Pulsed Laser Ablation in Liquid (PLAL) for nano-particle generation
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Abstract

Nanoparticles, broadly spherical pieces of material with diameters in the nanoscale range,
have a number of advantageous physical, chemical, electrical, and optical properties. These
unique properties make them suitable for a wide range of applications including sensing,
medical therapeutics, printed electronics, and anti-fouling/anti-microbial surfaces. Pulsed
laser ablation in liquid (PLAL), also known as laser ablation synthesis in solution (LASIS), is
an attractive, green method for producing ligand-free nanoparticles in solution. These
nanoparticles can be produced from a wide range of target materials and avoids the use of
hazardous, environmentally-unfriendly chemicals. In this chapter, the key applications,
conventional generation methods of nanoparticles, as well as the background and cutting

edge of PLAL are reviewed.

1. Introduction

Nanomaterials are defined as objects with one or more lengths in the nanoscale in the range
of 1 - 100 nm [1]. Nanomaterials may have a single nanoscale dimension (thin films or
sheets), two nanoscale dimensions (nanowires or nanotubes), or three nanoscale dimensions
(nanoparticles). Within the dimension range of 1-100 nm, nanoparticles can range from small

clusters of atoms to larger particles [1].

The unique chemical and biological functionality, high surface areas, and electrical,
mechanical, and optical properties of nanomaterials make them highly suited to a number of
applications such as sensing [1-3], separation [4], energy storage [5], display technology [6],
printable circuits [7], and drug delivery [8]. Nanomaterials have high surface-to-volume



ratios, making them well-suited to many sensing applications [1-3]. For example, in a fully
1-dimensional single-walled carbon nanotube (CNT), every atom is at the surface giving it an
ideal surface-to-volume ratio [2]. The relationship between the percentage of atoms at or near
the surface with the size of a nanoparticle is exponentially decreasing with a particle diameter
of 5 nm containing 60% volume fraction within 0.5 nm of the surface, a particle diameter of
20 nm containing 12% volume fraction within 0.5 nm of the surface and a particle diameter

of 100 nm presenting just 6 % volume fraction within 0.5 nm of the surface [1].

Nanomaterials also have attractive electronic properties. When dimensions are greater than
the mean free path of a carrier within the material, a nanoscale object will have the same
electron transport properties as the bulk material. However, when one or more of the
dimensions are smaller than this, the electronic properties become dependent on the
dimension(s) [9]. This allows electronic properties, such as voltage outputs, turn on/off
currents, and characteristic sensor responses, to be tuned by control of the nanoscale
dimensions [10-12]. The optical properties may also be varied with control of the shape and
dimensions. Dreaden et al. presented the different photon absorption behaviour (due to
collective conduction electron excitation or plasmon resonance) with different sizes and

shapes of nanomaterials, identifiable by the differing visual colours [13].

Pulsed laser ablation in liquid (PLAL), also known as laser ablation synthesis in solution
(LASIS), is a method of nanomaterial fabrication where a pulsed laser is focused on a solid
target in a liquid medium, ablating the material to form nanomaterials in solution [14]. This
method allows for production of nanoparticles using various target materials, without the
need for environmentally hazardous solvents. However, commercially-viable mass
production with this method has been limited by batch-based production leading to low

outputs.

In this chapter, the key applications of nanoparticles will be reviewed, a general overview of
nanoparticle generation and a more detailed review of PLAL nanoparticle generation will be
presented, including the current state-of-art for PLAL and issues facing commercialisation of

the process.



2. Nanoparticle applications
2.1 Sensing

The high surface areas, and optical and electrical properties of nanoparticles make them ideal
for sensing applications. Most nanoparticle-based sensors can be broken down into
colorimetric, fluorescence, or electrochemical sensors [15]. The photon absorption behaviour,
and thus the visual colour, of nanoparticles is strongly dependant on the size and shape of the
particles [13]. These colourful light-scattering properties allow nanoparticles to be used
similarly to fluorescent dyes. The light-scattering power of a single nanoparticle label is
stronger than a single fluorescent label, and the light signals are not subject to photobleaching

and require less complex instrumentation [16].

Typically, colorimetric sensing uses larger nanoparticles (>30 nm) which exhibit strong
visible light-scattering. Gold nanoparticles are particularly popular, as they have a surface
plasmon resonance, where conduction electrons near the surface of the metal are stimulated
into oscillation by an external electromagnetic wave, with a maximum absorption at a
resonance frequency. For nanoparticles, the wavelength of this resonance is strongly
dependant on the size, shape, aggregation, and medium refractive index [17]. Changing these
parameters will change the visual colour of the nanoparticles. For example, well-dispersed
gold nanoparticles with sizes of 10-50 nm will appear red, while aggregation of the particles

will change the colour to blue [18-20]. This provides a mechanism for colorimetric sensing.

