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Abstract: Magnesium nanoparticles of various mean diameters (53-239 nm) were synthesised in this
study via pulsed laser ablation in liquid (PLAL) from millimetre sized magnesium powders within
isopropyl alcohol. It was observed via a 3 x 3 full factorial design of experiments that the processing
parameters can control the nanoparticle distribution to produce three size-distribution types (bimodal,
skewed and normal). Ablation times of 2, 5, and 25 min where investigated. An ablation time of
2 min produced a bimodal distribution with the other types seen at higher periods of processing.
Mg nanoparticle Ultraviolet—Visible spectroscopy (UV-Vis) absorbance at 204 nm increased linearly
with increasing ablation time, indicating an increase in nanoparticle count. The colloidal density
(mg/mL) generally increased with increasing nanoparticle mean diameter as noted via increasing
UV-Vis absorbance. High laser scan speeds (within the studied range of 3000-3500 mm/s) tend to
increase the nanoparticle count/yield. For the first time, the effect of scan speed on colloidal density,
UV-Vis absorbance and nanoparticle diameter from metallic powder ablation was investigated and
is reported herein. The nanoparticles formed dendritic structures after being drop cast on aluminium
foil as observed via field emission scanning electron microscope analysis. Dynamic light scattering
was used to measure the size of the nanoparticles. Magnesium nanoparticle inks show promise for
use in the fabrication conductive tracks or thermal insulation in electronics.

Keywords: magnesium nanoparticles; laser scan speed; pulsed laser ablation in liquid; advanced
manufacturing; powder metallurgy; surface science; nanoparticle size distributions; picosecond laser

1. Introduction

Pulsed laser ablation in liquid (PLAL), also termed laser ablation synthesis in solution
(LASIS), is a process by which nanoparticles are produced from bulk material via the
irradiation of the bulk material submerged in a liquid medium (usually DI water) [1-4].
The bulk material can be in the form of a cylindrical rod, thin films or powders. Thin films
and powders have advantages over rods including increased surface area and reduced
energy losses due to thermal diffusion on the material surface. The main disadvantage
of PLAL of powders is the need to take extra care when collecting the resulting colloid
such that the powders are not included in the nanocolloid, which may require additional
processes such as centrifugation and filtration that may cause the loss of some of the
nanoparticles. PLAL has gained much attention in the literature due to its environmentally
friendly nature and the ability to control the nanoparticle mean diameter size and type
of size distribution (e.g., normal distribution or bimodal distribution). PLAL enables a
precise control of nanoparticle size, count and colloidal density (mg/mL) by controlling
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the processing parameters such as laser fluence (J/ cm?), repetition rate (kHz), scan speed
(mm/s), pulse width (ps), wavelength (nm) and ablation time (min). Other processing
parameters that influence the PLAL process include the laser scan pattern (e.g., spiral or
linear pattern) and hatch spacing (um); however, little attention has been paid to these
in the literature. One of the most important factors during PLAL is the choice of liquid
medium. The liquid medium influences the nanoparticle size, yield (mg/mL), ablation
efficiency (mg/s), nanoparticle size distribution type (e.g., normal vs. skewed distribution),
morphology, chemical composition and surface morphology, all of which directly influence
the electrical/mechanical properties of these nanoparticles which directly express their
usefulness in wearable industries. DI water is the most used liquid medium during PLAL
owing to its simplistic nature [5-8]. The as-fabricated colloid can be printed as a conductive
ink on flexible material to fabricate flexible sensors [9] without the need of additional
chemicals. Other liquid media have been used in PLAL including ethanol [10-13], iso-
propanol alcohol [14,15], 2- propanol [13] and methanol [16,17]. These organic liquids are
also non-toxic and have an advantage of having a lower boiling point than water, enabling
a quicker evaporation of the liquid medium during 3D printing (e.g., inkjet printing or
aerosol jetting) or drop casting.

Various types of nanoparticles have been fabricated via PLAL including silver [18],
copper [19] and magnesium [20-22]. Magnesium nanoparticles (Mg NPs) are of special
interest in this report owing to their versatile uses. In 2020, Leonés et al. [23] reviewed
the use of Mg/MgO/MgOH NPs in various fields including biomedical, micro-batteries,
environmental (removal of heavy metals in water and air filtration), electronics and high-
temperature uses. Mg NPs have gained so much attention in the literature owing to their
diverse and excellent properties including high melting point (2852 °C for MgO), low
density, biocompatibility, high specific strength, stiffness, electrical conductivity, absorption
of vibrations, plasmonic effects and anti-bacterial effects [23-25].

