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Abstract

Lasers, with their unparalleled precision and control, have become
vital tools across numerous industries, offering transformative
potential for the development of advanced materials. In this research,
laser-assisted techniques were employed to develop and optimize
functional materials for industrial and energy applications. By
leveraging the unique properties of laser light, significant
advancements were achieved in three key areas. First, selective laser
sintering was employed to create electrically conductive polymer-
graphene composites, demonstrating promising electrical conductivity,
crucial for applications requiring electromagnetic compatibility.
Second, rare-earth-doped nanocrystals were synthesized using
ultrashort laser pulses, achieving precise control over nanoparticle size
and morphology while maintaining consistent stoichiometry with the
bulk material. This synthesis offers potential for applications in
photonics due to the stability and tailored properties of the nanocrystal.
Third, laser-assisted processing was applied to modify nanographite
and nanographite-silicon composite anode materials for lithium-ion
batteries. The laser-induced nanoporous structure in graphite-based
anodes led to significant improvements in fast charging capabilities
and specific capacity. Additionally, the optimization of silicon
distribution within the nanographite matrix enhanced Dbattery
performance and cycling stability. These findings illustrate the
versatility and efficacy of laser-assisted processing in tailoring material
properties to meet the growing demands of advanced applications,
offering a pathway to the development of next-generation materials

with enhanced functionalities.
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Summary in Swedish

Lasrar, med sin otvertraffade precision och kontroll, har blivit viktiga
verktyg inom manga industrier, och erbjuder transformativ potential
for utveckling av avancerade material. I denna forskning anvandes
laserstodda tekniker for att utveckla och optimera funktionella
material for industriella och energitillampningar. Genom att utnyttja
laserljusets unika egenskaper uppnaddes betydande framsteg inom tre
nyckelomrdden. Forst anvandes selektiv lasersintring for att skapa
elektriskt ledande polymer-grafenkompositer, som visar lovande
elektrisk ledningsféormaga, avgorande for tillimpningar som kréaver
elektromagnetisk kompatibilitet. For det andra syntetiserades
sallsynta jordartsmetalldopade nanokristaller med hjdlp av ultrakorta
laserpulser, vilket uppnadde exakt kontroll 6ver nanopartikelstorlek
och morfologi samtidigt som konsekvent stokiometri bibeholls med
bulkmaterialet. Denna syntes erbjuder potential for tillampningar
inom fotonik pa grund av nanokristallens stabilitet och skraddarsydda
egenskaper. For det tredje anvandes laserassisterad bearbetning for att
modifiera nanografit och nanografit-kiselkompositanodmaterial for
littumjonbatterier. Den laserinducerade nanopordsa strukturen i
grafitbaserade anoder ledde till betydande forbattringar av
snabbladdningskapacitet och specifik kapacitet. Dessutom forbattrade
optimeringen av kiselfdrdelningen i nanografitmatrisen batteriets
prestanda  och  cykelstabilitet. =~ Dessa  resultat illustrerar
mangsidigheten och effektiviteten hos laserassisterad bearbetning for
att skraddarsy materialegenskaper for att mota de vaxande kraven
fran avancerade applikationer, vilket erbjuder en vag till utvecklingen

av ndsta generations material med forbattrade funktionaliteter.
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1 Introduction

Since their inception in the 1960s, lasers have evolved into
indispensable tools in various fields, including telecommunication'?,
medicine*®, manufacturing®??, and material science!>8. Their unique
properties, such as coherence, monochromaticity, and high focus,
make them ideal for precise energy delivery, offering exceptional
control and efficiency in numerous applications. A key area of
application is material processing, where lasers enable fine material
modifications such as cutting?’, welding?'??, surface treatments?-2,
and nanoparticle (NP) synthesis'#?¢2 with minimal waste. This
versatility allows for the production of intricate designs and

composites that are difficult to achieve with conventional methods.

Despite their advantages, challenges remain in using lasers for
advanced functional material development, particularly where
enhanced electrical, optical, or energy storage properties are required.
Laser-assisted techniques offer a promising solution, enabling material
structuring at the nano/micro-scale. This thesis explores these
techniques for the development of next-generation materials,
specifically focusing on three areas: polymer-graphene composites for
conductive plastics, rare-earth (RE) doped NPs with controlled
morphology, and laser-modification of a nanographite and graphene
mixture (NG), as well as NG-silicon (NGSi) anode materials for
lithium-ion batteries (LIBs). These developments not only demonstrate
the potential of laser material processing, but also address key
challenges in the fabrication of high-performance functional materials

for emerging technologies.



1.1 Problem statement

The increased demand for advanced functional materials has
heightened interest in laser-based material processing due to its ability
to precisely control material properties. However, challenges remain
in optimizing these processes for enhancing application-specific
characteristics. For example, polymer-based selective laser sintering
(SLS) typically uses non-conductive materials, limiting their utility in
applications requiring electrical conductivity. The development of
electrically conductive polymer composites via laser processing is still
in early stages®, requiring better process understanding for reliable

performance.

Similarly, laser-assisted synthesis and modification of nanomaterials,
such as RE-doped NPs and graphite-based anode materials for LIBs,
face challenges in maintaining material stability, improving
performance, and ensuring scalability?%-32, A deeper understanding
of laser interactions with these materials is essential to optimize their
structure and functionality, especially in enhancing LIB capacity and

cycling stability.

1.2 Research objective

This research aims to develop and optimize advanced materials
through laser-assisted processing for various applications. The focus is
on three main areas: producing electrically conductive polymer-
graphene composites for additive manufacturing (AM), enhancing LIB
anode performance, and synthesizing RE-doped NPs that retain the
bulk material’s stoichiometry. The study explores scalable techniques,
emphasising conductivity in composites, controlled NP synthesis via
laser parameter selection, and LIB anode enhancement through laser

structural modification.



1.3 Scope

This research focuses on developing advanced materials using laser-
assisted processing for industrial and energy applications. It covers
three main areas: electrically conductive polymer-graphene
composites, LIB anodes, and RE-doped NP synthesis. SLS is used to
create polymer-graphene composites with high electrical conductivity
for electromagnetic compatibility. Laser-assisted processing of NG
anodes aims to improve the capacity and stability of LIBs. Additionally,
RE-doped NPs are synthesized via pulsed laser ablation in liquid
(PLAL), with a focus on controlling their size, distribution, and
maintaining stoichiometry with respect to the bulk crystal for
photonics applications. The methodology addresses the following key

research questions:

1. How will laser-assisted processing influence the conductivity
and mechanical properties of a laser-formed polymer-graphene
composite structure? — Paper 1

2. How can laser-assisted processing be used to optimize the
structure of graphite-based anode materials to improve the
performance of LIBs? — Paper II/IV.

3. How will ultrashort pulses affect the structure and stoichiometry
of synthesized RE-doped NPs? — Paper III

1.4 Thesis outline
This thesis explores laser material processing and its applications in
developing advanced functional materials for energy storage, AM, and

photonics.

In chapter 2 of this thesis, an overview of laser material processing is

provided. It includes relevant laser theory, an introduction to different



laser systems and their applications, with a focus on functional

materials, challenges, and related work in the field.

Chapter 3 describes the experimental setups used in this research. It
covers both continuous wave (CW) and femtosecond laser (fs-laser)

setups and the various characterization methods employed.