A typical aggregation based sensing process was detailed in a work by Chen et al., describing
colorimetric detection of melamine in milk using gold nanoparticles [21]. Melamine is an
industrial compound used in manufacturing that can be used to adulterate milk to create false
high protein values. Excessive melamine intake is harmful, especially to infants and
adolescents, driving the need for reliable methods of detecting melamine in milk [22]. The
gold nanoparticles were chemically synthesised by a trisodium citrate reduction, then
chemically modified to asymmetrically graft polyethylene glycol (PEG) as a stabiliser. The
presence of melamine in the milk disturbs the electrostatic balance on the surface of the
nanoparticles, promoting the formation of aggregates, shown in Figure 1. This results in a
colour shift, as described above, which can be detected by eye or with spectrophotometry.
The authors found this method to be sensitive and reliable. Methods may also be based on
"anti-aggregation”, where the target prevents or impedes aggregation of the nanoparticles

[15]. An example of an anti-aggregation method is presented by Ramezani et al., in a work



where gold nanoparticles were used in colorimetric sensing of tetracycline [23]. Tetracyclines
are broad-spectrum antibiotics used in veterinary medicine. Residues of tetracyclines in food
products could have undesirable side-effects on human consumers, creating a need for
tetracycline sensing. Gold nanoparticles were chemically synthesised by a citrate reduction
and combined with a triple helix molecular switch (THMS) made up of a purchased aptamer
and signal transduction probe (STP). THMS is stable in the absence of tetracycline allowing
ambient salt (NaCl) in the medium (serum or milk in this study) to trigger aggregation of the
nanoparticles, leading to a colour change to blue [23]. When the targeted tetracycline is
present, the aptamer in the THMS binds to the target, and the released STP binds to the
nanoparticles inhibiting aggregation leaving the red colour. As with aggregation-based

methods, the colour can be identified visually or with spectrophotometry.
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Figure 1: Principle of asymmetrically PEG-modified gold nanoparticle aggregation based
colorimetric sensor for detection of melamine (Reproduced from [21]).

Fluorescence sensing is based on the use of organic or inorganic fluorophore dyes, which
suffer from some limitations. The dyes can have low absorption coefficients and weak
signals, limiting sensitivity and response, are prone to photobleaching, leading to short
lifetimes, and are potentially toxic [16,24]. Fluorescent nanoparticles, made up of organic
fluorophores encapsulated in a particle matrix, are much bright than single dye molecules,

and are more stable and biocompatible than un-encapsulated fluorophores [24]. Nanoparticles



can also be used a quenchers in fluorescence resonance energy transfer (FRET) based
sensing [25]. FRET is a highly distant dependant, non-radiative process where an excited
donor fluorophore transfers energy to an acceptor [15,25]. The initiation of FRET can act to
quench or turn-off fluorescence, as energy that would be otherwise radiatively released
through fluorescence is transferred into the acceptor, which can act as a sensing method [15].
For example, Xu et al. describe the use of gold nanoparticles in a FRET based sensing
strategy for sensing the neurotransmitter dopamine [25]. In this work, a dopamine binding
aptamer and a fluorescent (rhodamine B) were used with citrate-synthesised gold
nanoparticles. When dopamine is not present, the aptamer attaches to the gold nanoparticles,
preventing NaCl induced aggregation, and FRET quenching can take place between the
nanoparticles and the fluorophores. When dopamine is present, the aptamer will
preferentially attach to the target dopamine, allowing the nanoparticles to cluster, preventing
FRET quenching. A schematic of this can be seen in Figure 22 [25]. The authors found the

method to be rapid, simple, selective, and sensitive.
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Figure 2: Schematic illustrating FRET guenching based dopamine sensing using gold
nanoparticles (AuNPs) and rhodamine B (RB) (Reproduced from [25]).
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In electrochemical sensing, nanoparticles are often used to modify sensing electrodes to
achieve the desired sensitivity and selectivity [15]. Electrochemical sensors work by the
variation of the electric response of a device due to chemical interactions between target

analytes and the surface of the electrode [26,27]. A general schematic for an operating



electrochemical biosensor is presented in Figure 33 [28]. The high surface-to-volume ratio of
nanoparticles offers a large sensing surface, and they also offer excellent electrical
conductivity and biocompatibility [29]. An example of nanoparticle use in electrochemical
sensing can be seen in a work by Raj et al., where immobilised gold nanoparticle arrays were
used for voltammetric sensing of dopamine [30]. The authors note that detection of dopamine
is inhibited by the presence of interfering compounds in biological samples, and as such
ensuring good selectivity in sensing electrodes is a major goal. Treatment or coating of
electrodes is one way to achieve this. The authors applied an amine terminated self-
assembled monolayer (cystamine) to a gold electrode, then immobilised chemically
synthesised gold nanoparticles on the surface. The nanoparticle coated electrode was shown
to be able to distinguish between dopamine and a typical interfering compound (ascorbate),
which was not possible with the bare gold electrode, with good sensitivity, selectivity, and

anti-fouling.
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Figure 3: Schematic of the main subsystems of an operating biosensor (Reproduced
from [28]).

2.2 Conductive Inks

Deposition or printing of conductive inks is an efficient method for the production of
conductive coatings and circuits [31]. Printed electronics can be low cost, light weight,
optically transparent, and used in flexible electronics [32]. Conductive patterns can be printed
to flexible substrates such as paper [33-35] or polymer [36,37]. Flexible electronics are of
interest for radio frequency identification (RFID) tags [33,35], robotics [38,39], and



biomedical applications [40,41]. Conductive inks of conductive nanomaterials in solution are
commonly used, such as silver nanowires [42], silver nanoparticles [36,43], copper
nanoparticles [44], and carbon nanotubes [45]. Silver nanoparticle inks are one of the most
commonly used, due to their high conductivity, and low oxidisation [46,47]. Silver
nanoparticle inks are typically in aqueous or solvent media, stabilised with surfactants or
polymers, and then dried and/or sintered after printing [46]. An example of silver
nanoparticles being used in a conductive ink can be seen in a work by Matyas et al. [36]. In
this work, silver nanoparticles were produced by a solvothermal precipitation synthesis
method using silver nitrate salt, an organic precipitation agent, and a polymer stabilising
agent. The ink was prepared by dispersing the nanoparticles in deionised water with
ultrasonication, with 0.1 ml of dispersion stabiliser added per 10 ml of dispersion fluid. The
final viscosity of the ink ranged from 8 to 12 cPs. The ink was then ink-jet printed at 35 °C
onto a PET-based PCB substrate at 45 °C. After printing, the substrate and printed circuit
were dried in a vacuum oven at 120 °C for 20 min to sinter the nanoparticles. An SEM image
of the printed silver nanoparticle layer can be seen in Figure4 [36]. With this method, a
working flexible antenna was successfully created.

