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ABSTRACT 

The demand of nanoparticles has been increasing tremendously. However, the 
traditional methods of synthesis are mostly based on wet-chemical synthesis, that 
generally need chemical precursors that may not be environment friendly. Due to 
this, new greener techniques need to be designed and tested. PLAL technique has 
been demonstrated as a promising method that can be used to synthesize 
nanoparticles from almost the entire periodic table and requires much cheaper 
precursors than chemical synthesis techniques. The nanoparticles produced can have 
clean ligand-free surfaces, due to which they are ready for functionalization and act 
as better catalysts. 

In this work, a single step method, PLA in H2O and supercritical CO2, was used 
to produce TiO2 nanoparticles and TiO2-carbon core-shell nanoparticles, by utilizing 
CO2 in the process. Pressurized CO2, in the form of gaseous, liquid, and supercritical 
CO2 was demonstrated as a promising solvent for producing well-dispersed 
agglomerate free nanoparticles and core-shell nanoparticles using PLA technique. 
With the proposed techniques, it is possible to produce stable rutile-TiO2 as 
nanoparticle suspension by PLA in H2O, while PLA in scCO2 can be used to 
produce well dispersed non-agglomerate anatase-TiO2 nanoparticles directly as a dry 
nanoparticle powder. Further, core-shell nanoparticles of anatase-TiO2 as core and 
carbon as shell can be prepared by PLA in pressurized CO2 and their size can be 
controlled by simply controlling the CO2 pressure and temperature. 
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1 INTRODUCTION 

Laser is arguably one of the most commonly used acronyms. Laser is short for light 
amplification by stimulated emission of radiation. The story of laser started when 
Albert Einstein in his 1917 work ‘Quantum theory of radiation’ laid the theoretical 
foundation of modern laser [1]. After Theodore Maiman in 1960 demonstrated the 
first operatable laser, which was a pulsed laser, his peers disparaged his invention 
saying, “A laser is a solution seeking for a problem” [2]. Today, the applications of 
pulsed lasers transcend almost all fields involving science and engineering. In the 
transportation section, Light Detection and Ranging (LIDAR) technology has made 
possible the concept of self-driving cars. The technology developed by NASA to 
meticulously adjust rockets in their final position for launch was applied for eye 
surgery several decades later. An early experiment in 1998 demonstrated the 
generation of fusion reaction using femtosecond laser at 1018 Wcm-2 [3]. 20 years 
later in 2018, ultrafast pulsed lasers made possible the demonstration of micro-scale 
nuclear fusion with record neutron generation efficiency by heating ordered 
nanowires to produce plasma [4]. Nobel prizes in Physics 2018 was awarded to three 
scientists involved with pulsed lasers research, Donna Theo Strickland, Gérard 
Mourou and Arthur Ashkin. The impact and supremacy of pulsed lasers took these 
scientists to the pinnacle of recognition in sciences. In astrophysics, without pulsed 
lasers as guide stars in the state-of-the-art telescopes, the imaging of super massive 
black holes would still be a dream. Pulsed lasers have transformed the technology 
sector especially. To illustrate the point from a very pragmatic example, the Apple 
iPhone would not be possible without pulsed lasers. 

70 years after Einstein’s ‘Quantum theory of radiation’, in 1987, Ogale et al. 
discovered ‘pulsed-laser-induced reactive quenching’, now commonly known as 
‘pulsed laser ablation’ (PLA) when they shot laser pulses onto a solid target dipped 
in liquid [5,6]. Currently, PLA in liquids (PLAL) has been established as a well-known 
and promising technique for nanoparticle synthesis [7]. With lasers, we can achieve 
high energy density, which leads to extremely high local temperatures (~104 K) on a 
solid target upon irradiation. The intensity of sunlight that we receive on earth is 
about 0.1 W/cm2. Pulsed laser beams are one of the most intense forms of light. 
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With nanosecond lasers, the intensity of light is usually around 108 W/cm2, which is 
a billion times (109) more compared to what we perceive from sunlight. The intensity 
of light represents the number of photons in the laser beam. The wavelength (λ) of 
photons, same as the wavelength of laser used, defines the energy of each photon by 
the well-known relation E=hc/λ. The nanosecond lasers at about 108 W/cm2 might 
have high intensities but they seem to fade when compared to the recently developed 
state-of-the-art lasers with upwards of 1021 W/cm2 intensity. One of the highest 
intensity focused laser in the world ‘Hercules Petawatt laser’ at University of 
Michigan in USA can generate a laser beam of 2 x 1022 W/cm2 intensity. 

In this study, nanosecond pulsed lasers were used in PLAL in H2O as well as in 
PLA in supercritical CO2 (scCO2) for synthesis of titanium oxide nanoparticles under 
varying process conditions, in order to understand the effect of process parameters. 
Initial studies were done with PLAL technique in its traditional and simplest form 
i.e. using deionized water as the solvent, to get the know-how of the technique. Later, 
we explored possibilities for using scCO2 as a potential promising solvent for 
controlling nanoparticle phase and morphology of TixOy nanoparticles while 
utilizing CO2 in the PLA process. For this, we built our own ‘PLA in scCO2 high-
pressure system’ at Tampere University, Finland. 

In this chapter, the aim of the study is highlighted. Further, the structure of the 
thesis is explained, and the main research questions of this thesis are underlined. 

1.1 Aim of the work 

This thesis was started to test the abilities of PLA in producing nanoparticles and 
based on hypothesis that we can decompose CO2 into carbon nanostructures with 
pulsed laser. CO2 is a well-known global warming gas. If it were possible to utilize 
CO2 and convert it into carbon nanostructures such as graphene, carbon nanotubes 
(CNT), C-60 or particles with carbon coating, it could help establish a nanomaterial 
synthesizing method with carbon negative footprint. Since no molecular precursors 
are needed in PLA based synthesis, this may lead to lower reagent costs and energy 
requirement [7,8]. A reader interested in detailed economic comparison between wet 
chemical synthesis and PLA based synthesis is recommended to read the study by 
Zhang et al. [7]. 

The aim of this work was to synthesize TiO2 nanoparticles by PLA starting from 
using H2O as the medium and studying the process parameters. As the solvent plays 
an important role for the synthesis process in PLAL, there was interest to see the 
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effect of supercritical state of CO2 on ablation of titanium and on the produced 
nanoparticles while keeping the laser parameters and ablation material same as in 
PLAL in H2O. Further, there was the big question whether it is possible to 
decompose CO2 to oxidize the titanium target to titanium oxides nanomaterial or 
further add carbon to the nanostructures. For this, we varied two main solvent 
parameters, the pressure and the temperature of CO2, to observe if this affects the 
nanoparticle phase, size, and size distribution. It was scientifically very captivating to 
explore whether we can introduce carbon in/on/at the nanoparticles of titanium 
oxides by PLA in pressurized CO2. Such studies are not previously reported in 
literature to the best of our knowledge. The main themes of this study are shown in 
figure 1. 

 

 

Figure 1.  The main themes of this thesis and their order are illustrated. Here Px refers to article 
numbered x, where x is I–IV. 

1.2 Structure of the thesis 

This thesis is divided into chapters and the beginning of each chapter consists of a 
brief summary of the topics discussed in the chapter. A reader, who is curious to 
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have a quick overview of the chapters, is recommended to read the introduction to 
the respective chapters. 

The thesis starts with an introduction to the thesis in chapter 1. The chapter 2 
focuses on the motivation of thesis and state-of-the-art, why PLA in liquids and 
supercritical fluids is so interesting for nanoparticle synthesis. The analytical 
techniques and processing methods used in this study are listed in chapter 3. The 
results and discussion section is spread over chapters 4 and 5. Chapter 4 consists of 
results from PLA in H2O and is closely related to publications I and II mostly, and 
somewhat publication III. Chapter 5 consists of results from PLA in liquid, gaseous 
and supercritical CO2 and is closely associated to publications III and IV. The 
conclusions are presented in chapter 6 along with some suggestions for future work 
to advance this field. 

1.3 Scientific contribution of thesis 

This thesis, firstly, contributes to a comparative analysis of TEM and SAXS 
measurement techniques for determining the size and size distribution of PLAL (in 
H2O) produced TiO2 nanoparticles. We demonstrated SAXS as a quick, promising 
method for nanoparticle size and size distribution measurement. Further, this thesis 
contributes to synthesis of multiphase titanium oxide nanoparticles directly as well-
dispersed non-agglomerated dry nanoparticle powder by PLA scCO2.  Another 
important scientific contribution of this thesis is the comparative analysis of PLA in 
H2O and PLA in scCO2 which suggests that while major phase in water studies was 
agglomerated, stable phase rutile-TiO2, on the other hand well-dispersed non 
agglomerated nanoparticles consisting of meta-stable phase (mostly anatase-TiO2) 
are favored by PLA in scCO2, under the same laser parameters. Further, an 
important contribution of this study is the demonstration of possibilities of solvent 
control (by changing pressure and temperature of CO2) of PLA process on the size 
and phase of synthesized nanoparticles, and possibility to make core-shell 
nanoparticles by single step dry process. We first reported PLA of a reactive metal 
in scCO2 for synthesis of TiO2-carbon core-shell nanoparticles by PLA in gaseous, 
liquid and supercritical CO2. These novel contributions of this thesis are evident 
from the results and discussion in chapters 4 and 5. 
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1.4 Research questions 

Questions are generally short and easy, their answers, however, can need numerous 
thesis topics. The main research questions of the thesis were: 

1. Could we measure PLAL produced nanoparticles’ size and size 
distributions quickly without the need to do tedious TEM manual 
calculations? 