Chapter 4 presents the SLS of polymer-graphene composites. The
production of conductive polymers, the choice of materials, and the
laser parameters are discussed in detail, along with the effects of

material structure and electrical resistance.

Chapter 5 focuses on laser processing of graphite-based anodes for
LIBs. The performance improvements achieved through Ilaser
processing, such as increased porosity and better Si distribution, are

explored, along with optimized laser parameters.

Chapter 6 details the synthesis of RE-doped NPs using fs-PLAL. It
covers the effects of laser parameters on NP formation, morphology,

and colloidal stability.

Chapter 7 concludes the thesis, summarising the findings and
discussing the environmental, ethical, and societal impacts of the work.
The chapter also outlines potential future research direction, and a

section on the author’s contributions.

The thesis concludes with a comprehensive bibliography.

1.5 Papers included in this thesis
Paper I focuses on producing conductive polymer-graphene
composites for SLS. Resistance measurements and SEM analysis

identified optimal parameters, achieving conductive structures with



low sheet resistance (1 kQ/sq), suitable for -electromagnetic
compatibility. Increasing energy density reduced resistance overall,

but results varied with scanning speed.

Paper II presents research focused on enhancing NGSi anode
performance for LIBs. Laser processing reduced particle size and
improved silicon distribution, confirmed by scanning electron
microscopy (SEM) and energy dispersive x-ray spectroscopy (EDS).
Higher intensity and slower scanning speeds in nitrogen minimized
oxygen content. An improvement in capacity and stability was verified

through cyclic voltammetry testing.

Paper III presents the synthesis of Yb:YVO4 NPs via laser ablation in
liquid, examining the effects of pulse rate and solvents. NP size and
stability were influenced by pulse repetition and solvent choice (water
vs. ammonia). Characterization with EDS and SEM showed consistent

stoichiometry, with particle sizes ranging from 10 to 150 nm.

Paper IV presents research on NG anodes for LIBs, whereby
nanoporous structures were formed via laser processing, confirmed
with SEM and Raman spectroscopy. Battery testing, via galvanostatic
charge-discharge and electrochemical impedance spectroscopy,

demonstrated a >30% improvement in capacity at all charge rates.






2 Laser material processing

2.1 Introduction to laser material processing

The main interactions between light and matter are illustrated in
Figure 2.1. Reflectivity is the optical property describing how light
interacts with a material (Equation 2.1), influenced by factors such as
refractive index and surface roughness.

Transmission Reflection Absorption Refraction Emission
Incident Light Reflected Light

) I

:
v Y
Scattering \

P 9
+ \

Figure 2.1 Main interactions between light and matter.

Equation 2.1: Reflectance of light R, where I, and I are the intensities of the incident
light and reflected light respectively.

R= &
Iy
Equation 2.2: The intensity in the x-direction I(x), incident light intensity I, extinction

coefficient k, vacuum wavelength 4,, absorption coefficient @, and the penetration

depth relationships l.
a

_Amkx 4k 1 AO
= A = — ="
[G)=loe %, a=2= o=k

Absorption and penetration depth (Equation 2.2) depend on the

wavelength of incident light 4, and material properties. Different



materials exhibit absorption peaks at specific wavelengths, as shown
by Liu et al.3, which can influence the efficiency and outcome of laser
processing. This highlights the significance of selecting the optimal
laser wavelength for the intended target material in laser material

processing.

Equation 2.3 Laser fluence, F [J/cm?], where E is the energy of the pulse [J], 4 is the
area over which the energy is distributed [cm?], I [W/cm?] is the peak intensity, and t
is the pulse duration [s], typically at full-width half-maximum.

As laser parameters are adjusted to optimize interactions, the absorbed
energy directly influences the material’s response. Once energy is
deposited, the material’s absorption coefficient and reflectivity play
crucial roles in determining how effectively laser energy is converted
to heat, and to driving processes such as melting, vaporization, or
ablation’%. Laser fluence is defined in Equation 2.3. Heat distribution
depends on substrate properties, with thermally conductive substrates
dissipating thermal energy, while thermally insulating substrates

retain it, concentrating heat in localized areas'*®.

In metals, rapid localized heating reduces their reflectivity as
temperatures rise®, accelerating melting and enhancing energy
deposition. Upon melting, optical properties such as reflectance and
absorption can change significantly. For example, copper’s reflectivity
decreases while silicon’s reflectivity increases®, whilst still being
wavelength-dependent. Additionally laser-induced plasma formation
in steel sharply reduces reflectivity due to strong absorption by the
plasma, which improves processing efficiency for reflective materials

like metals under infrared and visible light laser radiation®.
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Figure 2.2 Comparison of continuous wave lasers versus pulsed lasers, where T refers
to the time between the start of consecutive pulses, and 7 refers to the duration of a
pulse. The approximate magnitude of electron-phonon relaxation time, in this case for
metals, is compared to the fs-scale and ps-scale for reference.

These changes in reflectivity and energy absorption depend on the
mode of energy delivery in laser processing. In particular, the
distinction between CW and pulsed lasers plays a crucial role (Figure
2.2). CW lasers provide constant energy over time, maintaining a
steady beam intensity, as described by Equation 2.4. In contrast, pulsed
lasers deliver energy in short bursts, enabling higher peak intensities,

as shown in Equation 2.4.

Equation 2.4 Laser light intensity for CW and pulsed lasers, I [W/cm?], where P is the
power of the laser [W], and A is the area over which the energy is distributed [cm?],
and P(t) is the instantaneous power at time t.

_ P _ P
I= 1 cwy, I(t) = T(Pulsed)
Energy deposition in pulsed lasers is influenced by pulse energy, pulse
duration, and the material’s electron-phonon relaxation time 7.,
which represents how quickly energy is transferred from the excited

electrons to the lattice (phonons) in a material. Shorter pulses, such as



those from fs-lasers, result in non-thermal effects, such as multiphoton
absorption and Coulomb explosions, because energy deposition

occurs faster than it can be dissipated through thermal conduction.

Equation 2.5 The rate of multi-photon ionization W, where ¢(®) is the multiphoton
ionization cross-section, I is the laser intensity, and k is the number of photons
involved?”.

W = O-(R) Ik

In the case of multiphoton ionization, where multiple photons are
absorbed simultaneously, ionization rates follow Equation 2.5.
Meanwhile, Coulomb forces drive material ejection (Equation 2.6) due
to the rapid increase in charge density, minimising heat-affected

zones3s,

Equation 2.6 Coulomb’s law, where F is the electrostatic repulsive force between ions,
where Z is the charge number of the ions, e is the elementary charge, ¢, is the vacuum
permittivity, and r is the inter-ionic distance.

Z2%e?

AT

In contrast, nanosecond lasers, which have longer pulse durations,
induce thermal effects such as melting and vaporization (Equation 2.7,

Equation 2.8), resulting in larger heat-affected zones.

Equation 2.7: Energy required for vaporization @, where m is the mass, c, is the
specific heat capacity, AT is the temperature rise, and L, is the latent heat of
vaporization.

Q = mc,AT +mL,

Equation 2.8: Vaporization laser fluence threshold F,, where Qs is the energy
absorbed, and A is the irradiated area.

_ Qabs

E, "

10



Plasma formation may occur at high fluence, affecting laser-material

interaction based on electron density (Equation 2.9).

Equation 2.9: The plasma frequency w,, where N, is the electron density, e is the
elementary charge, ¢, is the vacuum permittivity, and m, is the electron mass.