Figure 4. SEM image of a printed silver nanoparticle circuit on a PET substrate
(Reproduced from [36]).

2.3 Anti-fouling



Fouling is the deposition or accumulation of unwanted material on the surface of a solid. This
gathering of material can inhibit the mechanical, chemical, or electrical function of devices,
lead to contamination, or, in the case of medical tools or devices, lead to infection. Fouling is
a significant problem for applications like sensing electrodes [48] and osmosis
membranes [49]. Anti-fouling surfaces, with properties such as superhydrophobicity, self-

cleaning, and drag reduction, which resist fouling are therefore highly desirable [50].

Silver and its compounds are well known for their antimicrobial, biocidal effects [51-53].
Silver nanoparticles are particularly popular for use in antimicrobial coatings due to the high
surface area, allowing for more reactive surface-oriented groups compared with the bulk
material [52]. Silver nanoparticles have a number of mechanisms against micro-organisms:
particles attaching to the cell surfaces, disrupting the function of the cell wall [54,55];
permeating the cell and damaging the DNA, proteins, or other cell constituents [55,56]; and
releasing reactive silver ions [55,57]. Titanium dioxide nanoparticles also have good anti-
fouling properties and wettability [58]. A work by Nguyen et al. describes the use of silver
nanoparticles and titanium dioxide nanoparticles for antifouling effects on a forward osmosis
membrane [49]. The build-up of deposits of organic matter on osmosis membranes can
reduce their permeability and shorten their lifetime. The authors note that silver the
antibacterial effect of silver nanoparticles can be lost if the particles become covered by a
biofilm. In this work silver nanoparticles were combined with titanium dioxide, which is
known for its propensity to decompose organic matter, to create an improved anti-fouling
surface. Silver and titanium oxide nanoparticles were deposited in separate wet chemical
processes onto the porous surface of commercial forward osmosis membranes, which were
tested for their anti-fouling behaviour. They found the modified membrane had excellent
antibacterial effect, almost 11 times less bacterial growth compared to the as-received
membrane, and that the flux reduction due to fouling was lessened for the modified

membrane due to the delayed onset of fouling.

2.4 Therapeutics

Nanoparticles have been used in therapeutics for illnesses such as Alzheimer's [59-61],
cancer [62-64], and atherosclerosis [65]. Nanoparticles may be used in imaging based
therapeutic techniques [63], drug delivery [59], or gene delivery [66]. Chemical synthesis is a

common method of producing nanoparticles, however the chemicals involved in their



production may be hazardous to human health, and as such alternative production methods

may be more attractive for therapeutic applications [63].

The unique optical properties and the surface plasmon resonance of gold nanoparticles make
them of interest for imaging-based therapeutic techniques or photo-thermal therapy [63].
Photo-thermal therapy is a cancer therapy where photon energy is converted into heat energy
to destroy cancer cells [67]. Synthetic molecules which absorb the applied photons more
strongly than the surrounding tissue can be applied to a tumour to localise the heating. In
plasmonic photo-thermal therapy (PPTT), gold nanoparticles are introduced to the cancerous
cells by intravenous or intratumoural injection, and then exposed to light [67,68]. The light,
typically near infra-red, causes oscilliation of the free electrons in the gold nanoparticles due
to surface plasmon resonance, and this oscillation energy can be emitted as heat through
nonradiative decay. This strong localised heating then destroys the cancer cells [67].

Nanoparticles can also be a drug delivery method [59-61,64]. As carriers or vessels for
drugs, nanoparticles have the potential advantages of penetration of biological barriers like
cell membranes or the blood brain barrier, protection of the drug from premature chemical or
physical breakdown, and surface modification to help with solubility and delivery or limit

toxicity [59,64,69,70]. Improving the specificity/targeting of drugs is also possible [59,63].

Chemotherapy drugs, for treatment of cancer, are traditionally delivered orally or
intravenously, causing them to affect the entire body [63]. The resulting negative side effects
drive an interest in targeted or localised drug delivery methods. Nanoparticles are one method
of achieving this. Chemotherapy drugs can be loaded or attached to nanoparticles. Tumour
tissue tends to have leaky vasculature, which will cause an accumulation of intravenously
applied nanoparticles from the blood stream as a form of "passive" targeting [63]. However
the strength of this targeting varies with the type of tumour due to variation in the
vasculature [71]. In "active" targeting, ligands of tumour specific biomarkers are conjugated
to the nanoparticle carrier. The ligand's interaction with the tumour causes the nanoparticles
to be internalised by the tumour cells by endocytosis [71]. Careful selection of the ligand is
necessary, but greater targeting can be achieved for a greater range of tumours using active
compared to passive targeting. Gold nanoparticles are well-suited to this application due to
their biocompatibility, non-toxic nature, and tuneable sizes, geometries, and
properties [72,73]. For example, Chen et al. describe the conjugation of a chemotherapy
agent methotrexate to gold nanoparticles to treat tumours [74]. The gold nanoparticles were

chemically synthesised with a citrate-reduction. A colloidal solution of the nanoparticles was



then mixed with methotrexate and a sodium phosphate buffer. The mixture was centrifuged
and rinsed, and then redispersed in the buffer. A diagram of the conjugation can be seen in
Figure 55 [74]. A coordinate-covalent bond attaches the methotrexate molecule to the gold
nanoparticle. The authors observed that the drug accumulates at a faster rate, to a higher
amount, when conjugated to the gold nanoparticles compared to the drug alone being

administered.
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Figure 5: Schematic of the conjugation of methotrexate (MTX) to the citrate-reduced gold
nanoparticles (AuNP) (Reproduced from [74]).