Beginning with Mg NPs uses in biomedical applications, Mg is used in commercial
wound healing products due to its cell growth-promoting effects [26]. Additionally, Mg NPs
(or MgO NPs) have been used in developing sensors for cholera detection [27]. Magnesium
tablets/gels have been sold for decades in shops and pharmacies (without requiring a
prescription) for improving bone/joint health, fighting illnesses associated with menopause,
fighting against heart disease and fighting against constipation just to mention a few. In
fact, Mg is involved in over 300 chemical reactions in the human body [26], making it
a requisite mineral/metal for the body. Mg is used in medicine and hygiene products
owing to its anti-bacterial effects, low toxicity (biocompatibility) and low cost (due to
high abundance). In a report in 2021 by Nakamura et al. [28], MgOH NPs were proven
to have the ability to kill bacterial cells (Escherichia coli), a result confirmed via SEM
analysis. The researchers experimented with various nanoparticle sizes, coming to the
conclusion that nanoparticles of a size around 75 nm showed the best anti-bacterial effects.
The aforementioned point indicates the need for a nanoparticle-fabrication process with
precise nanoparticle size control such as PLAL. Wearables are becoming increasingly useful
tools for people with health conditions such as diabetes and heart disease. They can help
people keep track of their medical data and provide a personalised view of their condition.
The advances in miniaturisation of electronic components and biosensors have led to the
development of wearable devices that can collect data about their environment. Wearable
devices that can collect medical data are becoming more prevalent in the Internet of Things,
enabling doctors to remotely monitor patients and easily store data. Furthermore, Mg
NPs are used to enhance mechanical properties in composites. Metallic nanoparticles in
general are extensively used in 3D /4D printing [24,29] and the development of flexible
electronics [25,30] for the enhancement of mechanical/electrical properties.

Lastly, MgO has been used in electronics for insulation applications due to its low
heat capacity and high melting point [31]. Mg NPs have plasmonic effects; additionally,
Mg is fully biocompatible and is ranked as the fourth most common element on Earth,
making it a good candidate for plasmonics [32]. Due to the rate of population/economic
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growth, the world energy consumption is estimated to double [33,34]; therefore, research
on clean energy sources such as magnesium-based batteries has gained much attention in
the literature. Magnesium-based batteries were reviewed in a report published in 2021 [34].
Magnesium has gained this interest in battery technology owing to its high theoretical
volumetric capacity (i.e., 3833 mAh cm~3 vs. 2046 mAh cm 2 for lithium), and dendrite-
free attribute when used as an anode during cycling [34]. Magnesium is a promising
product for the replacement of lithium for batteries, with Mg being more than 10,000 times
more abundant than Li in the Earth’s crust. In 2020, a group of researchers reported a
hydrogen sensor composed from nano-blocks of magnesium [35]. Magnesium undergoes a
phase transition to a dielectric material upon absorbing hydrogen and the research team
utilised this special property as a sensing mechanism. The far-field scattering distribution
of the sensor varies after exposure to hydrogen. In another report, MgO NPs were used as
a coating layer to improve the efficiency of dye-sensitised solar cells owing to their wide
bandgap [36]. Furthermore, an increase in environmental pollutants and the awareness
thereof has led to a rapid increase in research concerning environmental rescue. Adsorption
has been extensively used as a means to eliminate organophosphates, metal ions (e.g., Pb
and Cd ions) and dyes in waste water [37-39].

Herein the fabrication of clean Mg NPs with controllable sizes via the variation of
processing parameters such as laser fluence, scan speed and ablation time is presented. To
our knowledge, this is the first report to analyse Mg NP size distributions and morphologies
synthesised via PLAL in IPA from powders using a picosecond Nd:YAG laser system. This
report is the first to investigate the effect of scan speed on PLAL of metallic powders. The
laser scan speed is an important factor during PLAL and has not been reported extensively
in the literature.