N.e?

EoMe

When electron density exceeds a critical threshold, the plasma either
reflects or absorbs laser light, depending on whether the plasma
frequency is higher or lower than that of the incident light. This can
shield the material, reducing laser interaction, or enhance material

removal via shockwaves.

The efficiency and effectiveness of laser material processing is further
dependent on interrelated laser parameters such as scanning speed,
spot size, pulse repetition rate, and pulse overlap. Dwell time
(Equation 2.10) and average power (Equation 2.11) control energy
accumulation, with pulse overlap enabling cumulating heating
(Equation 2.12)

Equation 2.10: Dwell time t,;,,.;;, Where d is the spot size, and v is the scanning speed.

d

t = —
dwell v

Equation 2.11: Average power of a pulsed laser P,
f is the repetition rate.

vg» Where E is the pulse energy, and

Pavg =E-f

11



Equation 2.12: The degree of overlap OD (in per cent), where tg,,.; is the dwell time,
and f is the pulse repetition rate.

-
[ tawen

=0,

1
for = <

f

for ? > tawen

oD

] - 100, tawell

Here, overlapping of multiple successive shorter pulses can prevent
complete cooling, pushing the material modification mechanism from
non-thermal effects, such as Coulomb explosions and multiphoton

ionization, to thermal processes in the case of using fs-pulses.

Overall, thermal (Photothermal) effects cause melting and/or
vaporization, while non-thermal (photochemical) processes involve
molecular changes without significant heating. High peak intensities
from pulsed lasers can break bonds or induce reactions at specific

fluence thresholds.

2.2 Types of laser systems

Lasers come in various types, each with unique characteristics tailored
to specific applications. A summary of key types of laser systems is
provided in Table 2.1.

Table 2.1 Types of laser systems, information acquired from35.

Laser Type

Light Source

Advantages

Disadvantages

Typical Use Cases

Fiber

Optical fibers, doped
with RE elements

Compact design, high
efficiency, excellent
beam quality

Higher initial cost, heat
management challenges

Metal cutting, welding,
medical applications,
telecommunications

Solid-state

Solid gain medium
(e.g., Nd, Ruby, Ti)

High power output,
good beam quality,
application versatility

Bulkiness for high-
power version, higher
operational cost

Laser cutting, welding,
medical applications,
microfabrication

Gas Gas medium (e.g., High power output, Large size, requires gas | Cutting, engraving,
CO,, HeNe, excimer) good for large-area replenishment, may medical (laser surgery),
processing. have lower efficiency scientific applications
than solid-state lasers
Semi- Semiconductor diodes | Cost-effective and Limited power output, Fiber optic
conductor (e.g., GaAs) compact, high reduced beam quality communication, barcode

12

efficiency

scanners, laser pointers,



2.3 Laser applications in material processing
Laser applications in material processing are extensive, offering
enhanced precision, efficiency, and versatility across manufacturing.
Macro-scale processes include cutting, welding, cladding, alloying,
drilling and brazing, while micro-scale processes include micro
texturing, scribing (referring to the production of perforation lines
which separates a large controlled amount of material via laser
ablation), and micro drilling!”®. Standard laser processes, such as
cutting, welding and drilling have reached market maturity* with
their fine focus enabling precise cuts and holes and minimalizing
material waste!s. Furthermore, lasers also offer a non-contact solution

for challenging materials, reducing mechanical stress and damage®.

Additionally, lasers play a crucial role in AM, especially in sintering.
They selectively heat powdered materials to fuse particles without
fully melting them, enabling the production of complex geometries
with minimal waste'®#!. This technique reduces post-processing and
enables the creation of lightweight, optimized structures, without the

need for incorporated support structures.

2.4 Challenges and opportunities

Laser material processing has revolutionized manufacturing and
research, offering precision, efficiency, and versatility. However,
challenges remain, particularly when scaling from laboratory setups to
industrial production. Maintaining uniformity and consistent quality,
especially with complex materials, poses difficulties, and high initial
costs hinder widespread adoption. Furthermore, not all materials
absorb laser energy efficiently, leading to unpredictable outcomes,
especially in composites. Managing thermal effects is also critical to

avoid material damage, even with advanced pulsed lasers.

13



Despite these challenges, advancements in laser technologies, such as
fiber and ultrafast lasers, hold promise for improving scalability and
reducing costs. The integration of automation and artificial intelligence
can optimize processes in real-time, ensuring consistent quality.
Innovations in thermal management, like micro-channel cooling*4,

address heat-related issues, enhancing precision.

Future development in laser processing, including applications in
energy storage?44+45, additive manufacturing!824, and
nanotechnology*?#’, will enable complex structures with high
precision. Sustainable practices, like energy-efficient systems and eco-
friendly materials, will further drive innovation in this rapidly

evolving field.

2.5 Related work

Given the broad range of scientific fields involved in the various
applications of laser-processed materials presented in this thesis, there

is an extensive body of related work.

Electrically conductive polyamide (PA) 12/graphene structures via SLS
have been previously demonstrated by Meng et al.* and Chen et al.*,
while Navik et al. reported a scalable production method for
PA6/graphene composites with enhanced electromagnetic shielding at
a maximum graphene loading of 3 wt.%*. Additionally, Rollo et al.
successfully fabricated porous 3D conductive structures using
thermoplastic polyurethane powder coated with multi-walled carbon
nanotubes and graphene nanofillers®. However, previous studies on
PA11/graphene nanoplatelets for SLS, with loadings up to 5 wt.%,
showed inadequate graphene dispersion within the matrix, limiting

improvements in thermal stability and electrical conductivity®.

14



Moreover, studies on optimizing laser parameters to enhance the

electrical conductivity of polymer-graphene composites remain scarce.

In the field of energy storage, graphite is widely utilized as an anode
material®?. Strategies to increase surface area, such as using carbon-
based nanostructures, as discussed by Roselin et al.’, employing
potassium hydroxide etching to create pore/hole structures, as
demonstrated by Kim et al.*, or applying perchloric acid with heat
treatment to increase d-spacing to form expanded graphite as shown
by Lee et al.®*, have been shown to enhance lithium-ion diffusion,
prevent structural degradation, and improve electrochemical
performance in the anode. Additionally, the use of Si, with a theoretical
specific capacity of 4200 mAh/g, has been widely reported as a possible
avenue for improving energy density in LIBs’%2. However, the
mechanical degradation of Si particles during charge-discharge
cycles®%, remains a challenge. Potential solutions, such as using Si
NPs as discussed by Feng et al.”” and incorporating Si within a graphite
matrix as demonstrated by Sehrawat et al.?!, have shown promise in
mitigating issues related to silicon’s mechanical stability. On the other
hand, the synthesis of Si NPs is typically associated with
environmental issues and high costs, whilst Kabashin et al. has
indicated that laser pyrolysis processes have been scaled to kg/h

volumes?s.

In relation to direct laser material processing of graphite-based anode
materials, Qian et al.®® demonstrated a correlation between laser
fluence and the formation of various carbon phases, while Khosla et
al.? reported enhanced LIB capacity and performance through
nanosecond-pulsed laser annealing by controlling surface defects and
microstructure. Additionally, Alhajji et al.®® achieved improved

capacity and rate performance by synthesizing laser-induced
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graphene on various carbon sources. The production of 3D LIBs with
periodic structures via laser structuring has also been shown to
improve rate capability*4®, However, to the best of this researcher’s
knowledge, the use of laser processing to transform pm-scale graphite
and Si into a porous matrix, while simultaneously reducing particle

size, has not yet been reported.