Diseases like Alzheimer's disease (AD) which affect the brain and central nervous system can
be difficult to treat, due to the blood brain barrier [59]. Drugs used in AD therapy, typically
orally administered, tend to have side effects due to a lack of selectivity for the therapeutic
targets [60,61]. This issue can be mitigated with drug carriers capable of crossing the blood
brain barrier, allowing sufficient amounts of the drug to be delivered to the brain and central
nervous system at lower overall doses, minimising off-target effects [59]. Nanoparticle drug
carriers can successfully deliver drugs through the blood brain barrier [75]. The nanoparticles
used are typically dendrimers (dendritically branched molecules), polymer nanoparticles, and

lipid nanoparticles [59,75].

3. Non-Laser based Nanoparticle Generation

3.1 Chemical Generation



Chemical synthesis is one of the most common methods of producing metal
nanoparticles [76]. Reduction based methods in solution are typical for metallic and alloy
nanoparticles [77]. Silver nanoparticles are most commonly produced by chemical reduction
with organic or inorganic reducing agents, such as sodium citrate, ascorbate, sodium
borohydride, elemental hydrogen, polyol process, Tollens reagent, N-dimethylformamide
(DMF), and poly (ethylene glycol)-block copolymers [78]. The reducing agents reduce Ag*
leading to the formation of metallic silver, which agglomerates into nanoparticles. Stabilising
agents can be used to prevent further agglomeration of the nanoparticles into larger
clusters [79]. The particles may also be functionalised. Similar chemical reduction methods
are used for gold nanoparticles, using reducing agents such as borohydrides, aminoboranes,
hydrazine, formaldehyde, hydroxylamine, saturated and unsaturated alcohols, citric and
oxalic acids, polyols, sugars, hydrogen peroxide, sulfites, carbon monoxide, hydrogen,
acetylene, and monoelectronic reducing agents [80]. As with silver, stabilising agents are
added to maintain dispersion of the particles. Citrate-based reduction methods are most
common for gold. Citrate can act as both a reducing and a stabilising agent for gold
nanoparticles. This method is known as the Turkevich method, developed by Turkevich et al.
in 1951 [81], and then improved upon by Frens in 1973 [82]. In this method chloroauric acid
(HAUCIy) is boiled and trisodium citrate is then added under stirring [80]. Citrate can also be

used solely as a stabilising agent, with a separate reducing agent [83].

A disadvantage of some chemical synthesis methods are their use of chemicals and solvents
(such as hydrazine and sodium borohydride) which may be hazardous to humans or the
environment [63,84]. An interest in "green" - ecologically safe - methods of generating
nanoparticles has driven some movement away from chemical synthesis to other methods
such as PLAL, but also in developing green synthesis methods using biological agents in the
reducing process [84]. These methods are generally based on reducing metal salt solutions
with a biological agent, and have been used with silver, gold, platinum, mercury, selenium,
palladium, and others, including alloys and metal oxides [84-86]. A general diagram for the
process, for silver nanoparticles, can be seen in Figure [84]. Biological agents may be taken
from plants, microbial, algal, and cyanobacterial sources, and typically the agents chosen act
as both reducing and stabilising agents [84]. For example, Dwivedi and Gopal report on the
production of silver and gold nanoparticles using an extract from Chenopodium album
leaves [87]. Chenopodium album is a weed that is found in Asia, North America, and Europe.

The authors prepared a leaf extract by boiling fresh, washed leaves in distilled water. The



extract was then used as a reducing agent to produced silver and gold nanoparticles from
silver nitrate and auric acid, respectively, in aqueous solution. The reaction was carried out at
room temperature for 15 min. This simple, convenient, green method successfully produced

10-30 nm nanoparticles for both silver and gold.
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Figure 6: Schematic for green synthesis of silver nanoparticles using various biological
agents (Reproduced from [84]).

3.2 Physical Generation

Methods of nanoparticle generation based on physical processes can avoid the use of
potentially hazardous or contaminating chemicals and solvents, and can achieve more
uniform distribution of nanoparticles compared to chemical processes, however they may

require higher capital costs for equipment, and higher energy consumption, for thermal or



laser based processes [78]. Evaporation-condensation methods, where a source material is
evaporated by heating, for example in a tube furnace, and condensed into nanoparticles are
one physical generation method. Magnusson et al. report on the production of gold
nanoparticles by evaporation with a tube furnace, aerosolisation, size selection, and thermal
reshaping [88]. In this method, the source material is placed in a ceramic boat in a tube
furnace, heated to create a high pressure vapour which is then carried by a nitrogen carrier
gas flowed through the furnace, creating the aerosolised particles. The particles are size
selected in a differential mobility analyser (DMA), which relies on the particles being
charged beforehand. The selected particles are then reheated in a second furnace to allow
reshaping of the particles, and then size selected again by a second DMA. With this method,
the authors were able to produce gold nanoparticles in the 20 nm size range, with near
spherical shape and near single crystallinity.