2. Could changing the solvent in PLA from H2O to scCO2 affect the 
nanoparticle phase, stability and morphology? In literature, for PLA in 
pressurized CO2, mostly non-reactive or noble metals have been used. 
How does introducing a reactive metal, such as titanium, affect the 
possibility of redox reactions between target and solvent species during 
PLA process? Could it lead to formation of numerous phases? 

3. Is it possible to decompose CO2 to form carbon nanostructures by 
pulsed laser ablation? 

A word cloud based on the four research articles, which constitute this study, 
(Figure 2) shows the key words/topics discussed in this study. 
 

 

Figure 2.  Word cloud from the text of publications PI–PIV. The larger the size of a word in the 
word cloud, the higher the number of times it is mentioned. 
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2 BACKGROUND OF NANOMATERIALS 
SYNTHESIS BY PULSED LASER ABLATION 

This chapter reviews the background of TiO2 nanoparticles, synthesis methods of 
nanoparticles and PLAL technique for nanoparticle synthesis. Further, the effects of 
PLAL process parameters are discussed based on literature. This is followed by 
discussion on concept of supercritical fluids and the latest research when PLAL is 
combined with scCO2. In the end, the research gaps are highlighted that form the 
basis of the research questions of this study. 

2.1 TiO2 nanomaterials 

TiO2 has been widely studied in the past few decades, ever since the demonstration 
of its photocatalytic activity by Fujishima and Honda in 1972 [9]. The applications 
include water purification [10], air purification [11,12], solar cells [13], batteries [14], 
TiO2 has been used as a functional material for self-cleaning and anti-fogging 
surfaces owing to its photo-induced superhydrophilic properties, and in anti-
bacterial applications [11,15]. Other applications of TiO2 include their use in 
sunscreens [16], teeth whitening solutions [17,18], and as pigments [19]. A 
classification of some common applications of TiO2 nanomaterials is shown in 
figure 3. For TiO2, the important factor in influencing the photocatalytic activity is 
the ratio of the surface charge carrier transfer rate to electron-hole recombination 
rate [20]. Another factor is the particle size. Typically, smaller size leads to larger 
specific surface area, leading to higher surface-active sites. The lower size limit to his 
rule is about 10 nm. For particle size smaller than 10 nm, according to Zhang et al, 
the catalytic activity decreases due to higher recombination rate [21]. 
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Figure 3.  Classification of some common applications of TiO2 nanomaterials. 

TiO2 occurs as three main allotropes; rutile, anatase, and brookite. It is well known 
that rutile is the most stable and common, naturally occurring form of TiO2. It is the 
most widely used titanium oxide with its use as a pigment. The band gap energy of 
rutile is about 3.0 eV. Anatase has a band-gap energy of 3.2 eV. While rutile is more 
stable than anatase on macroscopic level, nanosized anatase has a higher stability. 
The third allotrope, brookite, is difficult to produce in pure form, and is the rarest 
naturally existing form of titania. Like other allotropes, brookite is photocatalytically 
active. However, the problem with TiO2 as a photocatalyst is its high bandgap energy 
of around 3 eV between its conduction and valence band. Several attempts have 
been made to decrease the bandgap energy by doping TiO2. Briefly overviewing, the 
absorption of TiO2 in the visible range has been improved by doping with transition 
elements (V, Co, Cr, Mn, Fe, and Rh) [22], and non-metals (such as C, N) [23,24]. In 
another study, production of dopant free multiphase titanium oxide nanomaterials 
by femtosecond laser ablation was reported to cause narrowing of the band gap to 
2.39 eV [25,26]. Zuñiga-Ibarra et al. reported synthesis of black-TiO2 nanoparticles 
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with a bandgap of 1.84 eV by irradiating white-TiO2 nanoparticles using PLAL 
technique [27]. Lowering the bandgap energy of TiO2, however, is not the aim of 
this study. 

Currently, the demand of nanomaterials is soaring, however, the methods used 
for their production are not sustainable. Even the chemical industry is underlining 
the innovation of more sustainable methods of nanoparticle production [28]. The 
traditional chemical synthesis techniques involve a “precursor reaction or ligand 
exchange”[29], which usually renders the nanoparticles contaminated and introduces 
several problems such as catalytic deactivation [30], toxicity [31], and aggregation 
[32,33]. In this context, PLAL has been reported as a clean, sustainable and 
promising method for producing nanoparticles [29]. This technique complies with 
the twelve principles of green chemistry [29,34,35]. The nanoparticles produced by 
PLAL are high purity, ligand-free and ready for functionalization [35–37]. Further 
details to this technique are mentioned later in section 2.3. 

This thesis study also involves synthesis of core-shell nanoparticles, which are 
sometimes also called nanoshell particles or core@shell particles. Core-shell 
nanoparticles have gained significant interest recently due to their unique, novel 
properties that are different than their single-counterpart. With small changes in the 
size, morphology or ratio of core to shell, the properties can be customized 
according to the desired application [38]. Traditionally, the techniques used for their 
synthesis mostly include polymerization [39], and sol-gel [40] (Chemical techniques), 
or plasma-based synthesis [41,42], flame synthesis [43], or spray pyrolysis [44] 
(physical methods), or then chemical vapour deposition techniques [45]. PLAL 
technique is another physical method for production of core-shell nanoparticles [46], 
that is single step, involves little sample preparation and is an in-situ synthesis 
technique. Additionally, unlike some chemical techniques, it does not utilize 
environmentally hazardous solvents. This may mean further cost saving when 
compared to the chemical methods, since there is no need of any chemical waste 
management. 

The extensive applications of core-shell particles have been summarized in 
several review articles, such as by Kalele et al. 2009, where the use of core-shell 
nanoparticles for colorimetry and biosensing, colloidal stability, catalysis, and for 
photonic band gap materials has been described in detail [38]. Core-shell 
nanoparticles are used in the energy sector (for batteries, solar cells, and 
supercapacitors), medical biotechnology (such as for cancer treatment, and 
molecular bioimaging), and in electrocatalysis [47–49]. Since this thesis deals with 
synthesizing TiO2 nanoparticles both normal (particles made of only one material) 
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and core-shell (TiO2 core with carbon shell), it is pertinent to mention some excellent 
properties exhibited when TiO2 is combined with carbon nanostructures. 
Combination of TiO2 with graphene has been reported to form a new electronic 
platform capable of double functionality of photosensitivity and field effect in FETs 
(such as bottom gated field effect transistors) [50]. Lee et al. reported the use of 
TiO2-carbon core-shell structures as a support material increased the catalytic activity 
and stability of Pt catalyst, used in a fuel cell [51]. 

In the next section, PLA and PLAL technique will be discussed in detail and 
mechanisms of nanoparticle synthesis will be explained. 

2.2 Pulsed laser ablation (PLA) 

The ejection of material from a target upon irradiation by an intense ultrashort-
pulsed laser beam is termed as pulsed laser ablation or simply PLA [52]. The removed 
material is in the form of high-temperature high-pressure plasma. The temperature 
and pressure in this plasma plume is around 104 K and ~ 1 GPa, respectively. 
Ablation happens because the energy of the laser beam is higher than the binding 
energy between the atoms of the target material. The electrons in the target material, 
upon absorbing energy from the oncoming photons, transfer the energy to phonons 
that are lattice vibrations and cause heating of the material. This sudden intense 
heating of the target leads to expulsion of target species to form plasma containing 
ablated ionized species. This phenomenon is known as vaporization and explosive-
boiling and will be discussed later. When the surrounding medium is vacuum or a 
gas, pulsed laser ablation is a well reported method to synthesize thin coatings, and 
the process is called pulsed laser deposition (PLD). Depending on the ambient gases, 
it is possible to form both stoichiometric as well as non-stoichiometric coatings by 
PLD. When the surrounding medium is a liquid, the technique is called pulsed laser 
ablation in liquids or simply PLAL, as mentioned before. There are other plasma 
based processes for nanoparticle synthesis such as high temperature plasma 
processes like AC and DC systems, and pulsed RF systems, while low temperature 
plasma processes include microwave systems (GHz) and RF systems (MHz) [53]. 
However, in this study, we will focus on PLAL. 

Laser ablation is a simple and quick process that can effortlessly be employed to 
produce nanoparticles without any fundamental understanding of the underlying 
principles governing it. Due to this, the technique had been widely accepted in the 
industry before any breakthrough studies were made on the interaction between light 
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and matter, especially at extremely high intensities of light. In photonics, it is 
commonly known that the energy profile of the laser beam has a significant effect 
on the synthesis of quantum dots by laser interference patterning followed by 
molecular beam epitaxy (MBE) growth [54]. However, when the aim is to synthesize 
nanoparticles, the process is less sensitive to the energy profile of the beam. 

2.3 PLA in liquids (PLAL) 

2.3.1 PLAL and nanoparticle formation 

Ogale et al. discovered PLAL in 1987, when they irradiated a metallic target using a 
ruby laser (30 ns, 694 nm) to form metastable phases, for which they used the term 
‘pulsed-laser-induced reactive quenching’ [5,6]. However, it was not until 1993 when 
Nedderson et al. used the term nanoparticle for the first time for the particles formed 
by irradiating with a 1064 nm Nd:YAG laser [55]. To date, similar experimental set-
up is used to form nanoparticles by PLAL as was described in this pioneering study.  