2. Materials and Methods
2.1. Design of Experiments (DOE) and Sample Preparation

Magnesium powder (99% purity, 0.06-0.3 mm diameter supplied from Sigma Aldrich
Ireland Limited, Wicklow, Ireland) was ablated at various laser fluences, ablation times and
scan speeds as shown in Table 1. Table 1 shows a 3 x 3 full factorial design of experiments
(DOE). Three repeat experiments (1 = 3) were conducted for each sample set, making it a to-
tal of 81 samples (27 x 3). Ablations were performed by an Nd:YAG laser system (WEDGE
HF 1064, Bright Solutions) with pulses centred at 1064 nm. Three ablation durations were
investigated (2, 5 and 25 min). Three laser fluences were investigated (1.83, 1.88, 1.91 ] /cm?)
and three laser scan speeds were investigated (3000, 3250 and 3500 mm/s). All experi-
ments were conducted at a repetition rate of 10 kHz and a pulse width of 600 ps. These
parameters were chosen after preliminary experiments which showed that the magnesium
nanoparticle yield was high within these parameters. DI water is the most commonly used
liquid for PLAL; however, water reacts with magnesium which affects the ablation process
especially when powders are used (foam and bubbles are produced when water reacts
with Mg powder). Therefore, a simple organic solvent called isopropyl alcohol (IPA) was
used. Ethanol was also investigated; however, IPA was more compatible with the powder
(the powder settled down the bottom of the liquid much faster even after vigorous mixing
and showed no mixing/reactivity with the powder). A thin powder layer (2 mm thickness)
was carefully placed and evenly spread on the bottom of a glass beaker (60 mm diameter).
A 3 mm height of liquid (IPA) above the powder layer was ensured for each sample. Fresh
powder was used for each ablation experiment. The laser scanning pattern was in a spiral
shape (outer diameter of 55 mm) with a hatch spacing of 50 um. Each PLAL experiment
was carefully timed using a stopwatch and the resulting nanocolloid was immediately
collected by carefully pipetting some of the colloid (5 mL) on top of the remaining powder
using a standard plastic pipette, ensuring that no powder particles (large particles) were
collected. The as-collected colloid was used in characterisation processes without any
filtration process to demonstrate the simplistic nature of PLAL and also to observe the
effects of processing parameters alone without additional processing steps.
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Table 1. A 3 x 3 full factorial DOE showing the laser processing parameters for each sample group
(1-27). Note that 3 repeat experiments were conducted for each sample group (n = 3).

4 Abla(trllr; ;I’lme Sc?;i}/);ed Fluence (J/cm?)
1 2 3000 1.83
2 5 3000 1.83
3 25 3000 1.83
4 2 3250 1.83
5 5 3250 1.83
6 25 3250 1.83
7 2 3500 1.83
8 5 3500 1.83
9 25 3500 1.83
10 2 3000 1.88
11 5 3000 1.88
12 25 3000 1.88
13 2 3250 1.88
14 5 3250 1.88
15 25 3250 1.88
16 2 3500 1.88
17 5 3500 1.88
18 25 3500 1.88
19 2 3000 191
20 5 3000 191
21 25 3000 191
22 2 3250 191
23 5 3250 191
24 25 3250 1.91
25 2 3500 191
26 5 3500 191
27 25 3500 191

2.2. Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) characterisation experiments were conducted via a
Zetasizer Nano ZS system (Malvern Instruments Ltd, Malvern, United Kingdom.) on each
sample immediately after PLAL experiments. Twenty runs/measurements on the DLS
machine were conducted per sample and averaged, outputting raw data of nanoparticle
size distribution per sample and nanoparticle mean diameter.

2.3. Ultraviolet—Visible Spectroscopy (UV—-Vis)

A volume of 1 mL of each sample was diluted by 2 mL of IPA immediately after DLS
analysis for ultraviolet—visible spectroscopy (UV-Vis). Twenty runs/measurements per
sample were taken and averaged. The dilution is necessary to avoid saturation in the
UV-Vis spectrum which makes it difficult/impossible to discover distinct peaks especially
in highly concentrated nanocolloids. UV-Vis spectroscopy was conducted with a Varian
Cary 50 UV-Vis spectrophotometer using a quartz cuvette (10 mm path length, Helma).
The scan range was 190-900 nm with a scan rate of 600 nm/min. All the optical spectra
were corrected for IPA absorption by subtracting the contribution of IPA from the recorded
spectrum. UV-Vis was used to verify the presence of magnesium nanoparticles and as a
measure of the nanoparticle count.

2.4. Scanning Electron Microscopy (SEM)

Field emission scanning electron microscopy (FESEM) (5-30 kV excitation voltages)
was used to study the morphology of the dried nanoparticles. A volume of 1 mL of the
as-synthesised nanocolloid was drop casted on aluminium foil and the liquid medium
evaporated in air, leaving the nanoparticles on the aluminium foil.
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2.5. Analytical Mass Balance

A laboratory analytical mass balance with 4 decimal places precision (Fisherbrand ™
Balances Precision & Analytical Series) was used to measure the mass of 1 mL of each of the
81 colloidal samples. The density of the colloid was calculated according to Equation (1).

mass of 1 mL of colloid
1 mL

Colloidal density(mg/mL) = 1)
3. Results and Discussion
3.1. Effect of Laser Processing Parameters on Nanoparticle Count/Yield, Colloidal Density, Mean
Diameter and Size Distribution