Arc discharge has also been used for physical nanoparticle generation. Lo et al. describe the
use of arc discharge to produce silver nanoparticle suspensions [89]. A diagram of the
experimental setup is presented in Figure 7 [89]. A silver bar submerged in a dielectric liquid
is used as the electrode. An electric arc is generated, heating the metal to 6,000-12,000 °C.
The evaporated material quickly cools in the surrounding low temperature dielectric liquid
and forms silver nanoparticles dispersed in this cooling medium. The authors report the novel
process was, with the correct processing parameters, successful in producing well dispersed
nanoparticles in deionised water with average sizes ranging 6-25 nm, and avoiding
aggregation. Lung et al. describe the use of arc discharge to produce gold nanoparticles [90].
Gold wires submerged in deionised water were used as both the positive and negative
electrodes. Arc discharge between the wires, as with the process described by Lo et al. [89],
evaporates the metal, which cools and condenses in the surrounding deionised water. The
authors report the method is cheap, rapid, environmentally friendly, and successfully

produces gold nanoparticles, without the need for any surfactants or stabilisers.
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Figure 7: Schematic diagram of the arc discharge process for silver nanoparticle
generation (Reproduced from [89]).

Nanoparticles can also be produced with physical grinding or milling. Grinding methods can
be divided into dry or wet grinding [91-93]. Production of nanoparticles by dry ball milling
presents a simple, low cost, environmentally friendly, high yield method [91,93]. Arbain et
al. report on the production of iron oxide nanoparticles by dry milling [93]. In this work a
planetary ball mill was used under atmospheric conditions with steel grinding media in a 3:1
ratio with the raw material, which was high purity hematite (Fe2O3) powder. Nanoparticles
were successfully produced with a minimum size of 76.6 nm, without the need for any

chemical additives, however there was some aggregation of the particles.

Wet milling allows the production of suspensions, and can produce more stable nanoparticles
with the use of stabilising agents, however this reduces the simplicity of the method, and may
add cost and reduce the environmentally friendliness. Knieke et al. report the production of
tin oxide and aluminium oxide nanoparticles by wet grinding [94]. Aluminium oxide powder
of average particle size 2 um or tin oxide powder of average particle size 1.6 um were used,
in deionised water and denatured ethanol, with a zirconia grinding medium. The powders
were premixed with the wet chemicals in a stirred vessel, pumped through a heat exchanger

into the mill, and returned to the stirred vessel [94].



Gold and silver nanoparticles have also been produced by wet grinding. Pimpang et al. report
on manual grinding of silver and gold nanoparticles [92]. Silver powder and gold foil were
used as raw materials, with deionised water and ethylene glycol and 5 wt% polyvinyl alcohol
as medium and stabilisers. The nanoparticles were produced by hand grinding in an agate
mortar. The authors successfully produced gold and silver nanoparticles with optical

properties indicating particle sizes of 140-150 nm.

Grinding/milling may be used as part of a chemical production process to shape or stabilise
the nanoparticles. Balaz et al. report on a combined chemical-physical production method for
silver nanoparticles, by wet milling using a plant-based reducing agent [95]. Silver nitrate and
polyvinylpyrrolidone were used with an extract from Origanum vulagare L. plants. The
leaves, flowers, and stems of Origanum vulgare L., a herb in the mint family, were dried and
powdered to fine particles, which were then added by 10 g to 100 mL of distilled water. The
mixture was then heated to 60 °C for 10 minutes, cooled down, and filtered to produce the
reducing agent. The nanoparticles were produced in solution by chemical reduction with the
reducing agent, then processed in a stirring media mill with a zirconium dioxide milling
medium. The stabilising agent, polyvinylpyrrolidone, was added in this milling process. This
method successfully produced stable silver nanoparticle suspensions, with two size groups of

average size 7 nm and 38 nm, respectively.

4. Laser based Nanoparticle Generation
4.1 Pulsed Laser Ablation in Liquid (PLAL) Generation

Pulsed Laser Ablation in Liquid (PLAL) is a physical method of nanoparticle generation
where a pulsed laser is focused on a solid target in a liquid medium, to ablate material from
the target, creating nanoparticles in solution [14]. The laser light irradiating the solid target is
partial absorbed by the target (with the remaining light being scattered or transmitted). The
energy is absorbed by the excitation of bound electrons in the target. If the absorbed energy is
high enough, the bound electrons will be released, ionising the material. These free electrons
can continue to absorb the laser light by inverse Bremsstrahlung, leading to further heating
and ionisation [96]. The result of this is the formation of high pressure plasma, which
expands out from the target in a plume, initially with high speeds which generates a
shockwave through the liquid. As the plume expands it forms a gas cavitation bubble in the

liquid, which collapses under the surrounding pressure, producing another shockwave which



expels the material into the liquid, cooling and condensing them into solid form, producing
nanomaterials such as nanoparticle colloids. A diagram for this process is shown in Figure 8
[97]. The collapse of the bubble may produce a rebound which then collapses, potentially
producing another rebound, and so on, giving behaviour similar to a damped oscillator [98—
100].
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Figure 81: The time sequence of the processes involved in pulsed laser ablation in liquid
(Reproduced from [97]).

The morphology of the nanomaterials produced can be controlled by altering the process
parameters such as laser fluence, wavelength, and ablation medium. The PLAL process is
highly adaptable, capable of producing a variety of nanomaterials (nanoparticles, nanocubes,
nanorods, etc.) with a variety of compositions (metals, alloys, oxides, carbides, hydroxides,
etc.) [101]. The method generally doesn't require additional chemical agents, beyond the
liquid solvent medium, making the method eco-friendly and producing surfactant and ligand
free nanoparticles. Some applications, like catalysis and biomedicine, require ligand free
nanoparticles, that would otherwise need to be obtained through cleaning of the

nanoparticles [102].