 

Figure 4.  Basic set-up for PLAL of Titanium in deionized water. Figure from Publication I. 

For PLAL, the basic set-up, as shown in figure 4, consists of a target dipped in 
liquid, a pulsed laser, an objective lens to focus the laser and an XY scanner to scan 
the laser beam. PLAL enables synthesis of metal, metal oxide, carbon nanoparticles 
with no by-products [52,56,57]. PLAL typically does not involve any chemicals, due 
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to which it is an environment friendly process. Nanoparticle formation in PLAL 
(figure 5) can be understood in following steps:  

1. Laser pulse penetrates the liquid above the target. 
2. Laser pulse gets absorbed by the target.  
3. The ablated target material ionizes and gets detached from the target surface 

to form plasma. 
4. The laser induced plasma plume expands and quenches, giving rise to 

cavitation bubble. 
5. Cavitation bubble expands wherein the nanomaterials may nucleate and 

grow. This is followed by bubble collapse to release nanoparticles in 
surrounding liquid. 

6. Nanoparticles grow and agglomerate in the ambient liquid. [58] 
7. The nanoparticles undergo further laser processing in case of batch type 

process. [59]. 
 

 

Figure 5.  Schematic showing timeline for nanoparticle formation during PLAL. Figure adapted from 
reference [58]. 
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2.3.2 Types of nanoparticles by PLAL 

Nanoparticles of ‘library of materials’ comprising almost the whole periodic table 
can be synthesized by PLAL [58]. The elements highlighted in yellow colour in 
figure 6 indicate the elements of the compounds in the nanoparticles that have been 
demonstrated so far by PLAL [58]. In the past, there have been reports of formation 
of nanoparticles from gold [60–62], silver [55,63,64], platinum [65,66], copper [67–
71], titanium [68,72], zinc [70,73–75], aluminium [76], magnesium [70], lead [70], iron 
[6,66,70], nickel [70,77,78], palladium [79], manganese [80], tungsten [64,81,82], tin 
[83], silicon [82,84], germanium [82], and carbon [85]. With the choice of these 
targets, and different solvents such as water, ethanol, toluene, cyclohexane, 
cyclopentane, chloroform, acetone, n-hexane, or methanol, it is possible to engineer 
different compositions of nanoparticles [52]. 

 

 

Figure 6.  The elements highlighted in yellow colour in the Periodic table specify the key elements of 
the compounds synthesized by pulsed laser ablation in liquids Adapted from reference 
[58]. 

Further, there are several morphologies of nanoparticles reported using PLAL 
technique. The simplest morphology formed is the crystalline sphere. During laser 
processing, reactive, soluble or supersaturated seed concentrations may produce 
non-spherical nanomaterials by undergoing ripening [29]. This then leads to 
morphologies such as flower-like [86,87], fractal [88], fullerene-like [89], leaf-like 
[81], hexagonal [90], tubular [91], hollow [72,74,76,92,93], core-shell [77,94–97], 
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nanonecklaces [62], nanoribbon [98], nanospindle [73,99], nanosheet [100–102], 
nanowire [103–105], nanodisk [106], and nanocube [70,107–109]. 

Efforts to understand nanoparticle formation 

Significant efforts in terms of collaborative research have been ongoing to 
understand the nanoparticle formation mechanism in PLAL, such as the 
collaborative research from University of Virginia, USA and University of Duisburg-
Essen, Germany. Using atomistic modelling of PLAL for Ag in H2O and cavitation 
bubble imaging experiments for Au in H2O, Shih et al reported new insights into the 
picosecond laser ablation and explained the origin of bimodality of nanoparticle size 
distribution in PLAL. [110,111]. Shih et al developed atomistic simulations for laser 
ablation of thin silver films in water medium at two laser fluences (400 and 700 J/m2) 
in phase explosion regime to provide microscopic insight to nanoparticle formation 
in PLAL. The molecular dynamics simulations indicated that in both nanoparticle 
formation mechanisms, dense superheated liquid metal layer forms at water-plume 
surface that transforms an interfacial region of water into supercritical water. This 
subsequently forms a low-density metal-water mixing region which then quickly 
expands and acts as precursor for cavitation bubble formation later. This is followed 
by rapid nucleation and growth of nanoparticle in the mixing region on a timescale 
of a few nanoseconds. The breakdown of the superheated layer then constitutes to 
the second nanoparticle formation mechanism leading to formation of nanoparticles 
that are several tens of nanometers in diameter. This occurs on a much longer 
timescale than the first nanoparticle formation mechanism. [110] These are the two 
main nanoparticle formation mechanisms in PLAL that cause bimodality of 
nanoparticle size in PLAL. 

Unique applications for PLAL synthesized nanoparticles 

Highly pure, clean, and ligand free nanoparticles formed by PLAL can especially be 
good for biomedical and optoelectronic applications. Recently, the use of PLAL 
produced nanoparticles to produce “nanoparticle-metal composite powders for laser 
additive manufacturing of oxide-dispersion strengthened alloys” was demonstrated 
[112]. PLAL synthesized nanoparticles can have several advantages over chemically 
synthesized nanoparticles, such as augmented conjugation efficiency, higher grafting 
density, catalyst functionalization, and increased electro affinity for charged 
biomolecules [29]. 
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2.4 Effects of PLAL process parameters 

2.4.1 Effects of laser parameters 

Effect of pulse wavelength 

Difference target materials have different absorption for different wavelengths of 
light. The skin depth, also known as the absorption coefficient, of target material 
depends on the wavelength of the laser pulse [58]. In this study, the inherent beam 
was 1064 nm and turning it to second harmonic would reduce the beam energy and 
the laser fluence may also decrease depending on the optics. 

If the already synthesized nanoparticles absorb laser pulses, they can go through 
additional modifications [35]. Depending on the phase composition, the wavelength 
absorbed by nanoparticles may vary. While ultraviolet (UV) irradiation is uniformly 
and efficiently “absorbed by interband transitions in metal targets” resulting in 
uniform erosion of spot area irradiated, many studies reported near infrared (NIR) 
radiation is absorbed by impurities and defects in target preferentially, leading to a 
non-uniform erosion on spot area irradiated [58,113,114]. However, study by Leyder 
et al. demonstrated that the laser energy deposition does not depend on the doping 
concentration of the target. In their study,  a 130 fs laser at 1.3 µm was used while 
the doping concentrations in the target were varied from 1013 cm-3 to 1018 cm-3 [115]. 

 
Effect of number of overlapping pulses 

Depending on the pulse duration, repetition rate and the scanning speed of the laser 
used, the most studied number of overlapping pulses vary from 1 – 100,000. For 
repetition rates higher than 100 kHz, when the pulses are overlapping, the laser pulse 
hits the plasma plume and cavitation bubbles formed by the previous pulse. This 
further complicates the understanding of the nanoparticle synthesis phenomenon. 
The overlap of laser beam and plasma plume further increases the temperature of 
the plasma species due to absorption of laser energy by plasma plume. However, the 
disadvantage is that plasma plume also optically shields the target surface from the 
incident laser beam [35]. The overlap of laser beam with the plasma may occur only 
when the repetition rate is over 100 kHz since the plasma duration does not exceed 
10 µs [116] even though the bubble duration can reach 100-300 µs. 
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Effect of repetition rate 

The time delay between two laser pulses is defined by the repetition rate of the laser. 
The higher the repetition rate, the smaller the time lag between two pulses. Generally, 
an increase in the repetition rate causes an almost linear increase in the nanoparticle 
yield, if the time delay is longer than the cavitation bubble lifetime [58]. This could 
inversely mean that in case of PLA in pressurized fluids, due to much shorter bubble 
lifetime compared to PLA in normal pressure fluids, a higher repetition rate could 
be used. This could lead to higher nanoparticle yield for PLA in pressurized fluids 
than in atmospheric pressure fluids. However, after the aforementioned linear 
increase in nanoparticle yield, the non-linearity of yield when the time delay is shorter 
than bubble lifetime does not account for decreased pulse energy at higher repetition 
rates. Only at a fixed  pulse energy, the influence of the repetition rate can be 
meticulously understood [7]. Zamiri et al. studied PLAL of Ag in water at a fixed 
pulse energy of 60 mJ and varying repetition rates of 10–40 Hz and reported a linear 
increase in the nanoparticle yield with increasing repetition rate [117]. The time delay 
for the repetition rates from 10 to 40 Hz (corresponding to 25–100 ms) was much 
longer than the bubble lifetime, which were 1 ms. 

Effect of pulse duration and pulse energy 

The pulse duration (same as pulse length) strongly influences the nanoparticle size, 
size distribution and nanoparticle formation mechanism. Depending on the pulse 
duration of the laser, the nanoparticles can form either by photothermal or by 
Coulomb explosion mechanism. In photothermal mechanism, the particle is heated to 
temperatures above its boiling temperature and surface atoms start to vaporize. This 
phenomenon in PLAL experiments for batch cell processes falls in the domain of 
laser melting in liquids (LML). In Coulomb explosion mechanism, the pulse length is 
smaller than the coupling time of electron-phonon (of nanoparticle material). Due 
to this, the electron temperature1 significantly increases without any change in lattice 
temperature due to which electrons are ejected out from the solid target or particle 
under consideration. The sudden change of charge causes immediate 
fragmentation/explosion due to internal charge repulsion. So, when the disruptive 
Coulomb force surpasses the cohesive force, the particle becomes unstable and 
fragments [7]. This phenomenon falls in the domain of laser fragmentation in liquids 

 
1 Electron temperature is the temperature of the energy distribution function (Fermi-Dirac statistics) 
of the velocity of the electrons. 
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(LFL), in PLAL for a batch cell process. The effect can be discerned from figure 7 
(a). Further, when a colloidal solution of nanoparticles is subjected to PLA, the size 
reduction mechanisms depends on laser parameters such as pulse energy and pulse 
width and particle parameters such as initial particle cohesion (such as binding 
energy, heat capacity, volume) [7]. In general, increase in laser fluence and irradiation 
time leads to decrease in particle size when nanoparticle suspensions are ablated with 
pulsed laser.  