The nanoparticle UV-Vis absorbance at 204 nm (this peak is observed for all 81 sam-
ples), mean diameter, and colloidal density (mg/mL) are shown in Figure 1, Figure 2,
Figure 3, respectively, for each of the 27 sample groups. It was observed that all the inputs
(ablation time, fluence and scan speed) have some influence on the outputs (nanoparticle
size distribution, mean nanoparticle diameter, absorbance and colloidal density (mg/mL)).
This section will examine the effect of each input on the outputs individually. The section
will examine the trends in nanoparticle size distributions; particularly three types of dis-
tributions were observed: normal, positively skewed and bimodal distributions. Figure 1
shows a clear pattern in absorbance and sample number. This is attributed to ablation time;
the absorbance increases with ablation time at any combination of processing parameters
examined in this study as per the 3 x 3 full factorial DOE (Table 1). A high absorbance is
an indication of a high number of nanoparticles. The scan speed and the fluence do not
affect the UV-Vis absorbance of the colloids as much as ablation time; however, they still
have an effect as evident by comparing various samples synthesised at the same ablation
time showing different absorbance values (e.g., samples 3 and 27 in Figure 1). The overall
absorbance seems to increase from left to right signifying proportionality with laser fluence
which increases after every nine samples (see Table 1 for DOE). A general increase in
absorbance is observed from left to right in Figure 1 demonstrating a direct proportionality
with scan speed which increases after every three samples (for every nine samples from
left to right).

3.
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Figure 1. Mean nanoparticle UV-Vis absorbance at ~204 nm per sample group (1-27), giving an
indication of nanoparticle count/yield per sample group (95% CI).
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Figure 3. Mean colloidal density (mg/mL) per sample group (1-27) (95% CI).

It was discovered that the colloidal density tends to be affected by larger particles; this
will be discussed in the sections that follow. Figure 2 demonstrates that similar colloidal
densities can be achieved by multiple combinations of processing parameters, e.g., samples
10 and 11 had mean densities of 691 and 692 mg/mL, respectively, but different processing
parameters were used. Incidentally, samples 10 and 11 have the same mean nanoparticle
diameter of 101 nm (Figure 3). This is proof that the laser processing parameters have a
combined effect on the nanoparticle size and yield.

The nanoparticle mean diameter for each of the 81 samples ranged from 53 to 239 nm.
The average of mean nanoparticle diameter per sample group (1-27) ranged from 77 to
171 nm. The mean nanoparticle diameter per sample group is shown in Figure 3. IPA
is clear in colour but the colloid had a yellow colour after PLAL experiments due to the
presence of magnesium nanoparticles (Mg NPs) due to their plasmonic effects.

3.1.1. Ablation Time

Three ablation times (2, 5, 25 min) were studied and their effects on UV-Vis absorbance
(nanoparticle yield), colloidal density (mg/mL) and nanoparticle mean diameter are exam-
ined in the sections that follow. Samples are categorised in sets of 3 (samples 1,2,3 in one
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set, 4,5,6 in another set, etc.) such that the only variable in each set is the ablation time. This
enables us to individually study the ablation time while also observing the effects of other
parameters (refer to Table 1 for the DOE). The ablation time influences the nanoparticle
yield and diameter. The colour and colour-intensity of the resulting nanocolloid depends
on both the nanoparticle mean size (due to plasmonic effects) and nanoparticle yield
(population of nanoparticles).

Effect of Ablation Time on UV-Vis Absorbance (Nanoparticle Yield)

All UV-Vis curves for the 81 samples showed a similar distinct large peak 204 nm
and differed in absorbance. The difference in absorbance at this peak was used to compare
the samples. A typical UV-Vis curve of a magnesium colloid is shown in Figure 4e. The
absorbance increases linearly with ablation time (Figure 1), regardless of the changes in
other processing parameters (fluence and/or scan speed). This is an important property to
discover, thus we can conclude that when a high nanoparticle yield is required without
a major concern about nanoparticle size, a long ablation time is preferable, keeping in
mind that a limit exists before shielding effects slow down ablation efficiency significantly.
The average absorbance at 2, 5 and 25 min ablation time are 0.43, 0.70, 1.94, respectively.
The average rate of change in absorbance between 2-5 min and 5-25 min ablation times
are 0.089 and 0.062 a.u/min, respectively; thus, the ablation rate decreases with increased
ablation time. This is attributed to shielding effects that cause primary/initial nanoparticles
to absorb incoming laser photons, thereby shielding the laser from interacting with the
powder to fabricate new (primary) nanoparticles. It is worth mentioning that the shielding
effects reduced the ablation efficiency by about 30% when moving from 2-5 to 5-25 min,
which is a promising result for batch mode PLA; the significance of this result is that we can
still produce more nanoparticles at a decent rate even after 25 min of laser ablation without
any flow of liquid required. This was supported by the high scan speeds (3000-3500 mm/s),
large ablation paths supported by the spreading of the powder (55 mm outer diameter) and
large hatch spacings (50 um). Additionally, powders reduce energy losses due to increased
surface area, thereby increasing ablation efficiency.