There has been some investigation into the cavitation bubble and nanomaterial formation
process in PLAL. Ibrahimkutty et al. monitored the formation of nanoparticles in the

cavitation bubble using high time resolution, small angle x-ray scattering [103].



Nanoparticles were produced by PLAL of a gold ribbon target in water by an Nd:YAG laser
(1064 nm, 6 ns, 10 mJ, 200 Hz) focused to a 100 um diameter spot size. The gold ribbon was
continuously in motion perpendicular to the laser, to present a fresh ablation site for each
pulse, with a flow of deionised water in the same direction to transport the nanoparticles
away from the beam focus. The cSAXS 13.6 keV beamline at the Swiss Light Source was
used as the x-ray source. The x-rays are transmitted through the cavitation bubble, where

some of the photons will be scattered by the forming nanoparticles, to a detector [103].

The authors report detection of two species within the ablation region: small particles of 8-10
nm, and larger, agglomerated, particles of ~45 nm diameter. Such bimodal size distributions
are commonly reported for PLAL nanoparticles [104-107]. The authors report that the
presence of primary particles decays towards the top of the bubble, with some primary
particles found outside of the bubble perimeter prior to its collapse [103]. They note that
initial plasma velocities for laser plasma plumes created in vacuum have been found to be 108
mm/s, which is sufficient to allow injection of atomic species from the cavitation bubble into
the surrounding liquid [108,109]. Larger particles have already formed, possibly due to
collisions between the primary particles in the plume/bubble. These particles are not detected
close to the target, which the authors attribute to the probability of agglomeration over time

and height, and the confinement and cooling of particles nearer the vapour-liquid interface.

Shih et al. investigated the bimodal distribution which commonly occurs in PLAL by
experiment and modelling [110]. Atomistic modelling of picosecond laser ablation of silver
in water was carried out, and imaging of cavitation bubbles in PLAL experiments, to examine
the mechanics behind the formation of the bimodal size distribution. Their model suggests the
formation of a transient hot molten metal layer at the interface with the surrounding liquid
which plays a critical role in the nanoparticle formation process. The liquid in contact the hot
molten layer becomes supercritical creating a metal-water mixing region which is a precursor
to the cavitation bubble. The conditions in this relatively low-density mixing region are
conducive to the formation of small nanoparticles from the evaporating metal (<10 nm). The
authors note a secondary formation process, where the molten layer itself may break up under
the pressure exerted by the surrounding supercritical liquid, forming larger nanoparticles (10-
20 nm) without evaporation. This suggests a bimodal distribution, even in the absence of
agglomeration. The model indicates ejection of this material from the mixing region into the
surrounding, cooler, liquid, which was confirmed by the imaging experiments. The authors

note good agreement between the model, the imaging results, and the resulting nanoparticles



(analysed by centrifuge and transverse electron microscopy), supporting the conclusion that
these two formation mechanisms lead to the bimodal particle size distributions commonly
observed for PLAL.

De Giacomo et al. investigated the dynamics of PLAL cavitation bubbles during nanoparticle
production using three complementary optical techniques: optical emission spectroscopy
(OES) to characterise the plasma, fast shadowgraphs to for the plasma and cavitation
dynamics, and laser scattering for the produced materials in the liquid [96]. A diagram of the
set-up can be seen in Figure 9 [96]. An Nd:YAG laser (532 nm, 8 ns, 10 Hz) was used for
ablation of a solid metal target, in the form of a wire or a solid bulk, in water. By measuring
the plasma temperature using OES and the initial volume from the shadowgraph images, the
authors could calculate an initial pressure of the cavitation bubble, estimating values of 10®
Pa for metal bulk targets ablated with laser fluences of 6 J/cm?. When the bubble reaches its
maximum expansion, the temperature of the bubble will be approximately equal to that of the
surrounding liquid, and the pressure will be equal to the saturation pressure at that
temperature. This pressure will be orders of magnitude lower than the surrounding liquid
pressure, causing the bubble to contract. The authors note that this process is important, as
produced nanomaterials may be deposited onto the surface of the target instead of being
driven out into the solution. The shadowgraph, and laser scattering, images of the process for

a titanium target are presented in Figure 0 [96].
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Figure 9: Experimental set-up to monitor PLAL nanoparticle generation using optical
emission spectroscopy, shadowgraph, and laser scattering (Reproduced from [96]).
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Figure 10: Temporally resolved (a) shadowgraph and (b) laser scattering images of a
PLAL bubble on a Ti bulk target in water (Reproduced from [96]).