The threshold laser fluence of a material is a function of the pulse width of the 
laser. For the same nanoparticle material in case of plasmonic particles, the threshold 
laser fluence is exceptionally lower when ablated with a femtosecond laser compared 
to a nanosecond laser for particle sizes less than 50 nm [29,118]. This is evident from 
figure 7 (b). Also, observable is that the size of particle under the laser beam affects 
the threshold laser fluence. Same-size particles behave differently under 
femtosecond and nanosecond laser. As particles size decreases, the threshold laser 
fluence decreases with an exception in case of nanosecond laser. According to figure 
7 (b), for nanosecond PLA, when the nanoparticle size is less than a threshold size, 
the threshold laser fluence increases significantly with the decrease in nanoparticle 
size.  
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Figure 7.  (a) Schematic for size-reduction/fragmentation mechanisms of nanoparticles with PLA, (b) 
Threshold laser fluence as a function of nanoparticle size and pulse width, (c) Attenuation 
of laser beam (for several fluences) along the optical path in liquid with the distance from 
the target Adapted with permission from reference [7,118,119]. The data in the above 
figure is based on results for plasmonic particles. 

2.4.2 Material type 

The library of materials that can be used in PLAL extends across almost the whole 
periodic table. Based on that and solvent selection, we can make either that element’s 
native form nanoparticles or its oxide or carbide depending on the medium used. 
The list of nanoparticles that can be made by PLAL are highlighted in section 2.3.2. 
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2.4.3 Effect of ablation medium on laser beam during PLAL 

The solvent has a strong influence on the composition of the nanoparticles. When 
the plasma implodes and cavitation bubble is formed, the ionized target species react 
with the ionized species of solvent. The final composition of the nanoparticles 
depends on whether the solute species and solvent species are reactive with each 
other or not. Further, since the solvents usually contain some amount of atmospheric 
gases such as O2, N2, H2O and CO2, the ablated species can and will react with these 
gases also [58]. The solvent may determine in many cases the nanoparticle 
composition depending on the target material type, whether it is a low reactivity 
material such as Au, and Ag, or if it more reactive such as Ti, Al, and Fe. 

The solvent may strongly influence the beam attenuation in PLAL, depending on 
the pulse energy, when the beam penetrates through the liquid and travels the length 
equivalent to thickness of liquid film above the target. Figure 7(c) vividly shows the 
increase in the attenuation of laser beams of different pulse energies upon passing 
through the liquid with increasing thickness of liquid film on top of target. Also 
evident from figure is that vaporization (of particles under beam) is more prevalent 
at higher laser fluences especially for higher pulse energies while melting or partial-
melting is more prevalent for lower laser fluences [119]. In addition, due to laser 
penetration of liquid, the focal length also varies which may defocus the beam on 
target. This is rather complex since for picosecond and femtosecond lasers, self-
focusing is also possible. 

Further, the solvent acts as a medium for shockwave propagation. The 
nanoparticles can undergo fragmentation due to laser-induced shockwaves. The 
laser-induced shockwave generates high pressures in water. The maximum pressure 
of laser-induced shockwave (P), is related to the laser power density according to the 
following equation: 

P [GPa] ≈     2.5 x √𝐼 [𝐺𝑊𝑐𝑚−2] 

where I is the laser power density. It was further reported that with the increase 
in length of pulse duration in the range 0.6-30 ns, higher peak pressures are obtained 
for a given laser intensity. [120,121] The oscillating cavitation bubbles as a result of 
these shockwaves further generate high pressures. These shockwaves can be 
accompanied by ejection of material in the form of “jets” [122,123]. 



 

37 

2.5 Shock wave emission and cavitation bubble phenomenon 

Shock wave emission 

After absorption of laser energy, target species are emitted to form a plasma plume 
that expands and pushes the surrounding liquid to form a shock wave that 
propagates into the target and another shock wave that counter-propagates into the 
liquid at supersonic speeds (>103 m/s) [58]. So, the excess energy is released by 
emission of shock wave. A shock wave is creation of a discontinuity in the fluid 
variables, such as density of liquid. Shock wave front and propagation of shock wave 
front can be observed by shadowgraph imaging since it creates a change in the 
refractive index of fluid at the periphery of wave front. Imploding laser-induced 
bubbles also emit shock waves that are typically visible in the shadowgraph images, 
however not as distinctly as the shock waves released upon irradiation with laser [52]. 
The formation and propagation of these shock waves causes significant dissipation 
of the laser energy [52]. This means that only a fraction of the energy from the 
incident laser is absorbed to form plasma plume. 

Laser ablation-induced cavitation bubbles  

There are two ways by which laser ablation-induced bubbles are formed: (i) one is 
by cavitation when the pressure of liquid at constant temperature goes under the 
tension strength of the liquid, (ii) second is when liquid temperature rises to the 
kinetic limit of superheat (often seen as explosive boiling) [52]. At the solid-liquid 
interface, PLAL leads to formation of cavitation bubbles that expands at supersonic 
speed, then implodes and releases shock waves in the system. The nanoparticles are 
synthesized upon nucleation and growth of atoms and cluster of atoms that collide 
and aggregate inside the cavitation bubbles [63,124]. This signifies the importance of 
cavitation bubbles for understanding the phenomenon of formation of 
nanoparticles. The lifetime of the cavitation bubbles is around multiple hundreds of 
microseconds after which it collapses and releases the nanoparticles in the 
surrounding media [125,126]. The collapsing cavitation bubble can further create 
more cavitation bubble and so on. The energy of each collapsing bubble is sufficient 
to remove material from the target. 
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2.6 Supercritical carbon dioxide (scCO2) 

2.6.1 Properties of CO2 

CO2 is a non-flammable, non-toxic gas that exhibits relatively low reactivity. Due to 
these ‘green’ properties, CO2 is highly advantageous environmentally in industrial 
use to substitute chemicals in processes, especially as supercritical CO2 (scCO2). A 
fluid is in its supercritical state when its pressure and temperature are above its critical 
point. For CO2, this critical point (shown in figure 8) is at a temperature of 31.1 °C 
and a pressure of 73.8 bar (7.38 MPa). This is much less than the critical point of 
H2O, which is 374 °C and 220.8 bar (22.08 MPa). Beyond this critical point, CO2 
becomes a supercritical fluid, where it is neither gas nor liquid but exhibits properties 
of both states [127]. Due to its low critical point, it takes less energy to reach its 
critical point and it can easily be handled safely using a standard high-pressure vessel. 

 

Figure 8.  Phase diagram of CO2 showing the critical point. Adapted from reference [127]. 
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2.6.2 Processing with scCO2 

In the supercritical state, CO2 has liquid-like density, gas-like diffusivity and zero 
surface tension. Because of liquid-like density, scCO2 has a high dissolution power 
so it can easily dissolve co-solvents. Further, due to its gas-like diffusivity and zero 
surface tension, CO2 can penetrate nanostructures, cause the reactions and leave the 
system without leaving any residue and without affecting the nanostructures. This 
leads to application of scCO2 processing to synthesize aerogels. scCO2 processing 
is one of the most common ways to produce decaffeinated coffee. This technique is 
widely used for dry cleaning of textiles. scCO2 is a safe cleaning, degreasing and 
particle-removing agent and acts as a brilliant alternative for organic solvents, 
especially for sterilizing applications. By simple manipulations in temperature and 
pressure, the physical and thermal properties of scCO2 such as diffusivity, viscosity, 
and conductivity can be changed from being gas-like to liquid-like or vice-versa 
[128]. 

For PLA in scCO2, CO2 is recyclable in this process since scCO2 can be released 
from the high-pressure chamber as gaseous CO2 and pumped back into it for further 
processing. In chapter 5, we will discuss the decomposition of scCO2 to carbon and 
oxygen, leading to oxidation of titanium to titanium oxide and presence of carbon 
layer on nanoparticles. This suggests PLA in scCO2 as a CO2 utilization technique 
for nanoparticle synthesis and may also functionalize the target surface. 

2.7 PLA in scCO2 

2.7.1 Generality on bubble dynamics 

The next step in the solvent-induced control of PLAL synthesis could be PLA in 
pressurized fluids. Higher CO2 pressures have been reported to enhance ablation 
efficiency. In the field of pressurized fluids, as mentioned earlier, a fluid is in its 
supercritical state when its pressure and temperature surpass its respective critical 
point. When combined with PLAL, supercritical fluids, such as scCO2, have been 
reported to assist creation of reaction fields which may lead to the formation of 
exotic, meta-stable phases [129]. Figure 9 shows a schematic for PLA in high-
density CO2, which is attached to a pulsed laser and automatic back pressure 
regulator from publication IV. 
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Figure 9.  Schematic for PLA in high-density CO2. Figure Adapted from Publication IV. 