Regarding photonics and RE-doped NPs, Du et al.”” discusses a variety
of lanthanide-activated NPs synthesized via PLAL. Focusing on
Yb:YVOs NPs , Wang et al.?"%2 successfully demonstrated the synthesis
of YVO*Eu* using ns-PLAL, obtaining ovoid-like structures in
deionized (DI) water, and spherical structures in ethanol. However,
some asymmetry around the europium ions was observed, suggesting
a loss in stoichiometry. Hybrid RE-doped optical materials, which
embed RE-doped NPs into hosts with advantageous properties like
silica, are emerging for enhanced spectroscopic performance in
photonics. Recent advancements include the successful incorporation
of YbPOs NPs in as-drawn silica fibers by Lu et al.®}, maintaining their
crystal structure and offering promise for similar materials, such as
Yb:YVOu. To date, the synthesis of Yb:YVO4 NPs via laser ablation in
liquid is unexplored, especially using fs-laser ablation, as is the
challenge of achieving Yb:YVO4NPs with stoichiometry matching that

of bulk material.
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3 Experimental

This chapter outlines the laser systems utilized, as well as the

characterization methods employed throughout this research.

3.1 Laser setups

The CW laser setup (Figure 3.1) consists of a 1064 nm CW fiber laser,
connected to a galvanostatic SCANLAB mirror scanner (placed on a y-
axis mount within acrylic housing with a ventilation system),
producing a spot size of 60 um. The scanner is connected to a control
box, utilising the E1701D modular XY2/100 scanner controller, and
controlled via laser marking software (BeamConstruct, HALaser

Systems.

Figure 3.1 Photo of CW laser setup. Figure 3.2 Photo of fs-laser setup.

The fs-laser system (Figure 3.2) consists of a 1030 nm femtosecond laser
(NKT Photonics, ORIGAMI XP10 free-space, 350 fs pulse duration)
coupled to a SCANLAB mirror scanner (placed on a y-axis mount
within acrylic housing with a ventilation system) producing a spot size
of 40 um, and controlled by EZCAD2 laser marking software. A

thorLABS motorized lab jack with y-translation is utilized, allowing
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for simple system height adjustments without adjusting the entire

mirror-lens setup.

3.2 Characterization methods

The characterization methods employed across all projects include
SEM imaging to analyse surface morphology and microstructure,
offering insights into the material’s properties after laser processing.
Elemental analysis through EDS was also performed to assess the
distribution and composition of elements within the samples. Dynamic
light scattering (DLS) and zeta potential measurements were used in
production of Yb:YVOs NPs to evaluate colloidal size distribution and
stability, ensuring that the particles remained well-dispersed in
solution, while Raman spectroscopy verified the structural integrity of
the NPs by comparing their spectra to the bulk Yb:YVOs crystal. For
the polymer-graphene composites, 2-point resistance measurements

were conducted to determine sheet resistance.

In the laser-processed nano-graphite/Si anode materials, standard
CR2032 coin cells were assembled using the anode material and
lithium metal as the counter electrode. Cyclic voltammetry was
conducted to evaluate redox reactions and capacitance variations.
Electrochemical impedance spectroscopy was used to assess ion
diffusion and charge transfer resistance, while galvanostatic charge-
discharge testing was performed to measure specific capacity and
cyclability. X-ray diffraction spectroscopy was also utilized to examine
changes in the d-spacing of the graphite lattice following laser

processing.
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4 Selective laser sintering of polymer-
graphene composites

The demand for electrically conductive plastics has grown due to the
need for electromagnetic compatibility, particularly in electric vehicles
(EV), where shielding from electromagnetic interference is crucial.
Conductive polymers combine the flexibility of plastics with electrical
conductivity, enabling applications such as flexible electronics, sensors,

and conductive enclosures.

Additive manufacturing (AM), especially powder bed fusion, supports
the production of high-resolution, complex parts while minimizing
material waste. SLS, a key subset of powder bed fusion, uses lasers to
fuse polymer powders layer by layer, producing detailed 3D objects

without molds.

This research aims to leverage SLS to produce electrically conductive
polymer composites by integrating graphene into a polymer matrix.
Graphene’s excellent electrical conductivity, mechanical strength, and
potential for renewable production, make it a promising additive.
Polyamide 11 (PA11), a commonly used polymer in SLS, was chosen

as the base material for this investigation.

The following sections will explore the SLS process, the characteristics
of PA1l, and the optimal parameters for producing conductive
polymer-graphene composites, focusing on how the sintering process

affects the material’s structure and electrical properties.

4.1 Selective laser sintering

SLS is an AM technique using a laser to sinter powdered materials,

creating solid structures layer by layer'®4.. Powder is spread on a
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platform, and a laser selectively heats areas just below the melting
point, fusing particles. After each layer solidifies, a fresh powder layer
is added, repeating the process. SLS stands out among AM methods
for its capability to process a range of materials, including polymers,
metals, and ceramics, without requiring support structures'®44. This
versatility is due to the surrounding unsintered powder that stabilizes
each layer as it builds. Compared to other AM methods like
stereolithography, which only works with photopolymers and offers
very high resolution, and fused deposition modelling, known for low-
cost, multi-material printing but anisotropic properties, SLS produces

parts with high strength and chemical resistance’®.

Polyamide 11 (PA11) is widely used in SLS due to its durability,
flexibility, and resistance to various chemicals®. As a bio-based
material derived from castor 0il®>*’, it offers a more sustainable option
compared to petroleum-based alternatives like PA12¢%. Furthermore,
PA1l is a semi-crystalline thermoplastic with good flowability and
favourable sintering behaviour, which results in devices with good

mechanical properties®.

4.2 Conductive polymers and selective laser
sintering

Conductive polymers are increasingly important in industries like
electronics and aerospace for their lightweight, electrically conductive
properties*4670 SLS allows the incorporation of conductive fillers, such
as graphene, into polymers, creating composites that combine
electrical conductivity with mechanical strength#7'72, Achieving the
percolation threshold, the minimum filler concentration required to

form a conductive network?, is a key challenge. SLS requires precise
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control over laser and material parameters for optimizing filler

distribution and enhancing material performance* 7274,

Graphene, a single layer of carbon atoms with exceptional electrical,
mechanical, and thermal properties, stands out as a superior
conductive filler’>”. For graphene-based composites, the percolation
threshold has been demonstrated to be as low as 0.2% by weight, for
electrically conductive parts, by Meng et al.%, with conductivity
further rising with increase conductive filler content”. Additionally,
graphene reinforces mechanical properties such as tensile strength and
flexibility*#%, making it a versatile option for applications that demand
durability and electrical performance. Moreover, graphene’s potential
for being sourced from renewable materials adds an environmental

benefit”7.7.