The bubble reaches maximum expansion around 60 us, and it can be seen that after collapse
there is a rebound bubble. The laser scattering signal indicates the produced particles lie close
to the target surface. This is undesirable; as discussed particles may deposit onto the surface
of the target. It is more desirable that the produced nanoparticles are ejected into the solution.
Post-PLAL scanning electron microscope (SEM) examination of the target showed the



presence of deposited nanoparticles on the surface. Using the bubble radii determined from
the shadowgraph images, the authors estimate the pressure and temperature in the cavitation

bubble at each observation time using the van der Waals model [96]:
P(t) = (Poo + 2—0) <M>y
R R3 — h3
R, —h3\"!
T(t) = Te (h)

where P, and T, are the pressure and temperature of the liquid, R is the bubble radius, R« is
the radius at which the pressure in the bubble corresponds to the liquid pressure, o is the
surface tension of the liquid, h = R./9.174, and y = 1.22. From this, they estimated that the
pressure and temperature in the bubble exceed 1000 K and 107 Pa as the bubble collapses.
The values they obtain are limited by the time interval of the shadowgraphs compared to the
rapid changes of the bubble. Theoretical modelling of laser-induced cavitation bubble
collapse by Akhatov et al. has shown internal temperature values of 5000 - 10 000 K, and
pressures of thousands of MPa [100]. These high values may be responsible for the
deposition of nanoparticles onto the target [96]. Ablation of wire targets was shown to give
ejection of the nanoparticles into the solution, unlike the bulk targets, indicating the influence
that target shape can have on nanoparticle generation output. For a wire target, the cavitation
bubble was found to detach from the surface as it collapses, ejecting the particles.
Shadowgraph images for wire targets of increasing thickness and a bulk target can be seen in
Figure 21 [96]. The authors suggest this may affect the formation of the colloid, meriting
further investigation, but also improves the output/scalability. The process parameters were
also related to the results, indicating increased repetition rate improves yield. However, if
pulses are delivered before the cavitation bubble created by the previous pulse has collapsed,
the target will be shielded from the laser energy by the bubble. The authors estimate, based
on the durations determined by shadowgraph, that repetition rates higher than 7 kHz will lead
to bubble shielding, and that repetition rates higher than 3 kHz will lead to absorption and

scattering by produced nanoparticles, limiting the ablation efficiency.
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Figure 21: Time-resolved shadowgraph images of PLAL cavitation bubbles for different
targets (Reproduced from [96]).

The majority of PLAL is static, or batch, production: ablation of a solid target in a container
of liquid. Nanoparticles are produced in a batch, and then the solution must be removed from
the container and replaced with fresh solvent. As discussed, the cavitation bubble and ejected
nanomaterials may act to shield the ablation target at higher repetition rates [96].
Furthermore, as production continues, the liquid will begin to saturate with nanoparticles,
reducing the ablation efficiency. This static approach has the advantage of simplicity, but
limits scalability and output. The low productivity for PLAL has been noted as the bottleneck
for the method, inhibiting its uptake in industry [111]. This has driven the development of
batch and continuous or semi-continuous methods, where the target is immersed in a flow of
solvent [112,113].

Barcikowski et al. report on a flow based PLAL method to generate silver
nanoparticles [113]. In this method, a magnetic stirrer is utilised to produce flow over the
target in a bypass flow cell. While the method is still batch based, the flow of solvent will
move nanoparticles, vapour bubbles, and heated liquid away from the ablation site and act to

cool the target. A commercial picosecond laser (1064 nm, 10 ps) was focused on a solid



silver target in water in the flow cell, scanning the spot linearly. The experiment was carried
out with the same processing parameters for static conditions, for comparison. The authors
note that the production rate and nanoparticle size distribution for the static process has poor
reproducibility. The authors observed a wavy and inconsistent appearance in the ablation
lines on the target used under static conditions, and the effective spot size on the surface was
found to be larger due to scattering of the laser light. The production rate was increased by
380% for flow conditions compared with static conditions, with picosecond laser ablation

achieving a maximum productivity of 8.6 pg/s.

Messina et al. report the production of silver nanoparticles with a continuously-fed wire
target under flow conditions [112]. An Nd:YAG laser (1064 nm, 10 ns) was reduced to a
collimated 3 mm using telescope optics and passed through an ablation chamber where a
silver wire target (of 125 — 1000 um diameter) is continuously fed by motor, shown in Figure
12 [112]. The water in the chamber is pumped parallel to the direction of the wire feeding, to
avoid bending of the wire by the water pressure, at a flow rate of 9 ml/s. As discussed with
Barcikowski et al. [113], the geometry of the target was found to have an effect on ablation
efficiency, with wire targets giving higher ablation efficiency than bulk targets due to the
release of the cavitation bubble from the surface. There are three main factors related to the
diameter of the wire influencing the ablation efficiency: the area irradiated by the laser, and
thus the fluence; the heat dispersion, which for cylinders decreases with decreasing diameter
and will also be affected by the thermal diffusivity of the material; and that for large enough
diameters the cavitation bubble behaviour will approach that of a bulk target, with the bubble
remaining on the surface as it collapses. In all cases, the wire targets had higher ablation
efficiency than a bulk target, and the 750 um diameter wire was found to give the best
efficiency, increased by a factor of 15 compared to a bulk target. Productivity also increased
linearly with repetition rates tested, from 1-100 Hz, as the interval between pulses was longer
than the lifetime of the cavitation bubble (~250 ps). The linear increase should continue, until
the interval impinges on the duration of bubble, with maximum repetition rates of about
2 kHz. The authors estimate for higher repetition rates a theoretical maximal productivity of
>25 g/h should be achievable with a 750 um diameter wire target. Fluence (0.4-1.5 J/cm?)
was also found to have a linear relationship with the productivity. The silver nanoparticles
produced had sizes ranging 15-20 nm, with no difference between those produced from wire
and bulk targets, indicating that the temperature and pressure in the cavitation bubble were
not affected by the geometry [96,112].
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Figure 12: Experimental setup for continuous wire target PLAL (Reproduced from [112]).

