from ablation of
titanium in isopropyl alcohol were 2.08, 2.38, 1.47, 1.20. Simple comparison with
literature values showed multiple possible matches, within experimental error. Figure B1 shows potential matches based upon elemental content and proximity to calculated
values. To help eliminate possibilities, a sample of titanium carbide was examined by
TEM. The d-spacings for the carbide were 2.09, 2.46, 1.49, 1.26, 1.04, 0.94. The sample
showed a close match to the observed nanoparticle diffraction pattern. Though there are
deviations, specific microscope settings will cause some deviation from sample to
sample. It was difficult to rule out the TiO phase solely from the calibrated d-spacings
and it is not generally the case that such close matches exist. Due to the proximity of the
d-spacings for the TiC phases and one of the TiO phases (9-240), it was imperative that
more information be obtained. Since either calibration would have achieved the same
result, the titanium carbide standard was used; as it helped to further the characterization
process.
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TiC
TiC
TiC
TiC
TiO
TiO
TiO
TiH

Literature d-spacing
71-0298
2.16, 2.5, 1.53, 1.25
19-619
2.16, 2.51, 1.54
32-1383
2.16, 2.50, 2.28, 1.32, 1.23
6-614
2.18, 2.51, 1.54
29-1361
2.14, 1.5, 1.1, 2.5, 1.3
9-240
2.42, 2.07, 1.46, 3.37, 2.39
23-1078
2.10, 2.07, 1.47, 3.75, 3.31
40-1244
2.49, 2.10, 1.55, 1.28, 2.29

Figure B-1: List of d-spacings with potential matches found in Hanawalt Search Manual.2
A TiC standard was used for comparative analysis, allowing for both diffraction
pattern calibration and a relative calibration of the energy dispersive x-ray spectrum.
This was done to validate that the signals arising from titanium and carbon were
representative of the sample analyzed, and not an artifact of the substrate the sample was
prepared on. In many cases, a TEM grid with a carbon support film is used for analysis.
It was imperative to assess the contribution of the support film to elucidate the carbon
contribution from the nanoparticles. From the combination of the TEM results, and
additional corroborating evidence from Raman studies, the specific composition of the
nanoparticles was determined.
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Appendix C
Electrospray Results

Presented herein are the results of electrospray analysis of nanoparticles produced
from laser ablation of titanium in alcohol. Specifically, the results shown arise from the
ablation experiments performed in a beaker. The products of ablation in isopropyl
alcohol, n-propyl alcohol, and deuterated isopropyl alcohol were analyzed with
electrospray ionization. The electrospray ionization data shown here were acquired by
Dr. A. Daniel Jones; and I analyzed and interpreted the results. The positive mode
electrospray results show the presence of a series of stable clusters produced between
1700 and 1800 m/z, as shown in Figure C-1. The cone voltage was 30 V, the capillary
3.5 V, source block temperature was 100º C and the desolvation temperature was 300º C.
In general, these were the conditions most experiments were performed under, unless
otherwise specified. The inset of Figure C-1 shows an expanded view of the region of
interest. The inset comes from a separate set of experiments, which had better resolution
and serves to show the reproducibility of the results. There are four distinct peaks, each
with several peaks separated by 1 m/z. The separation of the peaks within a specific peak
contains a great deal of information. Because the peaks are separated by 1 m/z, it is
reasonable to conclude that the species of interest is singly charged. If the species was
doubly charged, or perhaps triply charged, then the mass separation would be 0.5 m/z or
0.3/0.4 m/z, respectively. The particular behavior of the 1 m/z separation is indicative of
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the isotope ratio of the constituent atoms. The broad distribution of sizes in each peak
signifies that the responsible moiety contains atoms with multiple isotopes.

Figure C-1: Electrospray ionization spectrum obtained from solution resultant from
ablation of titanium in isopropyl alcohol. Inset shows an expanded view of the peaks in
the 1700-1800 m/z region.
A broad distribution such as the one shown in Figure C-1 is often due to
contribution from metal atoms, as they typically contain several isotopes.

As an

increasing number of atoms with multiple isotopes are introduced into a cluster, the
distribution of isotopes becomes larger.

These findings suggest that the isotopic

distribution is resultant from multiple titanium atoms. Titanium contains five isotopes
with one major isotope and other smaller isotopes. It is likely that several titanium atoms
are contained within the clusters shown in Figure C-1. Collision induced dissociation
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(CID) was performed on each of the four major clusters to elucidate the atomic makeup
of the observed species. In a CID experiment, a specific mass is isolated, and argon gas
is used to create a collision environment wherein the chosen species is fragmented. The
mass spectrum is then analyzed for fragments. The stability and the composition can be
ascertained by observing the growth and disappearance of the resultant fragments as a
function of collisional energy.
Figure C-2 shows a series of CID experiments obtained by dissociation of 1792,
1734, and 1676 m/z. It is quite interesting that each of these species breaks down to the
same species at ~1615 m/z, indicating that these species all contain the same internal
structure. Because the mass loss is 59 or 60, the difference between the clusters is
attributed to an isopropyl alcohol, believed to be bound through the oxygen. It is possible
that the responsible addition is a TiC fragment as it is isoelectronic with isopropyl
alcohol.