4.3 Fabrication of conductive polymers via
selective laser sintering

The choice of laser for SLS depends on the target material’s
absorptivity, which varies across materials”. The 1064 nm CW fiber
laser is particularly suitable for polymer-graphene composites,
interacting efficiently with both PA11 and graphene®, as well as being
a typical wavelength utilized in desktop SLS printers®'. Additionally,
the CW laser’s continuous energy delivery ensures even thermal
distribution, lowering defects with reduced thermal gradients® and
improving interparticle bonding, essential for electrical conductivity.
Graphene’s high thermal conductivity® further aids in efficient heat
transfer, promoting effective melting and bonding of PA11 particles.
In contrast, pulsed lasers induce rapid heating and cooling, creating

localized hot spots and enhancing directional texturing®.
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4.4 Laser parameter selection and
optimization

The research on SLS of PA-graphene composites was conducted with
a focus on optimizing laser parameters and their effect on material
structure and resulting electrical conductivity. Initial testing consisted
of producing in-house powder mixtures of various forms of graphene
with PA11 powder and performing oven melt mixing in the
temperature range of 200-270 °C for up to 10 minutes. The forms of
graphene utilized consisted of graphene powder (GP5, 2dFab), edge-
oxidized graphene (Sigma Aldrich), and graphene oxide (2dFab).
Loadings of 1-5% by weight were utilized for each sample. However,
all samples exhibited resistance values exceeding the measurement
range of the multimeter (overload), indicating that a conductive
network did not form under oven processing conditions, possibly due

to agglomeration and localization of graphene flakes.

Graphene-based coatings with a loading of 0.5% and a wet thickness
of 200 um were applied to photopaper using a 4-sided film applicator.
The coatings varied in number of layers, using edge-oxidized
graphene and graphene oxide samples with and without the use of TX-
100 surfactant as binder. However, difficulties surrounding the laser
processing of edge-oxidized graphene samples resulted in very limited,
in-conclusive, resistance measurements and will therefore not be
considered. Graphene-oxide coatings were produced with 9 (GO9) and
20 (GO20) layers, whilst graphene-oxide and PAIll coatings were
produced with 10 (GOPA10) layers only. Here, laser processing was
performed on each sample through a range of energy density values,
with either 1 or 2 loops. Noticeable correlations between samples are

the decrease in sheet resistance with both increasing energy density
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values, as also demonstrated in paper I, and an increase from 1 to 2

loops as seen in Figure 4.1
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Figure 4.1 Energy density vs sheet resistance values following laser processing with
1-2 loops for a) graphene oxide coating with 20 layers (GO20), b) graphene oxide
coating with 9 layers (GO9), and c) graphene oxide polyamide composite coating with
10 layers (GOPA10). Sheet resistance was calculated via 2-point resistance
measurements of a 3 mm x 3 mm area.

Furthermore, it appears that an increase in the number of layers from
GO9 to GO20 led to a stronger correlation between energy density and

sheet resistance, likely due to sample degradation with reduced
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thickness for heat distribution during laser processing. However,
within the range of energy densities utilized, it appears that both GO9
and GO20 reach a minimum resistance around 100 ()/sq regardless of
number of layers. With the addition of PA1l into the coatings, the
GOPA10 sample is noticeably able to withstand significantly higher
energy density values during laser processing. Once again, the same
correlations regarding energy density and loops are observed in the
resulting sheet resistance, however reaching a significantly decrease
plateau around 9 Q/sq. Such a difference in applicable energy densities
during laser processing may further be explained by weight

measurements of the samples, as shown in Table 4.1.

Table 4.1 Minimum sheet resistance values for graphene oxide-based coatings (GO9,
G020, and GOPA10), with their given area weight.

Sample Coating Weight Sheet Resistance
[g/m?] [Q/sq]
GO9 7 120
G020 10 100
GOPA10 72 8

PAl1l-graphene composite powder with 4% weight loading (2dFab)
was obtained for SLS, and performed in Paper I. The composite
powder was determined to consist of PA1l particles coated with
graphene flakes, with displayed variations in conductivity due to
inconsistencies in graphene coverage. Imperfection in the graphene
network likely caused these variations, with some regions showing

incomplete coverage.
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The PAll-graphene composite powder was pre-heated on a hot plate
at 170°C to reduce the required energy input for sintering, minimising
thermal damage and preserving the integrity of the composite during
laser exposure. Excessive melting, caused by high energy densities,
resulted in plasticization and deformation due to the large energy
input. In contrast, lower energy inputs led to incomplete material
fusion, as demonstrated by SEM imaging in paper I. Structural voids
were observed in insufficiently sintered regions, linked to powder
density and the flow of graphene material, highlighting the need for
fine control over laser parameters and pre-heating processes. Cross-
sectional SEM imaging in paper I further revealed insights into how
laser energy may have been distributed throughout the depth of the
PAll-graphene composite. Sintering and melting effects were largely
confined to the top layers, where most of the energy was absorbed,
while the lower layers remained partially fused, indicating that
achieving uniform heat distribution across the entire material depth

remains a challenge.

Conductivity was indirectly determined via 2-point resistance
measurements of the resulting PAll-graphene solid structure. The
sheet resistance was found to be closely linked to the degree of
sintering and plasticization of the formed structure. Increasing
plasticization correlated with higher sheet resistance, with overloaded
resistance values recorded in fully plasticized structures. On the other
hand, optimized energy density paired with appropriate scanning
speeds, as demonstrated in paper I, led to improved sintering,
reducing resistance and resulting in a more conductive structure with
resistance values ranging from 1-8 kQ)/sq. Paper I further explores the
relationship between laser light intensity [kW/cm?] and scanning

speed [mm/s] on sheet resistance, showing that energy density alone is
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insufficient to fully estimate sheet resistance due to the complex laser-
material interactions in SLS. Key factors such as laser intensity,
scanning speed, interline distance, and spot size therefore play a
critical role in ensuring unform energy delivery and heat distribution,

and determining the quality of the sintering process.
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5 Laser processing of graphite-based
anodes

5.1 Lithium-ion batteries

LIBs function through the movement of Li-ions between the anode and
cathode during charge and discharge cycles. These electrodes are
separated by a liquid electrolyte, which facilitates ion movement, and
a separator that prevents direct contact between the anode and cathode,
protecting against short-circuits in the case of electrolyte evaporation.
Anode materials are typically tested in a half-cell format, utilizing
lithium foil as the counter electrode, whereby Figure 5.1 indicates the

assembly order for coin cells used in this work.
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Figure 5.1 Coin cell assembly for graphite-based anode materials, in a half-cell
format.

5.2 Graphite anodes

Graphite is the most widely used anode material in LIBs due to its high
theoretical capacity of 372 mAh/g, low lithiation voltage (0.1 -2 V vs.
Li/Lit+), and stable performance across numerous charge cycles. These

attributes make it ideal for applications like EVs and portable
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electronics, which demand high energy density, long cycle life, and
reliable performance. Graphite also exhibits good electrical
conductivity and structural stability, ensuring efficient electron
transport and minimal volume changes during Li-ion intercalation,
while its thermal stability allows safe operation at varying
temperatures. Its abundance and low cost make it practical for large-
scale production, fulfilling the performance and economic

requirements for LIBs in these industries.

Efforts to improve graphite’s performance involve structural
modifications, such as producing periodic structures*4,
incorporating nanographite®$5, graphene®®, or carbon nanotubes®%.
These modifications increase surface area, porosity, and the number of
active sites for Li-ion intercalation, improving diffusion and
preventing structural degradation. This enhances cycling stability and
specific capacity, which is critical for high-demand applications like
EVs.