Ablation-induced bubble-like optical phenomenon in supercritical fluids has not 
been studied as much compared to PLAL. While a 2012 study showed shrinking and 
collapse of cavitation bubbles, a 2014 study reported that the bubble-like hollow 
inside cavitation bubbles neither shrinks nor collapses [128,130]. Shadowgraph 
images obtained during PLA in scCO2 are shown in figure 10 at delay times of 5 µs, 
100µs, and 500 µs and at CO2 pressures 5 MPa and 8 MPa at 40 °C [128]. Due to 
this disagreement, newer experimental studies are indispensable to elucidate the 
actual phenomenon. It is interesting to know how the difference in the bubble 
dynamics will affect nanoparticle size, morphology and composition in PLA in 
scCO2 compared to H2O. 
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Figure 10.  Shadowgraph images from pulsed laser ablation in supercritical CO2 at delay times of 5 
µs, 100µs, and 500 µs. Figure adapted from reference [128]. 

Effect of solvent pressure on laser-induced plasma and cavitation bubble 

The size of plasma plume decreases as the ambient pressure of the solvent is 
increased significantly. Sasaki et al. reported 25% decrease in plasma volume when 
the ambient pressure of solvent was increased from 0.1 MPa to 30 MPa during PLAL 
of titanium in water [131]. Under the same conditions, Takada et al. observed from 
the optical emission images the flattening of the plasma plume at increased pressure 
(30 MPa versus 0.1 MPa) [132]. This effect of pressurization on the plasma plume is 
illustrated in figure 11. 
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Figure 11.  Increased ambient pressure causes plasma plume to become squeezed laterally and it 
expands parallel to the target surface. In figure, the upper schematic is for 0.1 MPa 
ambient pressure while the bottom schematic is for 30 MPa. Figure is based on discussion 
on optical intensity images in reference [132]. 

The size of the cavitation bubble after expansion can be estimated from the Rayleigh-
Plesset equation [133]. Rayleigh-Plesset model can be solved according to following 
equation to estimate the pressure and temperature inside the cavitation bubble [134]:  
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where, 𝑝𝑏(𝑡) is the bubble pressure at delay time 𝑡, and 𝑝(𝑡) is the pressure at a 
distance far from the bubble, 𝑟𝑏(𝑡) represents the cavitation bubble radius at time 𝑡, 

and  𝜌𝐿, 𝜈, and 𝑆 are the density, the kinematic viscosity coefficient, and the surface 
tension, of fluid, respectively [134,135]. The internal bubble pressure 𝑝𝑏 at any time 
𝑡 is given by following equation: 

𝑝𝑏(𝑡) = 𝑝𝑣(𝑇𝑏) + 𝑝𝐺0
(

𝑇𝑏

𝑇0

) (
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𝑟𝑏(𝑡)
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where the vapor pressure at temperature Tb is 𝑝𝑣(𝑇𝑏), 𝑇0 is the temperature at a 
large distance from cavitation bubble, 𝑝𝐺0

 and 𝑟0 are the pressure and radius of a 
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bubble existing in liquid before laser irradiation connected 𝑝𝐺0
=  𝑝𝑜− 𝑝𝑣(𝑇𝑜) +

2𝑆/𝑟𝑜, and 𝛾 is the isentropic expansion factor, and calculated as the ratio of the 
specific heats given as γ = Cp / Cv [134,135]. The bubble temperature 𝑇𝑏 is given by 

𝑇𝑏(𝑟) =
𝑇0𝑟0

3(𝛾−1)

(𝑟3 − 𝑎3)𝛾−1
 

where 𝑎 is the hard core radius of cavitation bubble given by, 𝑎 =  𝑟𝑜/8.86 
[134,135]. The assumptions in the above Rayleigh Plesset model are not valid during 
PLA since the cavitation bubble is neither empty nor spherical in shape. The 
Rayleigh Plesset model in its simplest form is only acceptable for modelling the first 
bubble oscillation. Soliman et al. presented a modified Rayleigh-Plesset model that 
accounted for the “hemispherical nature of the cavitation bubble” and the influence 
of contact angle between the target, the bubble and the solvent [134]. Figure 12 (a) 
shows decent agreement between the experimentally observed and modified 
Rayleigh-Plesset model calculated cavitation bubble radius and delay times reported 
by Soliman et al.  [134]. However, the assumptions of varying surface tension and 
viscosity in the modified Rayleigh-Plesset model could be poorly reliable. The 
Gilmore model, which accounts for liquid compressibility and acoustic energy 
dissipation, efficiently explains the bubble rebounds without any dangerous or 
potentially unreliable assumptions. Barcikowski et al. used the Gilmore model to 
accurately model the cavitation bubble rebounds and compared it with the Rayleigh 
Plesset model, which only explained the first bubble collapse accurately [136]. 

 

Figure 12.  (a) The theoretical estimation from the modified Rayleigh-Plesset model were in 
agreement with the experimental observations and (b) The effect of water pressure on the 
cavitation bubble pressure and temperature. Adapted from references [134,135]. 
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The bubble pressure at the time of collapse of the first cavitation bubble is 
significantly higher when the ambient pressure is higher (figure 12 (b)), however, 
the bubble temperature decreases only slightly [134,135]. In a new 2020 study on 
bubble dynamics in PLA using shadowgraph imaging, Hupfeld et al. reported 
variation in the size, temporal shape, and lifetime of laser induced cavitation bubbles, 
also damping of oscillations when the kinematic viscosity was changed several orders 
of magnitude. They reported several competing forces that determine the variations 
in bubble dynamics such as “competition between the viscous forces and surface 
tension (capillary number)” and “competition between viscous forces and inertia 
(Reynolds number)”. They summarized that the viscosity of the surrounding liquid 
in PLA determines the dynamics of the cavitation bubble. [137]  

2.7.2 PLA of low reactivity metals in pressurized CO2 

Saitow et al. in 2005 [84] first reported production of nanoparticles by pulsed laser 
ablation in supercritical CO2. They reported synthesis of silicon nanoclusters in 2005 
[84] and gold nanospheres and nanonecklaces in 2008 [62]. Later in 2009, research 
led by Motonobu Goto reported on increased ablation efficiency for PLA of copper 
in supercritical CO2 [69]. Next in 2011, synthesis of higher diamondoids by Nakahara 
et al. [138] and synthesis of gold nanoparticles in 2011 by Goto and co-workers [129] 
was reported. Later, Motonobu Goto’s group reported synthesis of silver and nickel 
nanoparticles in 2013 [139] and 2016 [78], respectively. There are three main queries 
or research gaps with these topics. 

The first query is that, so far, the focus of PLA in pressurized or supercritical 
CO2 has been to synthesize nanoparticles of low reactivity metals resulting in no or 
very limited interaction with the surrounding fluid. The use of low reactivity metal 
for PLA could be one reason why the interaction of CO2 with laser induced plasma 
and hot metal nanoparticles has not been reported much in literature. Although, 
Mardis et al. observed presence of carbon on nanoparticles [140], it was not further 
explored in terms of effect of laser induced decomposition of CO2 or hot 
nanoparticles causing CO2 decomposition to adsorb a carbon layer and 
simultaneously oxidizing the core of particles. The possible mechanisms for CO2 
decomposition and carbon layer formation on nanoparticles remain undiscovered! 

The second query is the nanoparticle size. For gold nanoparticles synthesized 
by PLA in pressurized CO2, both Saitow et al. [62] and Machmudah et al. [129] 
reported two nanoparticle populations: (a) particles few tens of nanometers in 
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diameter, (b) particles 300-600 nm in diameter. It has been reported by Saitow et al. 
in 2012 that the fluid density is one factor that determines whether we obtain 
nanonetwork like structures or nanonecklaces. Further, they concluded that the 
morphology and the amount of particles depends on the “dielectricity and 
polarization energy of the fluid”. [141] However, in our 2018 study (Publication III), 
TiO2 nanoparticles synthesized by PLA in scCO2 did not consist of any particles of 
size few hundreds of nm. Our 2019 study (Publication IV) on synthesis on TiO2 
nanoparticles in gas, liquid, and supercritical CO2 with variable fluid densities 
indicated absence of any significant effect of the fluid density on the morphology or 
size of nanoparticles. In addition, at all CO2 densities studies in our study, only 
nanoparticles few tens of nm in diameter were observed. Furthermore, the earlier 
mentioned observation by Saitow et al. [62] and Machmudah et al. [129], of only two 
such discreet population sizes of nanoparticles varying by an order of magnitude, 
have not been reported for PLA in H2O to the best of our knowledge. This raises 
questions whether the effect of fluid density is observable only for low reactivity 
metals. Do the laser and scanning parameters affect the PLA process such that they 
negate the effect of change in fluid density? Saitow et al. [141] performed PLA for 
10 minutes with 20 Hz laser while Mardis et al. [78] performed PLA for 15 minutes 
with 10 Hz laser. There was no mention of a scanner with the laser in their studies. 
In our study, we irradiated the titanium target for 30 minutes with a 101 kHz laser 
and scanned it over an area of 7 × 7 mm at the speed of 2 m/s.  

The third query is the presence of carbon nanoparticles or carbon layers 
independent from the carbon on the nanoparticles. This could mean presence of 
several mechanisms of carbon formation from CO2 decomposition. Such 
observation has not been previously reported in PLA in pressurized CO2. 