Effect of Ablation Time on Colloidal Density (mg/mL)

Another indicator for nanoparticle yield is colloidal density (mg/mL). A volume of
1 mL of each sample was weighted and the density was calculated according to Equation (1).
Colloidal density per sample is shown in Figure 2; a general increase in in colloidal density
with time is observed from 2 to 5 min of ablation time (six of nine sample sets exhibited
this trend, see samples 7-8, 10-11, 13-14, 16-17, 22-23, and 25-26) with some samples
showing a decrease (three of nine sample sets, see samples 1-2, 4-5, and 19-20). Similarly,
a general increase in colloidal density is observed with an increase in ablation time from 5
to 25 min (six of nine sample sets exhibited this trend, see samples 2-3, 11-12, 14-15, 17-18,
20-21, and 23-24). In all cases (nine of nine sample sets, thus samples 1-2-3, 4-5-6, etc.),
the rate of change of colloidal density with respect to time from 2 to 5 min is different to
that from 5 to 25 min (magnitude and/or direction), signifying a shift in ablation efficiency.
We can conclude that there is some correlation in colloidal density and ablation time;
however, time is not the only factor affecting the density. Some correlation exists between
the nanoparticle mean diameter size and colloidal density (compare Figures 1 and 2). A
higher colloidal density is generally observed at higher nanoparticle mean sizes. This
can be attributed to the fact that larger nanoparticles are heavier and hence the colloidal
density is higher. For instance, a colloid with a mean nanoparticle diameter of 50 nm will
require twice the number of nanoparticles as a colloid with a mean diameter of 100 nm
for it to have the same colloidal density. Comparing samples 26 and 27, the former has a
larger mean nanoparticle diameter (132 nm) than the latter (95 nm). This led to a higher
colloidal density for sample 26 (753 mg/mL) than for sample 27 (703 mg/mL). The same
results are observed for other samples (e.g., samples 1-2-3-4-5-6, 8-9 and others). Thus,
it can be generalised that a high colloidal density is caused by a large nanoparticle mean
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size. It is observed that some samples are not in agreement with this hypothesis (increase
in nanoparticle mean diameter = increase in colloidal density)—for example, Sample 18.
Sample 18 has a relatively low nanoparticle mean diameter (97 nm) yet with a high colloidal
density. This can be explained by observing the UV-Vis data for this sample as shown in
Figure 1; this sample has a high colloidal density due to the higher number of nanoparticles
(high absorbance). The size distribution of this sample is positively skewed which means
that is has a higher number of small particles than large ones. Other samples also exhibit
low colloidal density but show a large nanoparticle mean size and low absorbance which
is in agreement with the hypothesis (e.g., sample 13). The low absorbance signifies a
low nanoparticle count and hence a low colloidal density. Additionally, the absence of
colloidal filtration after PLAL experiments is a source of error during colloidal density
analysis. Partially ablated powder particles (submicron particles) can be pipetted within
the colloid for weigh measurements which raise the colloidal density. This is supported by
observing the nanoparticle size distributions for sample 13 (see Supplementary Information
Figure S1 whereby a small number of particles in the range of 300-600 nm are present
(these particles are in the sub-micron range which is much smaller than the minimum size
of the original powder (0.06 mm) which means that some powder particles were partially
ablated /fragmented). SEM images of some samples also showed the presence of submicron
particles which increase the colloidal density if unfiltered (see Figure 4f). It is worth noting
that a significant number of nanoparticles is lost during filtration processes and the size of
the filter may influence the result, which is why filtration was avoided.
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Figure 4. (a) Sample with bimodal nanoparticle size distribution after 2 min; (b) sample with normal nanoparticle size
distribution after 5 min; (c) sample with positively skewed nanoparticle size distribution after 25 min; (d) effect of ablation
time on nanoparticle size distribution. All samples are bimodal at 2 min, mostly skewed at 5 minutes and mostly normally
distributed at 25 min; (e) typical UV-Vis curve for a magnesium colloid. A distinct peak is observed at a wavelength of
about 204 nm.
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Increasing fluence

Mean nanoparticle diameter (nm)

Effect of Ablation Time on Nanoparticle Mean Diameter

The nanoparticle diameter tends to decrease with increasing ablation time from 5
to 25 min; seven of nine sample sets exhibited this trend as shown in Figure 5. This
trend is observed for all samples at medium-high scan speeds (3250-3500 mm/s) and /or
medium-high laser fluences (1.83-1.91 ] /cm?). High scan speeds enable a fast nanoparticle
fragmentation; thus, the fragmented particles increase with ablation time and scan speed.
A high fluence encourages fragmentation even at low scan speeds due to the increased
energy density. On the contrary, an increase in nanoparticle diameter (at low scan speeds)
with increasing ablation time from 2 to 5 min is observed for some samples (e.g., samples
19-20, and samples 22-23). This can be explained by the short ablation time that does
not allow many fragmentations to occur and the low scan speeds that reduce the rate of
nanoparticle fragmentation.
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Figure 5. Effect of ablation time on nanoparticle mean diameter (nm).