While Si offers much higher theoretical capacity (up to 4200 mAh/g),
its significant volume changes during cycling lead to mechanical
degradation. To mitigate these issues, the use of nano-Si is being
explored®?®, which exhibits reduced mechanical stress due to its
smaller size, enabling improved structural integrity during cycling.
Furthermore, the challenge of silicon’s low conductivity can be
addressed by integrating conductive additives, such as active carbon

or carbon black, to enhance electron transport®2*.

A promising approach involves embedding nano-Si within a graphene
or nano-graphite matrix®'. The conductive properties of graphene or
graphite not only improve overall conductivity but also provide

mechanical support, helping to accommodate silicon’s volume
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expansion during cycling. This synergistic composite approach
leverages the high capacity of Si while maintaining structural integrity
and enhancing charge transfer capabilities. Furthermore, exploring
low-cost approaches, such as utilizing micro-sized Si and nanographite,
followed by cost-effective processing methods for size reduction, can
significantly improve performance while keeping manufacturing
expenses low, which is required for large-scale adoption. Ongoing
research focuses on refining these strategies to maximize the specific
capacity of graphite-based anodes while effectively addressing the

challenges associated with Si integration.

5.3 Electrode material refinement

A 1064 nm CW laser was used as a heat source for processing low-cost
graphite-based anodes, including NG and a NGSi composite. This
wavelength is well-suited for both graphite®® and Si’! due to their
absorption properties. While silicon’s higher transmittance in the near-
infrared can limit laser absorption, graphite’s high thermal
conductivity assists in the distribution of thermal energy for

homogeneous laser processing of the material.

Laser processing induces localized heating, leading to the vaporization
of graphite and Si particles upon reaching their respective vaporization
thresholds, reducing them to the nanoscale and increasing material
porosity. This porosity is critical for improving Li-ion intercalation by
providing more active sites for lithium storage and enhancing ion
transport. Additionally, forming a graphite-Si matrix structure
enhances mechanical stability and overall anode performance. Unlike
high-temperature ovens typically used for NP production, laser

processing offers precise control over temperature and processing
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conditions, optimizing structural properties and electrochemical

performance of the anodes.

54 Optlmlzatlon of Iaser parameters

Non Processed

Figure 5.2 Effect of laser light intensity on NGSi electrodes (controlled variables: 50
mm/s, 5 loops).

The research conducted on the laser processing of low-cost graphite-
based anodes, specifically NG and NGSi composites, revealed the
significant impact of various laser parameters on their structural and
electrochemical properties. Key observations highlighted the
importance of laser light intensity, scanning speed, interline distance,
and processing atmosphere in achieving the desired particle size
reduction to the nanoscale. Higher laser light intensity enhanced

material removal and promoted structural modifications (Figure 5.2),
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while slower speeds facilitated increased energy absorption, porosity,

and Si distribution in the resulting structure as discussed in paper IL
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Figure 5.3 EDS of NGSi following laser processing in nitrogen atmosphere at a laser
light intensity of 145 kW/cm? with scanning speeds ranging from 0 mm/s (non-
processed) to 320 mm/s. Shown are the atomic percentages of carbon (C), oxygen
(O), and silicon (Si), with the blue line and axis representing the representative ratio of
O/Si.

However, optimizing laser parameters based on final material
morphology and porosity also resulted in decreased silicon-to-oxygen
ratios, as shown in Figure 5.3. Here, it is evident that the applied laser
parameters of 145 kW/cm? at 20 mm/s for a single repetition, in paper
II, resulted in increased O/Si ratios compared to higher scanning
speeds, whilst continuing to maintain a lower O/Si ratio compared to
non-processed and 10 mm/s. On the other hand, Si content was
maximized alongside the advantages previously discussed when

applying these laser parameters. Additionally, the interline distance
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was determined in relation to the laser spot size, contributing to

homogeneous processing and maintaining structural integrity.

The atmosphere during laser processing also influenced the properties
of the graphite-based anodes. Processing under ambient conditions
introduced oxidation reactions that reduced carbon content and
affected Si oxide formation, as shown by increased O/Si ratios in Figure

5.4 with increased laser energy deposition.
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Figure 5.4 Effect of laser processing on O/Si atomic weight percentage (at%) ratio
(obtained via EDS) in ambient atmosphere. The top-left value represents the non-
processed material. 100 mg and 200 mg refers to the amount of silicon included in
each coating slurry respectively.

In contrast, using an inert atmosphere, such as nitrogen, minimized
these reactions and maintained the crucial balance between Si, oxygen,

and carbon observed in paper IL
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Size reductions to the nanoscale, as well as significantly increased
porosity, were observed in both graphite-based anodes following laser
processing. Structural changes observed in the NG anodes included
increased surface defects, with nanoscale size reduction, and a
transition to a more amorphous state, as verified by essentially
identical X-ray diffraction spectra for the bulk material (Figure 5.5) and
identification of the porous surface layer as amorphous carbon via
Raman spectroscopy in paper IV. These structural transformations
significantly contributed to the enhanced porosity. In the NGSi anodes,
laser processing also achieved nanoscale size reduction alongside a
more uniform distribution of Si within the graphene matrix, shown in

paper IL
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Figure 5.5 X-ray diffraction spectra of laser-processed and non-processed NG
electrodes.

The performance of the resulting batteries demonstrated significant
improvements, with the laser-processed NG anodes exhibiting

enhanced charge/discharge rates and overall capacity retention
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compared to unprocessed materials in paper IV. The NGSi anodes
further benefited from the synergistic effects of both materials,
resulting in improved reaction kinetics and the inclusion of additional
Si features compared to their non-processed counterparts, determined

in paper II

The principles of laser theory shed light on the observed results. High-
energy laser light generates localized heating, producing high
temperatures that caused bond-breaking and structural disorder
within the graphite. This localized energy induced a transition from
crystalline graphite to a more amorphous structure via vaporization of
carbon, enhancing porosity, increasing Li-ion intercalation sites, and
promoting faster ion transport for NG in paper IV. In the case of the
NGSi anodes in paper II, the localized heating led to vaporization and

subsequent redistribution of Si NPs across the composite matrix.
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6 Synthesis of rare earth-doped
nanoparticles via laser

6.1 Pulsed laser ablation in liquid

PLAL offers a promising route for synthesizing nanomaterials,
allowing for precise control over size and morphology, often resulting
in high-purity NPs!*2. This process involves the use of high-power
lasers to ablate bulk material within a liquid medium, breaking it down
into NPs. NP formation relies on both the physical disintegration of the
bulk material and the chemical interactions between the ablated

species and the surrounding liquid.

Laser Pulse
Energy

Spot size
Duration
Repetition rate
Number of pulses

Solvent

Solutes
Synthesised Particles

System
Temperature —
and Pressure

Bulk Material

Figure 6.1 The main experimental parameters of PLAL: laser, bulk, and solvent
parameters.

The mechanism begins with a laser pulse penetrating the liquid and

being absorbed by the bulk material, triggering the material’s ejection
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via ablation. The resulting plasma plume, rich in ionized species,
expands and cools rapidly within the liquid. As the plasma dissipates,
the energy released from the plasma to the liquid initiates the
formation of a cavitation bubble, which undergoes expansion and
subsequent collapse, emitting a shockwave. This shockwave helps
finalize the NP size and morphology by breaking larger fragments into
smaller NPs. At this stage, if the NP dispersion is not stable,
agglomeration may occur, and surface oxidation is possible based on

the NP composition and liquid environment.