 

46 

3 NANOPARTICLE SYNTHESIS AND 
CHARACTERIZATION METHODS 

In this chapter, we discuss about the materials used in this study and briefly explain 
how the nanoparticle samples were produced in each publication. Further, the 
characterization techniques used to analyze the samples are explained. Briefly 
summarizing this chapter, the material precursors needed were only titanium target, 
deionized water, and CO2 gas. PLA was performed in deionized water and 
pressurized CO2 including scCO2 using two different setups to produce 
nanoparticles from titanium target in a single step process. In case of PLA in H2O, 
nanoparticle suspensions were obtained upon ablation which were characterized as 
suspensions or as nanoparticle powder after drying. In case of PLA in pressurized 
CO2, dry powder of nanoparticles was obtained upon ablation, which were 
characterized in the dry form. The analytical techniques used for characterizing the 
nanoparticle samples consisted of TEM (including HR-TEM and STEM, EDS), 
Raman spectroscopy, XPS, UV-Vis spectroscopy, XRD, SAXS and WAXS. In 
addition, particle size measurement was done manually from TEM images. 
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3.1 Precursors 

Titanium (from Goodfellow Ltd), 99.99%, pure was used as the ablation target 
material and CO2 (from Oy AGA Ab) >99.8% pure (with O2 ≤ 20 ppm, 
H2O ≤ 100 ppm) was used as the solvent for PLA in pressurized CO2. For the 
nanoparticle synthesis experiments, the solvents used were only deionized water and 
CO2. 

3.2 Preparing nanoparticles by PLA in H2O and pressurized 
CO2 

PLA in H2O 

For PLA in H2O in publications I and II, the experimental setup included an 85W, 
500 ns SPI pulsed laser with a wavelength 1062 nm and repetition rate 25 kHz, a PC-
controlled GSI HB-X10 XY scanner connected with the laser, a titanium target 
(submerged in deionized H2O) and a test vessel (as shown in schematic in figure 4 
and actual experiment picture in figure 13). The maximum energy of the laser beam 
was 3.4 mJ per pulse. The laser beam was focused on the target with an f-theta Ronar 
lens of focal length 160 mm. The set up was arranged so that the laser beam was 
scanned on the target from the top, perpendicular to the target surface at a speed of 
2 m/s and over an area of 8 × 8 mm. The thickness of the water film above the 
target was 5 mm and the ablation time was 30 minutes for each experiment. In the 
publication I, three types of ablation experiments were performed with laser powers; 
(1) 20%, (2) 40%, and (3) 50% of the maximum laser power while in the publication 
II, seven types of experiments were performed at laser powers; (1) 12%, (2) 15%, (3) 
18%, (4) 20%, (5) 30%, (6) 40%, and (7) 50% of the maximum laser power. After 
the ablation experiment finished, the nanoparticle suspensions were collected for 
their characterization.  

For publication III (PLA in H2O part), the experimental setup was the same as 
explained above. However, the laser and its parameters used were different. A 70 W, 
250 ns pulse fiber laser with wavelength of 1062 nm, and repetition rate of 101 kHz 
was used with a f-theta lens of focal length 80 mm. The scanned area was 6 × 6 mm 
and the ablation time was 30 minutes. The water film thickness above the target was 
4 mm. The loss in laser transmission was measured to be same for 13 mm thick 
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sapphire window (PLA in scCO2) and 4 mm thick water film above target (PLA in 
H2O). After the experiment, the nanoparticles were collected in the form of 
nanoparticle suspension. This test was conducted to compare directly the effect of 
solvent (H2O vs. CO2) on the nanoparticle phase, dispersibility, size and 
morphology. 

 

Figure 13.  Picture of the experimental set-up with PLA in deionized H2O in process with the visible 
plasma in inset in bottom right corner. 

PLA in liquid, gaseous and supercritical CO2 

For publication III (PLA in scCO2 part) and IV, the experiment consisted of a 
70 W, 250 ns pulse fiber laser with wavelength of 1062 nm, and repetition rate of 
101 kHz (schematic in figure 14. A telecentric f-Theta lens with focal length 80 mm 
and spot diameter of 35 μm, was used to focus laser on the titanium target. The laser 
beam energy was 690 μJ per pulse for 101 kHz repetition rate. 
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Figure 14.  Picture of experimental set-up in PLA in scCO2 during an ongoing high-pressure 
nanoparticle synthesis experiment. 

In publication III, the laser scanner was fixed on a stand attached with micrometer 
for better accuracy during focusing of laser. The ablation target was placed on the 
target stand which was then inserted inside the chamber. The stand also ensured 
correct height of the target inside the chamber, in front of the sapphire view ports. 
The target was placed inside the chamber for a 30-minute ablation period where the 
laser irradiated the target surface perpendicularly. The equipment for this experiment 
was a Thar Technologies Inc. RESS 250 system (Pittsburg, USA) with laser and 
scanner attached to it. The CO2 system consisted of a 316SS steel reaction chamber, 
built for pressures up to 62 MPa and temperatures up to 150 °C. For heating the 
chamber, there were heating rods built into the walls. The chamber consisted of two 
viewports made of sapphire windows, which was used to introduce the laser for 
causing ablation on the target fixed inside the chamber. The set up did not have a 
cooling system for the chamber. Before beginning the laser irradiation for ablation, 
the reaction chamber was flushed with CO2 (gas) several times to alleviate the effects 
of atmospheric O2 and N2. CO2 was pumped into the chamber at 20 grams/minute 
using a high-pressure piston-pump until the pressure stabilized at 10 MPa and 
temperature stabilized at 50 °C. This was followed by 30 minutes of laser ablation 
on an area of 6 × 6 mm and at a scanning rate of 2 m/s. The depressurization of the 
chamber was done meticulously by an automatic back-pressure regulator (ABPR) 
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after ablation finished at a rate of 5 s/MPa. The samples were collected in the form 
of dry nanoparticle powder from the chamber. 

In publication IV, the experimental set-up was the same as in publication III. 
In this case, the ablation experiments were performed at five different CO2 pressures 
- 5, 10, 15, 20 and 40 MPa while the CO2 temperatures was fixed at 50 °C and at 
three different CO2 temperatures namely 30 °C, 40 °C and 50 °C while the CO2 
pressure was fixed at 10 MPa. So, there were seven tests out of which five were in 
supercritical CO2, one in liquid CO2 and one in gaseous CO2. In these tests, CO2 
was heated through the heating rods in the chamber wall. The ablation duration was 
30 minutes and the scanned area was 7 × 7 mm at 2 m/s. 

The main process parameters of the study from PLA in H2O and pressurized 
CO2 are mentioned in Table 1 and 2, respectively. 

Table 1.  Process parameters for PLA in H2O 

Table 2.  Process parameters for PLA in gaseous, liquid and supercritical CO2. 

Parameters for PLA in H2O 

(Publications P1, P2 and P3) 

Range 

Pulse length 500 ns (P1, P2), 250 ns (P3) 
Repetition rate 25 kHz (P1, P2), 101 kHz (P3) 
Focusing lens 160 mm (P1, P2), 80 mm (P3) 
Lasers SPI 85W (P1, P2), 70W (P3) 
Beam energy 3.4 mJ (P1, P2), 690 µJ (P3) 
Wavelength of Laser 1062±2 nm 
Solvent Deionized H2O 
State of solvent Liquid 
Solvent temperature 20 °C (NTP) 
Solvent pressure 0.101 MPa (NTP) 
Total laser irradiation time 30 minutes 

Parameters for PLA in liquid, gaseous and scCO2 

(Publications P3 and P4) 

Range 

Pulse length 250 ns 

Repetition rate 101 kHz 

Focusing lens 80 mm 

Laser 70W 
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3.3 Analytical techniques 

Transmission electron microscopy 

Transmission electron microscopy (TEM) in scanning mode and high-resolution 
mode was performed to study the size, morphology, and crystallinity of the 
nanoparticles. Electron diffraction (ED) pattern was taken from samples to observe 
the crystallinity of the nanoparticles while EDS was employed for their elemental 
analysis. The publications I and II include the use of TEM at Tampere University 
Hervanta campus (formerly Tampere University of Technology). A Jeol JEM-2010 
microscope at 200 kV acceleration voltage was used for imaging the nanoparticles. 
For this, the TEM samples were prepared by dropping nanoparticle suspensions on 
TEM copper grids with a holey carbon film. To ensure as less agglomeration of 
nanoparticles as possible, freshly ablated suspensions were used to make TEM 
samples. Electron diffraction patterns were also obtained from the same samples. 
For publication III, imaging was done using a TEM (Jeol, JEM-2200FS HRTEM) 
for high resolution imaging of nanoparticles at Aalto University, while a Jeol JEM-
2010 microscope at Tampere University was used to characterize the shape and size 
of nanoparticles. For publication IV, Tampere Microscopy Center’s Jeol JEM F200 
(S)TEM with a Jeol Dual electron energy dispersive spectrometer (EDS) was used 
for imaging the nanoparticle powders. For analyzing the variation in the elemental 
composition of the nanoparticles, STEM-EDS was used in line analysis and spot 
analysis mode. For (S)TEM, the samples were prepared by touching the TEM copper 
grid containing holey carbon film with the nanoparticle powder. 