It can be concluded that the laser processing parameters have a combined effect on
the nanoparticle mean diameter as shown in Figure 5. As presented in Figure 5, a clear
pattern exists for each row. In row 1, there is a decrease in nanoparticle diameter (2-5 min)
then a further decrease at a slower rate. In row 2, a similar pattern is present. In row 3,
there is first an increase in nanoparticle diameter (2-5 min), then a decrease (5-25 min).
These trends can be partly attributed to laser fluence that changes in each row.

3.1.2. Laser Fluence

Laser fluences below 1.30 J/cm? did not produce a significant number of nanoparticles
judging by the little to no colloid colour changes and limited /completely absent UV-Vis
absorbance peaks. Three levels of laser fluence were studied: 1.83, 1.88 and 1.91 J/ cm?.

Effect of Laser Fluence on Colloidal Density (mg/mL) and Nanoparticle Yield
(UV-Vis Absorbance)

Increase in fluence increases the nanoparticle yield (UV-Vis absorbance) as shown in
Figure 1 (refer to Table 1 for DOE). There is no obvious trend between laser fluence and
colloidal density. The changes in laser fluence seems to not have a significant influence on
the colloidal density when one of ablation time or scan speed are low while the other is
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high. Additionally, there is no significant influence of fluence on the density at an ablation
time of 5 min with scan speeds of either 3000 or 3250 mm/s. Conversely, there is a clear
direct proportionality between laser fluence and colloidal density at an ablation time of
25 min and a scan speed of 3250 mm/s. This signifies that the colloidal density is controlled
by a combination of factors (ablation time, scan speed, fluence).

Effect of Laser Fluence on Nanoparticle Mean Diameter

The nanoparticle mean diameter is of major importance as the end-use of the pro-
duced nanocolloids depends on the mean size of the nanoparticles. For instance, a certain
nanoparticle mean size (and distribution) is required for use in an inkjet printer for the
production of flexible sensors [30]. To avoid printing problems, different inkjet printers
will work best with different nanoparticle mean sizes. At all combinations of scan speed
and ablation time studied herein, the laser fluence has some influence on the resulting
nanoparticle mean diameter, as shown in Figure 6. There is a general linear decrease in
nanoparticle size with increasing fluence at long ablation times (25 min, far right column).
A similar general trend is also observed at low ablation times (2 min) and moderate scan
speeds (3250 mm /s, middle column). At 5 min of ablation time (middle column), a general
pattern exists whereby there is a decrease in nanoparticle mean diameter as the fluence in-
creases from 1.83 to 1.88 J/cm?, followed by an increase in diameter with increasing fluence
from 1.88 to 1.91 ] /cm?, making a crooked ‘v’ shape. Although the laser fluence does not
have one obvious trend (linear trend) in influence over any of UV-Vis absorption, colloidal
density and mean diameter, a threshold fluence is required for ablation to commence.

Increasing ablation time
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Figure 6. Effect of laser fluence on nanoparticle mean diameter (nm).

3.1.3. Effect of Scan Speed on Nanoparticle Yield, Colloidal Density and Mean Diameter

A scan speed that is too slow leads to shielding effects whereby the current cavitation
bubble absorbs many secondary photons, disenabling further cavitation bubbles (more
primary nanoparticles) to be produced. A laser scan speed that is too fast disenables the
powders to absorb enough energy for ablation to occur (to overcome the threshold fluence).
Initially, various scan speeds below 2000 mm/s (and below 100 mm/s) were studied. None
of them yielded a significant number of nanoparticles and the colour of the colloid barely
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changed (remained clear) even after 60 min of ablation time. Similarly, scan speeds over
4000 mm/s did not yield a significant number of nanoparticles. The colloids synthesised at
above 4000 mm /s were all clear (or almost clear) in colour, signifying a low nanoparticle
yield. A scan speed of 99,000 mm/s (maximum scan speed for this laser) was examined
and no significant number of nanoparticles was synthesised regardless of ablation time,
laser fluence, pulse width and repetition rate (kHz).