Laser parameters, such as pulse duration, fluence, and wavelength,
play a pivotal role in determining the properties of the ablation process.
Shorter pulses, such as fs-pulses, primarily cause non-thermal effects*,
resulting in fragmentation of the target material®?. In contrast, ns-
pulses lead to thermal effects, producing melted droplets, which are
ejected from the target and can undergo further vaporization®>. Higher
laser fluences generally increase overall productivity®® but can also
lead to larger particle sizes with a broader size distribution®>**. The
wavelength must be carefully selected to match the absorption

characteristics of the material, ensuring efficient energy transfer®.

The choice of solvent is equally crucial, as it significantly affects the NP
size and structure. Solvent properties, such as viscosity®, density*, and
surface tension®, influence the dynamics of the cavitation bubble and
the confinement of the plasma plume. Increased viscosity and density
enhance the confinement, improving ablation efficiency®. Moreover,
solutes or surfactants added to the solution can cap the NP size by
adsorbing onto the particle surface, preventing further growth and
reducing agglomeration®>. These solutes may also chemically interact
with the ablated material, forming compounds that differ from the

bulk material.
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Lastly the bulk material itself influences the NP formation. The
ablation threshold, thermal conductivity, and optical absorption
characteristics of the target material dictate how efficiently it can be
ablated. Materials with high absorption at the laser wavelength and
lower thermal conductivity typically produce finer NPs, as they
facilitate rapid heating and localized melting, rather than extensive

thermal diffusion®.

6.2 Selection of target material for pulsed
laser ablation in liquid

Yb:YVOus is a widely used crystalline material in solid-state lasers and
various applications due to its efficient optical properties and robust
performance!®. It effectively incorporates Yb* ions, which have a
simple two-level energy structure!'”, allowing for more efficient laser
operation with minimal heat generation and higher power output due
to their low quantum defect'® Yb:YVOs exhibits high absorption
efficiency around 985 nm, and could have promising applications for

efficient diode-pumped solid-state lasers'®.

The YVOus host crystal is notable for its excellent thermal conductivity,
mechanical strength, and high optical damage threshold, ensuring
stability in high-power laser systems'®. Additionally, Yb:YVOs is
transparent in both the visible and near-infrared regions, further

enhancing its utility in laser applications.

6.3 Choice of laser system

There are many factors which contribute to the laser system selected.
Notably, there is a lack of research surrounding ultrafast PLAL of RE-
doped bulk materials. Furthermore, previous articles which
synthesized Yb:YVOs NPs via ns-PLAL in both ethanol and water
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indicated stoichiometries which were unlike the bulk target
material®%2. Additionally, Yb:YVOs is a near-transparent crystal with
a specific absorption peak around 980 nm. By utilising a fs-laser system,
the low absorption values of Yb:YVO4 become less important due to
multi-photon absorption due to the laser light intensity exceeding
108 [W/cm?]%, allowing for efficient ablation, also dependent on solvent
choice. In this case, two liquids were investigated: DI water and 5%

ammonia solution.

6.4 Synthesis of Yb:YVO4 nanoparticles

In this research on fs-PLAL of Yb:YVOs crystals, laser parameters
played a fundamental role in shaping the morphology and
characteristics of NPs. The intensity of the fs-pulses, pulse energy,
repetition rate, focal point, and ablation time all had significant effects

on the ablation process.

3

—e— 4mm DI Water
-=-3¢=-- 8mm DI Water

N
(2}
1
\
3¢
7%

—e— 4mm Ammonia Solution Pt
-->-- 8mm Ammonia Solution

N

Focal Shift [mm]
= 14

e
o

10 15 20 25 30 35 40
Pulse Energy

Figure 6.2 Focal shift in relation to applied pulse energy, whereby the pulse energy of
10 uJ was used as the reference point.
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Higher pulse energies, although enhancing material removal, also led
to non-linear effects such as self-focusing, which shifted the focal point
upward, as shown in Figure 6.2, disrupting the laser-crystal interaction.
This affected the consistency of the ablation depth, making it
challenging to achieve a uniform ablation profile. Furthermore, it was
observed that increased distances between the crystal and water
surface further enhanced such non-linear effects, resulting in increased

focal shift, relative to reduced distances.
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Figure 6.3 DLS size intensity distribution (with inset showing DLS autocorrelation
functions) showing the influence of pulse repetition rate on synthesized NP size via fs-
PLAL in a) DI water, and b) ammonia solution.

Laser pulse repetition rates were observed to influence the NP size
distribution, as discussed in paper III, and further indicated in Figure
6.3. In water, DLS analysis indicated increased productivity with

increased repetition rates. In contrast, the overall productivity of PLAL
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within ammonia solution remained rather constant within the range of
0.1 - 10 kHz, with lower repetition rates presenting with reduced size
distribution. As presented in paper III, higher repetition rates, with an
increased number of pulses, led to interactions with the already
ablated material in defocused lower-fluence regions, causing laser
melting in liquid (LML). This melting led to the coalescence of smaller
particles into larger agglomerates, hindering the formation of well-
defined NPs. Conversely, lower repetition rates allowed for a more
controlled interaction, minimizing LML and helping retain smaller

particle sizes.
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Figure 6.4 DLS volume distribution (with inset showing DLS autocorrelation functions)
of nanoparticles synthesized via fs-PLAL in varying concentration of sodium hydroxide
solution for 30 s and 600 s respectively.

This is further evident when exploring the influence of ablation time
using sodium hydroxide solution, as shown in Figure 6.4. Here, it is
clear that increased ablation time, or number of pulses, resulted in a
significant shift towards larger size volume distributions regardless of
concentration. However, larger concentrations likely assisted in

increased colloidal, resulting in a decreased effect of size distribution
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increase in proportion with number of laser pulses, as evident by the
reduced volume distribution for the secondary and tertiary peaks in
the 600 s samples. The influence on solvent, and repetition rate, was
further discussed in paper IIl. Here, it was demonstrated that the
reduced ionic strength of DI water resulted in ovoid-like NPs, due to
limited colloidal stability, which agglomerated and formed larger
structures at higher repetition rates via LML. In contrast, the improved
electrostatic repulsion between particles in ammonia solution
prevented agglomeration, producing more uniform and spherical NPs
at 1 kHz repetition rate. However, an increase in repetition rate to
100 kHz resulted in a large size distribution of agglomerated structures
with numerous aspects of LML, shown in Figure 6.5. EDS data is
lacking for these structures, therefore there are no conclusions
regarding maintenance of stoichiometry for these parameters.
Although, the preservation of Yb:YVOs NP stoichiometry can be

confirmed utilising the parameters discussed in paper III.

100 kHz . =

Figure 6.5 SEM imaging of typical Yb:YVO4 spherical NPs synthesized via fs-PLAL in
ammonia solution operating at 10 kHz and 100 kHz, with a view field of 1 ym.

Here, the interaction between the fs-laser and the material resulted in
mechanisms such as Coulomb explosion and multiphoton ionization.

These mechanisms led to rapid ionization of the material and efficient
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fragmentation of the crystal surface, ultimately allowing for the
synthesis of NPs that retained the bulk crystal’s stoichiometry (Figure
6.6), which were observed in paper III. This precise energy deposition,
unique to fs-lasers, avoided the excessive thermal effects commonly
seen in longer-pulsed lasers, such as ns-lasers, which often cause

vaporization and loss of stoichiometric integrity.
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Figure 6.6 EDS of Yb:YVOa4 NP's typically formed via fs-PLAL in DI water.
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7 Conclusion and future work

7.1 Conclusion

Investigations into laser-assisted processing yielded critical insights
into enhancing material properties across various applications. In
polymer-graphene composites, laser parameters like energy density
and degree of sintering significantly influence the electrical
conductivity and mechanical properties. By optimizing these
parameters, the resistance of the composite was minimized,
demonstrating laser processing’s effectiveness in tailoring conductive

pathways and mechanical strength.