Streubel et al. describe a high speed PLAL process for continuous metal nanoparticle
generation [111]. A picosecond laser (1030 nm, 3 ps, 10 MHz, 500 W) combined with a
polygon scanner was used to scan the laser spot at speeds of up to 500 m/s over metal
(platinum, silver, gold, aluminium, copper, and titanium) targets under flow conditions. With
high scanning speeds, a subsequent pulse can be spatially removed from its prior pulse,
allowing higher repetition rates to be used without the issue of cavitation bubble shielding.
The authors acknowledge the productivity bottleneck facing PLAL, and point out that studies
which report ablation rates > 1 g/h often extrapolate from rates measured over seconds or
minutes [114,115]. Schwenke et al. investigated the influence of processing time on
nanoparticle generation [116]. In this work they studied ablation rates by picosecond PLAL
for times of up to 1 hour. They found evidence that ablated mass did not increase linearly
with ablation time, attributed to the absorption or scattering of laser light by the produced
nanoparticles, indicating that extrapolating from seconds or minutes of ablation may not be
valid. In the work by Streubel et al., bypassing of cavitation bubble and nanoparticle
shielding using an advanced beam scanner and flow conditions presents an opportunity to
achieve high productivity over long time frames (see Figure 13) [111]. An ultrafast laser
beam is directed by two scanning systems, a polygon scanner for fast, vertical translation, and

a galvanometric mirror for slower, horizontal translation. Water is pumped through the



ablation chamber, with the colloid being collected in a different vessel, allowing for semi-
continuous production. The authors carried out optimisation experiments with 10 minute
durations to optimise the process parameters, then used the optimised parameters (500 W,
10.1 MHz, 484 m/s) for 1 hour of continuous production for six different metal targets
(platinum, gold, silver, aluminium, copper, and titanium). The resulting production rates are

presented in Figure 14 [111]. The highest productivity achieved was 4.1 g/h, for the platinum

target.
500 Watt galvanometric metal target
3ps laser beam mirror in flow

chamber

<—— colloid laser pulse

- liquid flow
/ q

cavitation
T bubble

f-Theta lens water
Figure 13: Ultrafast polygon scanner PLAL process for continuous metal nanoparticle

generation, with a magnified insert showing the spatial bypassing of cavitation bubble
shielding (Reproduced from [111]).
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Figure 14: Productivities for fast scan PLAL (a) ablated mass as a function of time for six
metal targets (b) the productivity in g/h for the different targets (Reproduced from [111]).

Another factor affecting the yield for PLAL is the thickness of the liquid layer covering the
target [117-119]. As light travels through a liquid medium some of the light will be absorbed,
attenuating the beam, with thicker layers of water leading to a greater portion of the laser
energy being absorbed. However, if the liquid layer is too thin it may insufficiently confine
the plasma plume, even allowing the plume to expand beyond the surface of the liquid [119].
Jiang et al. investigated the yield for PLAL generation of germanium nanoparticles in
deionised water using a 532 nm wavelength Nd:YAG laser [118]. They found the optimum

water layer thickness for these conditions to be 1.2 mm.

Kohsakowski et al. report on a continuous method for nanoparticle generation using wire-
targets in a liquid jet [102]. Previous works have shown the increased effectiveness and
productivity of wire targets [112,113]. Kohsakowski et al. present an experimental method
for PLAL nanoparticle generation in which a wire target is continuously fed, as in Messina et
al. [112], under a liquid jet. This method combines continuous liquid flow, with a thin liquid
layer, a wire target geometry, and continuous feeding of the target. The experimental setup is
shown in Figure 15[102]. Wires of different materials and diameters could be fed through the
jet nozzle, with interchangeable nozzles of 1-4 mm diameter to allow varying of the liquid
layer thickness. Water flow was controlled by pump to give a flow rate of up to 8 mL/s, and
the layer thickness was measured by imaging with a camera system. A nanosecond Nd:YAG
laser (1064 nm, 0.1 - 15 kHz, 2-8 mJ per pulse) was used for the ablation. A power meter



behind the jet was used to ensure good illumination of the wire target by minimising the

power detected.
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Figure 15: Experimental setup for continuous PLAL using a continuously fed wire target
and water jet (Reproduced from [102]).

The authors determined the process was successful as a continuous and stable nanoparticle

production process, with consistent particle sizes. High productivities were obtained, over a 1

hour process time: 220, 410, and 550 mg/h for gold, platinum, and silver, respectively. The

values are lower than those obtained by Streubel et al. [111], however Kohsakowski et al.

were applying a nanosecond pulse with 32.5 W laser power, compared to Streubel et al. using

picosecond pulses with 250 W laser power. The power specific productivity, in terms of the

ablated mass per unit of laser power, was comparable for the two works; ranging 6.77 to
16.92 mg/hW for Kohsakowski et al., and 7.6 to 16.20 mg/hW for Streubel et al. [102,111].

Highest productivities were found with a liquid layer thickness of 500 pum.



5 Conclusions

In this chapter, we presented a review of the applications of nanoparticles, a general overview
of the generation methods, and a specific review of the PLAL method. PLAL is a useful
approach for producing nanomaterials in solution. Control of the processing parameters
allows the production of a wide range of sizes and morphologies (nanoparticles, nanorods,
etc.), and is applicable to a wide range of target materials. The method typically avoids the
use of hazardous, environmentally unfriendly chemicals, and produces ligand-free

nanoparticles which are necessary for many applications.

The main limitation for PLAL has been achieving high, commercially-viable, production
rates. A number of cutting edge PLAL approaches reviewed here, such as stirred batch,
dynamic flow based, high-speed polygon scanning, and wire in liquid jet production have led
to success with providing greatly improved production rates, which provide the much-needed
scalability, enabling the implementation of PLAL as a more commercially-viable

nanoparticle production method.
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