A general increase in absorbance concurrent with increase in scan speed is observed
regardless laser fluence/ablation time. By examining Figure 2, it can be observed that a
general pattern exists whereby the colloidal density increases and then decreases (and vice
versa) as one goes from low to middle to high laser scan speeds (3000-3250-3500 mm/s)
generating a sort of zig-zag pattern. Hence, we can conclude that the scan speed has a
non-linear relationship with the colloidal density.

The laser scan speed influenced the nanoparticle mean diameter at all combinations
of processing parameters as shown in Figure 7. A linear decrease in nanoparticle mean
diameter with increasing scan speed is observed at low fluences (1.83 J/ cm?) and short
ablation times (2 min) (Figure 7, top left corner). On the other hand, a linear increase
in mean diameter with increasing scan speed is observed at high fluences (1.91 J/cm?)
and 25 min ablation time (Figure 7, bottom right corner). Additionally, an ‘n’ shaped
pattern is observed in five of nine sample sets where there is an increase in nanoparticle
mean diameter with increase scan speed from 3000 to 3250 mm /s followed by a decrease
from 3250 to 3500 mm/s. Conversely, a “u’ shaped pattern is observed once (Figure 7, top

right corner).
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Figure 7. Effect of laser scan speed on nanoparticle mean diameter (nm).

The absence of a similar trend across all sample sets in Figure 7 proves that the
nanoparticle mean diameter is controlled by a combination of processing parameters which
is why a model of the process enables the researcher to get some insights into the PLAL
technology while simultaneously saving experimental time and costs. A change in the
liquid medium from IPA (to ethanol for example) will yield significantly different results
to those presented herein, again showing the importance of modelling work in this field.
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3.2. SEM Analysis—Effect of Processing Parameters on Morphology

SEM was used to analyse the morphology of the nanoparticles as shown in Figure 8.
Three samples (27C, 21C and 9C) that were fabricated at different processing parameters
were analysed via SEM (refer to Table 1 and Figures 1-3 for details/processing parameters
for these samples). Figure 8d—f are representative of three different samples at the same
magnification; differences among these figures prove that laser processing parameters
influence the nanoparticle size and yield. All samples show some agglomeration of the
nanoparticles; they tend to form dendritic, tree-like structures as shown in Figure 8. This
can be attributed to the drop-casting and evaporation method that was used for sample
preparation. It is natural for a liquid to form colonies or divide into ‘mini reservoirs’ during
evaporation, hence when the liquid is gone, the nanoparticles that remain will resemble
the shape of the evaporated liquid. Furthermore, during heating, the viscosity of the
liquid decreases, causing the liquid to start moving, thereby splitting into sections as some
of the liquid starts to evaporate. The nanoparticles can be deposited onto the substrate
with higher accuracy using 3D printing techniques such as inkjet printing (moderate
resolution/quality) and aerosol jetting (very high quality and resolution) for fabricating
flexible nano/microelectronics. Most of the nanoparticles are spherical and tend to attach
to each other due to weak van der Waal forces of attraction between them as shown in
Figure 8a,f. It is worth noting that the nanoparticles attach well to the aluminium substrate
through the simple drop-casting method without any surface modification or need for
adhesive or laser sintering; this implies that drop casting is a viable manufacturing method
for specific cases that do not require precise nanoparticle location placement.

b
s

200nm 200nm

Figure 8. SEM images: (a) SEM image of sample 27C at 400 nm magnification and 30 kV acceleration voltage. (b) SEM image
of sample 9C at 400 nm magnification and 20 kV acceleration voltage. (c) SEM image of sample 9C at 200 nm magnification
and 30 kV acceleration voltage. (d) SEM image of sample 27C at 200 nm magnification and 30 kV acceleration voltage.

(e) SEM image of sample 21C at 200 nm magnification and 20 kV acceleration voltage. (f) SEM image of sample 9C at 200

nm magnification and 9 kV acceleration voltage.

SEM images of samples 21C (Figure 8e) and 9C (Figure 8f) can be compared to observe
the effect of laser fluence since the fluence is the only processing parameter differentiating
these samples. Sample 21C and 9C were processed at a laser fluence of 1.83 J/cm? and
1.91 J/cm?, respectively. At 200 nm magnification, it can be observed that both samples
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have similar nanoparticle sizes which is in agreement with the DLS data that gave a mean
nanoparticle diameter for sample 21C and 9C of 149.2 and 161.5 nm, respectively.

Samples 27C (Figure 8d) and 21C (Figure 8e) can be compared to study the effect
of scan speed. Sample 27C was processed at a scan speed of 3500 mm /s while 21C was
processed at 3000 mm/s. Comparison of SEM images clearly show that sample 27C has
a higher nanoparticle yield, meaning that a higher scan speed yields more nanoparticles.
This is in agreement with the UV-Vis data of these samples. A higher scan speed means
the laser is moving faster, hence it will interact with more powder particles per second.
However, there is a limit to the scan speed as observed earlier (scan speeds >4000 mm/s is
too fast and did not yield nanoparticles).