Regarding ultrashort pulses used in synthesizing RE-doped NPs, it
was found that environmental factors and laser parameters are crucial
in determining their final properties. Despite variations in particle
shape and size, the stoichiometry of the NPs remained aligned with
that of the bulk material. This highlights the precision of ultrashort
laser pulses in maintaining desired chemical compositions while
engineering specific nanostructures, which are essential for

applications requiring strict stoichiometric adherence.

For graphite-based anodes, laser processing significantly enhanced
both the structural and electrochemical properties of NG and NGSi
composites. Key laser parameters like intensity, scanning speed,
interline distance, and processing atmosphere played a crucial role in
preventing oxide formation, achieving nanoscale size reduction,
increased porosity, and promoting more surface defects and Li-ion
intercalation sites. NG anodes showed significant improvements in

fast-charging capabilities and specific capacities, while NGSi anodes
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demonstrated improved reaction kinetics and structural integrity in
cyclic voltammetry testing. However, further characterization

regarding battery performance data is lacking, requiring further work.

These findings show the versatility of laser-assisted processing in
enhancing the structural, electrical, and mechanical properties of
diverse materials, paving the way for high-performance applications

across various industries.

7.2 Social and ethical considerations

The use of lasers in material processing has both environmental and
ethical implications. On the positive side, lasers offer precision and
efficiency, potentially reducing material waste and energy
consumption compared to traditional methods. This efficiency
minimizes excessive material removal and enables targeted energy use,
lowering overall resource consumption. However, the high energy
demands for laser operations and the production of laser systems can
contribute to greenhouse gas emissions, and by-products such as
fumes and particulate matter which may pose health and
environmental risks if not managed properly. Consequently,
advancements in laser technology should focus on enhancing energy
efficiency and incorporating sustainable materials, alongside proper

recycling protocols to minimize environmental impact.

Ethical considerations also arise with the advancement of laser
technology. Increased automation raises concerns about job
displacement, necessitating strategies for worker retraining.
Additionally, the energy consumption and waste generated by high-
powered lasers must be managed responsibly to avoid exacerbating
environmental degradation. Access to advanced laser technologies

may be uneven, potentially widening inequalities between well-
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funded organizations and those with limited resources. Finally, the
potential misuse of lasers in harmful applications, such as weaponry,
highlights the need for responsible development focused on societal

benefits.

The societal impact of advancing laser technology in material
processing is significant. The precision of lasers can revolutionize
manufacturing, leading to high-quality, complex components and
lower production costs, ultimately improving quality of life. In
healthcare, lasers enhance diagnostics and therapies, resulting in less
invasive treatment options and improved patient outcomes. However,
while automation may displace some manual labour positions, it also
creates opportunities for skilled roles in technology development and
maintenance, necessitating adaptive education and training programs.
Balancing these advances with consideration for workforce impact,
economic equity, and access to technology is crucial to ensure that the

benefits of laser material processing are widely shared.

7.3 Future work

There are several promising avenues for further research based on the
findings in this thesis. A primary area for expansion involves laser
parameter optimization of electrically conductive polymer-graphene
composites, specifically within SLS applications. Due to limitations in
experimental scope, laser processing has been conducted without
access to an industrial SLS machine, using a single 1064nm CW laser-
source, with alternative techniques such as coatings and direct laser
processing on heated powder samples. Future experiments using an
industrial SLS machine would enable precise control over critical
environmental factors, such as ambient temperature stability, roller

pressure consistency, and uniform powder layer depth, providing a
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foundation for parameter optimization. Furthermore, the use of
alternate laser sources, such as a CO2 laser, would further enhance the
level of optimization to be applied across various laser system for SLS
applications. In addition to enabling standard sample production (e.g.,
ISO dog-bone specimens) for enhanced mechanical characterization,
such as Young’s modulus testing. Furthermore, additional work could
explore alternative NP composites, such as carbon nanotubes or metal
oxides, to assess their impact on conductivity and mechanical
properties under SLS conditions with optimized laser parameters.
Additionally, expanding into wear resistance and fatigue testing could
provide insights into the long-term stability of these composites,
particularly for applications in electronics, aerospace, or medical

devices, where durability and conductive properties are critical.

Future research on the laser processing of graphite-based anodes offers
substantial potential. Initially, it's evident that laser processing
performed within this study presented with a limited depth effect,
whereby optimizations are required to process the entire electrode
depth. Additional wavelengths should be studied in relation to
absorption depth and processing depth, tied to varied coating
thickness and possibly incorporating multiple layers post-processing
to maximize porous material structure. Moreover, utilizing periodic
hole/line structures via fs-laser ablation in addition to current laser
processing techniques may prove advantageous in improving rate
capability during galvanostatic charge-discharge cycling. In the study
on NGSi composite anodes, performance comparisons were limited to
cyclic voltammetry testing. Future work should incorporate
galvanostatic charge-discharge testing to fully assess capacity,
coulombic efficiency, and cycling stability across a broad range of

charge/discharge rates. Additionally, post-mortem studies could also

46



reveal insights relating into lithium plating or dendrite formation,
providing a clearer picture of failure mechanisms and structural
degradation following post-cycling. This would enable a more direct
comparison between laser-processed NGSi and non-processed
samples, offering clearer insights into the practical energy storage
benefits. Expanding on material compositions could also be beneficial.
For example, exploring the effect of adding conductive binders or
other nanostructured carbon materials may further enhance
conductivity and stability under cycling conditions. Examining the
effect of these modifications on both performance and thermal stability
in different environmental conditions could be especially relevant for

high-power applications such as EVs and grid storage.

Future research on RE-doped NP synthesis through PLAL presents
numerous opportunities for advancing production efficiency and NP
quality. Exploring different RE-doped crystals, such as Er or Nd-doped
could expand optical applications via an exploration of how
composition affects NP morphology and optical properties. Using
additional laser wavelengths in PLAL could offer valuable insights
into wavelength-specific effects on NP size, shape, and productivity,
helping identify the optimal conditions for targeted NP characteristics.
Additionally, examining multi-beam laser setups may further enhance
ablation productivity. Implementing a flow-cell setup with polygon
scanners would enable high repetition rates without pulse overlap and
LML effects, facilitating large-scale production. The inclusion of varied
solvents and surfactants could further enhance colloidal stability,
minimizing aggregation and improving NP distribution. Embedding
synthesized NPs in hybrid RE-doped silica fibers could combine
unique optical properties with silica’s mechanical stability, advancing

applications in fiber lasers and other photonic devices.
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While the presented works showcase the technical potential of laser
processing for NP synthesis and material optimization, the economic
feasibility of this approach remains unexplored. Assessing the cost
efficiency of laser processing, particularly in comparison to
conventional production methods, is essential for industrial
applications. Key factors to consider include energy consumption,
equipment costs, and scalability relative to production rates.
Understanding these economic dimensions will be crucial for
positioning laser processing as a competitive alternative in large-scale

manufacturing.
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