X-ray diffraction, small-angle and wide-angle X-ray scattering 

Beam energy 690 µJ 

Wavelength of Laser 1062±2 nm 

Solvent CO2 

State of solvent Supercritical, liquid, and gaseous 

Solvent temperature 30–50 °C 

Solvent pressure 5–40 MPa 

Total laser irradiation time 30 minutes 
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For determining the phases present in the nanoparticle powders and suspensions, 
X-ray diffraction (XRD) and wide-angle X-ray scattering (WAXS) measurements 
respectively, were done while small-angle X-ray scattering (SAXS) was employed to 
measure particle size and size distribution. X-ray measurements were done using a 
Panalytical Empyrean Multipurpose Diffractometer with a CuKα X-ray source at 
wavelength of 0.1541 nm. were obtained. A solid-state pixel detector, PIXcel3D, 
connected with the diffuser measured the scattered intensities. The phase 
identification of the XRD peaks was performed with Panalytical HighScore Plus 
software (version 3.0.5) from the database PDF-4+ of the International Centre for 
Diffraction data (Database version 4.1065).  

For (XRD) measurements, the scan range was 20.00°–80.95° with 0.05° step size. 
For SAXS measurements, the scan range was from −0.12° to 5.01° with 0.01° step 
size. For this, measurement setup utilized a parallel beam X-ray mirror for Cu 
radiation. The X-ray generator was powered at 40 mA and 45 kV. The nanoparticle 
suspensions were directly used as liquid for SAXS measurement while for XRD 
measurements, the nanoparticle suspensions were dried (drying temperature was 40 
°C) to obtain nanoparticle powder in case of PLA in H2O. For preparing SAXS 
samples, identical volume of each suspension was enclosed between two (X-ray 
transparent) Mylar foils which was then put in the respective circular transmission 
holders. The background sample was prepared by enclosing deionized water 
between two Mylar foils. WAXS measurement was done with the SAXS samples, 
however the scan range was from 5.0° to 54.9° with a 0.026° step size. 

Raman spectroscopy:  

Raman spectroscopy is a useful tool for to get detailed information on the 
nanoparticles phase, chemical structure, crystallinity and polymorphy. For 
publication III and IV, Raman spectroscopy was done to get additional information 
about the phases present in the nanoparticle powders, in addition to XRD. The 
nanoparticle samples were analyzed with the Renishaw InVia Qontor Raman 
microscope using a 532 nm laser. The laser power was 0.175 μW. 

X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS), is a brilliant technique for analyzing 
chemistry of nanomaterials, since the depth of measurement is quite shallow, less 
than about 5 nm. This is helpful for analyzing thin layers on nanoparticles. For 
publication IV, the XPS analysis was performed at Top Analytics, Turku, with a PHI 
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Quantum 2000 spectrometer with an Al 1486.6 eV mono x-ray source at 24.3 W. 
The nanoparticle powder was carefully spread on top of a double-sided tape that was 
attached to a metal plate to prepare the XPS sample. A stationary beam with a beam 
diameter of 100 μm measured the nanoparticle samples. 

Ultraviolet–Visible Spectroscopy 

For publication IV, a spectrophotometer (Shimadzu UV 3600) in reflectance mode 
at VTT, Tampere, was used to study the optical properties of the synthesized 
nanoparticles at 10 MPa scCO2 pressure and 50 °C scCO2 temperature. In the 
wavelength range 300–900 nm, the absorbance spectra were measured. The band-
gap energy of the nanomaterial sample was estimated from the Tauc-plots. 

Particle size measurement 

For publication I, the nanoparticle sizes were measured by SAXS and compared with 
the nanoparticle size measurements from TEM image analysis done manually. With 
SAXS measurement, we obtained the particle size and the size distribution of 
particles by volume. Panalytical’s EasySAXS software (version 2.0a) was used to 
analyze SAXS data and obtain the volume-weighted particle size distribution, Dv(R), 
by indirect Fourier transform method. The second method for determining the 
nanoparticle size and size distribution was based on manually calculating the 
diameters of 100 nanoparticles from the TEM images. The data was then presented 
in the form of a histogram to analyze the size distribution (by number). The size 
distribution curve obtained from SAXS measurement was plotted with the histogram 
from TEM image analysis to compare the results from these two measuring 
techniques. It is worth noting that while the TEM samples were prepared from 
freshly ablated suspensions, the SAXS samples were prepared and measured several 
hours after ablation. Additionally, peak analysis was performed on the XRD pattern 
by using Panalytical HighScore Plus software (version 3.0.5) to determine the 
crystallite size. The Panalytical software, based on the Scherrer equation, used line 
profile analysis algorithm for determining the crystallite size. For publication IV, the 
average nanoparticle sizes for each sample were obtained by measuring diameters of 
400 nanoparticles from the TEM images using Image J software (Version 1.50i). 
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4 PLA IN H2O - (Synthesis of stable phase rutile-TiO2 
nanoparticles and their size reduction and narrowing 
of size distribution measurement) 

In this chapter, size reduction and narrowing of size distribution of TiO2 
nanoparticles with laser power is demonstrated by synthesizing TiO2 nanoparticles 
using PLA of titanium in deionized H2O at different laser powers. XRD, WAXS, 
and Raman spectra all indicated presence of mostly stable phase rutile-TiO2 as well 
as small amounts of anatase-TiO2 and brookite-TiO2 in the nanoparticles. In 
addition, SAXS is proposed as a promising method for determination of particle size 
and size distribution from nanoparticle suspensions by comparing it against more 
commonly used TEM image analysis. Finally, we compared the TEM, Raman and 
XRD analysis results from TiO2 nanoparticle suspensions made by two different 
lasers - 250 ns at 101 kHz and 500 ns at 25 kHz. TEM samples from the nanoparticle 
suspensions prepared at different laser powers showed very similar networks of 
round nanoparticles connected with randomly shaped nanomaterials. Irrespective of 
laser power used, Raman and XRD data suggested presence of mostly rutile in 
nanoparticles along with small amounts of anatase or brookite or a combination of 
both. The results in this chapter are based on publications PI, PII, and PIII. 

4.1 TEM analysis of nanoparticles 

Section 4.1 contains results from publication PI.  
The nanoparticles were almost all round based on TEM images of nanoparticle 

samples synthesized at 20 % laser power (LP), 40 % LP, and 50 % LP, figures 15 
(a), (b), and (c) respectively. To decrease the interfacial energy, the nanoparticles 
assume a spherical shape. Hot clusters of atoms coalesce with other hot clusters 
consisting of high mobility surface atoms and form polycrystalline nanoparticles 
[35,58]. Based on TEM micrographs, the suspensions synthesized at 20%, 40%, and 
50% LP, all consisted of nanoparticles that were smaller than 10 nm, however there 
were also some large nanoparticles, over 50 nm. The already synthesized 
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nanoparticles can absorb the subsequent laser pulses and undergo modifications that 
reduce the particle size and narrow the size distribution [113,142–144] or undergo 
melting and fusion like process to grow into large nanoparticles [145]. 
 

 

Figure 15.  TEM micrographs of nanoparticles from suspensions synthesized by PLAL of Ti in H2O at 
laser powers (a) 20%, (b) 40%, and (c) 50%, of the maximum laser power. The scale in 
the micrographs is 100 nm. [Publication PI]. 

 

Figure 16.  TEM micrographs showing nanoparticles forming web-like networks for suspensions 
synthesized by PLAL of Ti in H2O at laser powers (a) 20%, (b) 40%, and (c) 50%, of the 
maximum laser power. The scale in the micrographs is 20 nm. [Publication PI]. 

In figures 16 (a), (b), and (c), spherical shaped nanoparticles were observed to 
connect to each other in the form of web-like networks. The presence of web-like 
networks in PLAL produced nanoparticles has previously been reported by Ledoux 
et al. [146]. The nanoparticles were crystalline based on the presence of bright spots 
in their electron diffraction (ED) pattern (figure 21 (a)). However, the presence of 
diffused rings indicated some amorphous nanomaterial also. The nanostructures 
connecting round nanoparticles were randomly shaped and likely amorphous. The 
decrease in nanoparticle size was slightly observable from figures 16 (a) to (c), 
which is later clear in figure 19 (d). Moreover, there were reduced number of larger 
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nanoparticles at higher laser powers. Although, this might not be representative of 
the whole sample, since it is one image from TEM grid, however, such observations 
were confirmed from the SAXS measured particle size distributions, which typically 
measures millions of particles.  

4.2 Phase analysis of nanoparticles by XRD, WAXS and 
Raman spectroscopy 

Section 4.2 contains results from publications PI, PII, and PIII. 
Titanium is chemically active and readily reacts with the available oxygen to form 

its oxides during PLAL in deionized water. Oxygen is available both as dissolved in 
deionized water [71] and ionized oxygen produced as a result of plasma induced 
breakdown of water [147]. The nanoparticles dried from suspensions or directly as 
suspension were analyzed for their phase composition by XRD, WAXS and Raman 
spectroscopy.  