3.3. Size Distribution

Three types of frequency distributions were observed among the 81 samples, namely
normal, positively skewed and bimodal distributions (see Figure 4a—c). The probability for
a sample picked at random from the 81 to have a particular type of distribution is almost
equal, 35% of the samples exhibited a normal distribution, 33% of the samples exhibited a
positively skewed distribution (right skewed) and 32% of the samples exhibited a bimodal
distribution (the frequency size distribution for each of the 81 samples can be found in the
Supplementary Information Table S1). The main cause of differences in distribution types
can be attributed to laser processing parameters. All samples synthesised at 2 min ablation
time produced a bimodal distribution and bimodal distributions were only observed
for 2 min ablation times. At short ablation times, the number of primary nanoparticles
(large slightly fragmented particles) and secondary nanoparticles (smaller nanoparticles
with multiple fragmentations) are almost equal since there has not been enough time
for multiple nanoparticle fragmentation to occur, hence the bimodal distribution (both
large and smaller particles exist in large numbers). An increase in ablation time from 2 to
5\25 min shifts the distribution from being bimodal to being normal/skewed as shown
in Figure 4d. An increase in ablation time from 2 to 5 min changes the distribution from
being bimodal (100% of the samples) to mostly skewed (66% of the samples) and some
normally distributed (46%). A further increase in ablation time from 5 to 25 min changes
the distribution from being mostly skewed (66% of the samples) to being mostly normal
(56% of the samples). This can be explained by the fact that at the beginning of the ablation
process, the laser breaks the powder particles into smaller particles. Further ablation will
enable nanoparticle fragmentation, causing the distribution to be skewed towards smaller
sizes, and additional ablation time will enable the distribution to become normal. It can
be concluded that at each ablation time, a most probable nanoparticle size distribution
type (normal, skewed or bimodal) exists; this is in agreement with the statistical data
mentioned earlier stating that about a third of the samples exhibited a normal distribution,
about another third of the samples exhibited a skewed distribution and about another
third of the samples exhibited a bimodal distribution. Hence, one can control the size
distribution type by simply varying the ablation time. The size distribution is an important
factor in the development of nano/micro flexible sensors based on nanomaterials [30].
A bimodal distribution may provide a wide spread of nanoparticles whereby the larger
nanoparticles cover larger surface areas while the smaller nanoparticles fill in the gaps for
good conductivity. On the other hand, a positively skewed distribution may be ideal when
mostly small nanoparticles are required, such as during surface coating for solar cells. A
narrow normally distributed sample could be good for inkjet printing as the nanoparticles
must be of a certain narrow size range to avoid clogging the printer (a major problem
faced with inkjet printing of nanoinks at the moment). It is worth noting that one can
produce a normally /uniformly distributed colloid from a bimodal/skewed sample by
using a filter of certain size; however, one always runs the risk of losing nanoparticles
during the filtering and transferring of colloids from one vessel to another, which is why
no filtering was conducted in this study. Similarly, one can produce a skewed /bimodal
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distributed colloid from normally distributed colloids by mixing or sonicating colloids of
different mean nanoparticle diameters.

4. Conclusions

An increase in nanoparticle diameter and /or UV-Vis absorbance leads to an increase
in colloidal density (mg/mL). The nanoparticle mean size and the density of a colloid are
controlled by a combination of laser processing parameters. The most probable nanoparticle
size distribution can be determined depending on the ablation time. An ablation time
of 2 min always produces a bimodal distribution. The UV-Vis absorbance is directly
proportional to ablation time and does not seem to be affected significantly by laser scan
speed/fluence. An increase in scan speed tends to reduce the nanoparticle mean size while
increasing the nanoparticle count according to DLS, UV-Vis and FESEM analyses. This is
the first time that the influence of scan speed on metallic powder PLAL for nanoparticle
synthesis has been reported. SEM images show the nanoparticles forming dendritic
structures, a phenomenon attributed to the drop-casting /evaporation method implemented
in sample preparation. The as-fabricated magnesium nanocolloids have the potential to be
used in wearables and flexible sensors whereby they can be printed on flexible substrates
for thermal insulation, conductivity enhancement, antibacterial effects or battery electrodes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app112210974/s1, Figure S1: Nanoparticle size distribution for sample 13A. A small number
of partially fragmented particles (300-60 nm) is observed. Table S1: Nanoparticle size distribution
per sample set. 3 types of distributions were observed (bimodal, positively skewed and normal).
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