This hypothesis could be supported by experimental evidence of carbide

formation. However, due to the nature of the experiments and theoretical modeling
discussed earlier, it is more reasonable to conclude that the solvent has been bound rather
strongly to these nanoparticles as a direct result of bubble collapse inherent in the
formation process.

153

Figure C-2: A composite overlay of CID spectra taken from 1676, 1734, and 1792 m/z
clusters.
The CID spectra from 1753 m/z shows a similar behavior, but the core cluster is
of a different composition. The results of dissociation of 1753 show a loss of 121 m/z
and a loss of 180 m/z in the same spectrum. The resultant masses of 1632 and 1573 m/z
are attributed to a two and three solvent molecule loss, respectively. The difference in
between the 1753 and the 1734 and 1792 m/z clusters is difficult to elucidate at the
present time as the difference could be due to CH3, CH2, O, C2H2O, C3H6, and possible
other combinations involving variation in carbon, hydrogen, oxygen, and titanium. The
fourth peak in the series shows an initial dissociation similar to the other observed
species, but then a distinctive fracture behavior arises. Figure C-3 shows a series of CID
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experiments performed by isolating the species of mass 1778 m/z (+/- 1 m/z). CID
experiments were performed at collisional voltages of 25, 50, and 100 V. As can be seen
from the spectra at 25 V, a loss of 60 m/z is observed, which is consistent with the other
clusters. However, at higher voltages, the daughter peaks exhibit a mass loss other than a
multiple of 60.

Figure C-3: ESI spectrum resulting from a series of CID experiments on m/z 1778 at
collisional energies of 25, 50, and 100 V.
The different core constituency likely results in an altered stability profile, in
which the higher collisional energy produces a core fission process. The atypical mass
losses are either a consequence of instability in the core cluster, or are due to a lack of
additional solvent molecules available for dissociation.

A higher collisional energy

applied to the other clusters studied resulted in a loss of signal entirely. Since there still
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is a large core species retaining a charge, it is expected that the core fission observed
from the 1778 m/z parent is a consequence of the variation in the core composition.
To ascertain the composition of the nanoparticles, deuterated isopropyl alcohol
was used as a solvent, and the ablation experiment was performed under the same
conditions as previously presented. Figure C-4 shows the results of the ESI analysis of
the ablation of titanium in the deuterated isopropyl alcohol. By using a deuterated
solvent, the contribution of solvent molecules bound to the nanoparticle can be
quantified. The top spectrum in Figure C-4 corresponds to the neat isopropyl alcohol and
the bottom two spectra are from the deuterated sample.

The middle spectrum had

isopropanol as a mobile phase and the bottom was taken using methanol as a carrier
solvent. The difference in these two spectra is a result of exchangeable hydrogens
attached to the nanoparticle. The sample with methanol underwent more rapid hydrogen
exchange, and as a result the spectrum is much cleaner, with more well defined
transitions. In both cases, peak matching is tricky, but it appears that there is a shift of
~96 m/z; which corresponds to approximately 12 isopropanol groups.

Absolute

assignment is challenging as it is plausible that hydrogen/deuterium loss occurred during
the formation process and isopropanol units are not entirely bound. For instance, the
solvent may be bound to the nanoparticle through the oxygen forming an alkoxy group.
Likewise, it may be the case that the solvent is bound through a carbon. In either
scenario, it would change the number of solvent molecules coordinated to the
nanoparticle.
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Figure C-4: Electrospray spectra comparing nanoparticles created in isopropanol and
deuterated isopropanol. Top: Neat isopropanol. Middle: Deuterated isopropanol, with
isopropanol as carrier solvent. Bottom: Deuterated isopropanol with methanol as carrier.
These results have shown the viability of the electrospray analysis process in
determining the composition of nanoparticles produced, as shown by the identification of
the titanium containing species. The CID experiments showed the inherent stability of
these clusters by their continued presence after collision. Additionally, the loss of solvent
molecules demonstrated the role solvent has in the formation process. The solvent is
bound tightly to the clusters as shown by the CID, which is likely a direct consequence of
the bubble collapse mechanism described earlier. The solvent molecules serve as a shell
to protect the nanoparticles from further reaction. The solvent coating also helps to keep
them suspended in their nascent solution, showing the unique properties that can be
generated with the laser ablation process.
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