Based on the XRD spectra of dried nanoparticles from suspension (figure 17), 
the nanoparticles were crystalline, and their small size caused peak broadening. The 
high peaks in the XRD spectra corresponded to mostly rutile-TiO2. Rutile peaks at 
27.4, 36.1, 41.2, 54.3, 64.0, and 69.7° (2θ degrees) were observed. The peak at 56.6° 
was observed as a shoulder to the more intense rutile peak at 54.3°. The peaks 
observed at 25.3, and 48.0° corresponded to anatase-TiO2. Further, the double peak 
between 68 and 70, corresponds to anatase at 68.8 and rutile at 69.7°. The highest 
intensity peaks of brookite-TiO2 at 25.3 and 25.7° were not visible distinctly due to 
strong anatase signal at 25.3. Besides, the anatase peak is broadened due to small size 
of nanoparticles, making it more challenging to observe brookite peaks in the same 
region. However, one of the high intensity peaks of brookite at 30.8° was observed, 
indicating presence of small amounts of brookite in the nanoparticles. 
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Figure 17.  XRD spectra of nanoparticles synthesized by PLAL of titanium in H2O indicating mostly 
rutile and some anatase and brookite phases of TiO2. [Publication PI]. 

The WAXS measurement can be done directly from nanoparticle suspension in the 
same measurement as SAXS, so it is advantageous as a quick phase analysis 
technique. The WAXS measurements from the nanoparticle suspensions (figure 18) 
corroborated XRD results to indicate mostly rutile-TiO2, based on the peaks at 27.4 
and 36.1 (2θ) degrees. The minor phase was anatase-TiO2. Additionally, the small 
size of the nanoparticles caused broadening of the peaks, similar to the observation 
in the XRD spectra. From all suspensions synthesized at different laser powers, the 
XRD and WAXS spectra were almost alike with same ratio of TiO2 phases. This 
suggested that the laser power did not affect the phase composition of nanoparticles. 
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Figure 18.  WAXS spectra of nanoparticles synthesized by PLAL of titanium in H2O indicating mostly 
rutile and some anatase, both allotropes of TiO2. [Publication PII]. 

The Raman spectra (figure 22 (b)) indicated mostly rutile-TiO2 with possibility of 
presence of some anatase and brookite as minor phase, in agreement with the results 
from WAXS and XRD data. The strong peaks at 440 cm−1 and 
610 cm−1 corresponded to rutile. The high broad peak at around 150 cm−1 indicated 
presence of anatase or brookite or both in nanoparticles. Additionally, there were 
small peaks of anatase and brookite marked in figure 22 (b), suggesting again that 
both phases were likely present as a minor phase. 

4.3 Particle size and size distribution measurements (TEM and 
SAXS) 

In this section, the size distribution measurement results by TEM and SAXS are 
compared (figures 19 (a)–(c)) from publication PI. For this, the histogram from 
TEM image analysis was plotted with y-axis corresponding to the number of 
nanoparticles and x-axis corresponding to nanoparticle diameter. This plot also 
included Dv(R) from SAXS on the right y-axis, which was plotted against the same 



 

59 

x-axis. Both the TEM determined histogram and SAXS determined size distribution 
curve for nanoparticles synthesized at 20% laser power (figure 19 (a)) showed a 
maximum between 8–10 nm. Further, in the plot corresponding to suspension 
synthesized at 40% laser power (figure 19 (b)), both techniques suggested minima 
at around 19 nm followed by a small increment around 22–24 nm. Both the 
histogram and distribution curve indicated the bimodality of the nanoparticle size 
distribution. This was indicated also for suspensions synthesized at 50% laser power 
(figure 19 (c)). In this case, both measurements suggested a maximum at around 6 
nm.  

Two particle size populations give rise to a bimodal size distribution. Based on 
atomistic modelling and stroboscopic videography experiments by the research 
groups of Zhigilei and Barcikowski, respectively, they proposed two main 
mechanisms in the PLAL process that leads to bimodal size distribution of 
nanoparticles: the first mechanism is the “Rayleigh-Taylor instability” at the plume-
supercritical water2 interface giving rise to large nanoparticles, while the second 
mechanism is the “nucleation and growth of small nanoparticles in the metal-water 
mixing region” [110,111]. Meunier and Meneghetti have previously reported bimodal 
size distribution for PLAL produced nanoparticles [35,60]. 

From these particle size distribution plots in figures 19 (a)–(c), size reduction 
and narrowing of size distributions was also observed with increasing laser power. 
The absolute values of average nanoparticle sizes for all laser powers were slightly 
higher for SAXS measurement than TEM measurement. This is due to two main 
reasons: (i) SAXS gives a volume size distribution while TEM measurement was 
number size distribution, and (ii) SAXS measurement is not sensitive to agglomerates 
resulting in measurement of ‘agglomerate size’ as ‘particle size’ while in TEM, due 
to good resolution and contrast, it is easy to distinguish between individual particles 
and agglomerates. The size reduction and narrowing of size distribution occurs due 
to photothermal melting-evaporation and explosive disintegration of bigger 
nanoparticles to form smaller nanoparticles [145,148]. The size reduction 
mechanism may change if the laser pulse duration is changed to picoseconds or 
femtoseconds. A thermodynamic model was proposed by Werner et al. to interpret 
the change in nanoparticle size reduction mechanisms with the change in laser 
parameters [148]. 

 
2 Supercritical water – Thin layer of water close to plasma plume and cavitation bubble turns to 
supercritical state due to high local temperature and high local pressure conditions. For water, Tc = 
374 °C, and Pc = 22.1 MPa. 
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The average nanoparticle size at each laser power by TEM and SAXS was plotted 
against the laser power to observe this pattern. Figure 19 (d) indicated a decreasing 
trend of nanoparticle size with increasing laser power, and a good agreement 
between the size reduction trends by both measurement techniques. Good 
agreement between both measurement technique was observed based on the 
bimodality indicated by both, and the similarity of size reduction trend. This 
demonstrates SAXS as a fast, promising method for particle size distribution 
analysis. Revisiting the research questions from section 1.4, this answers the first 
research question for measuring size and size distribution of PLAL produced 
nanoparticles. 

 

 

Figure 19.  Particle size distributions of nanoparticle suspensions synthesized at laser powers (a) 
20%, (b) 40%, and (c) 50% of the maximum laser power, with the blue line representing 
SAXS measured size distribution curve superimposed on the orange size distribution 
histogram obtained from TEM-image analysis, (d) The decreasing average nanoparticle 
size with increasing laser power measured by TEM and SAXS showed same trend, 
indicating good agreement between both measurement techniques. [Publication PI]. 

SAXS measurement technique is based on a parametric distribution model, in which 
the assumed particle shape stays same (such as spherical in this case) while the 
particle size varies [149]. The measurement in SAXS technique can quickly be done 
from freshly ablated nanoparticle suspensions while TEM measurement is tedious 
and involves several steps such as TEM sample preparation, drying of TEM grid, 
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TEM imaging, manual TEM image analysis, and finally plotting of data. The number 
of nanoparticles analyzed by SAXS is several tens of magnitudes higher than in TEM. 
However, SAXS technique is sensitive to the particle concentration in the 
nanoparticle suspension. According to the guidelines of EasySAXS software from 
Panalytical, for the results to be reliable, the absorption factor of the sample should 
be between 1.5 and 5. This is because a value lower than 1.5 indicates no conclusive 
difference between particles and the background. Finally, for the determination of 
particle size and size distribution directly from suspensions in a quick and easy way, 
we propose SAXS as a promising method. However, TEM is still proposed as a 
necessary method for determining nanoparticle shape and appearance. 

4.4 Comparison of nanoparticle morphology and phase 
synthesized with different laser parameters 

The aim of this section is to compare the results from PLA of titanium in deionized 
water with two different lasers and show the similarity of phase analysis results. This 
is important because we observe multiphase non-stoichiometric oxides by PLA of 
titanium in scCO2 (discussed in Chapter-5), and the idea here is to assert that the 
formation of such mixed phase oxides is not due to a different laser. It is in fact due 
to a different solvent, which is, supercritical CO2. The results presented in section 
4.4 correspond to publications PI, PII, and PIII. 

Synthesis of nanoparticles by PLA of titanium in deionized H2O using –  
250 ns laser at 101 kHz, 690 µJ/pulse (PIII) VS. 500 ns laser at 25 kHz, 3.4 
mJ/pulse (PI, and PII) 
The repetition rates of 25 kHz and 101 kHz mean that the delay between the two 
laser pulses was 40 µs and 9.9 µs, respectively. Such time delay is much shorter than 
the cavitation bubble lifetime which is usually few hundreds of microseconds in 
normal atmosphere water. This would result in strong screening of the laser pulses 
with the cavitation bubble, which acts like a lens and may defocus the beam to cause 
irregular ablation [124]. Similar optical shielding can be expected from the plasma 
plume [35]. Due to a high repetition rate and comparatively slow scanning rate, re-
ablation of the same spot may happen also. The pulse durations of 250 ns and 500 
ns are rather close, so that the particle formation mechanisms stay the same. The 
pulse energies are, however, a bit different; 690 µJ for 250 ns laser while 3.4 mJ for 
500 ns laser. With the 250 ns laser, an 80 mm focusing lens ensured a spot diameter 



 

62 

of around 35 µm at all laser powers whereas in 500 ns laser, a 160 mm focusing lens 
focused the laser to spot diameters 55–155 µm depending on the laser power used.  

 

 

Figure 20.  TEM micrographs for suspensions synthesized by 250 ns, 101 kHz laser showing (a) 
nanoparticles forming network like structure and ED patter (inset) indicated crystallinity of 
nanoparticles and presence of some amorphous nanomaterials, and (b) at higher 
magnification, round nanoparticles seem joined to random shaped nanostructures. 
[Publication PIII]. 

 

Figure 21.  TEM micrographs for suspensions synthesized by 500 ns laser at 25 kHz showing, (a) 
round nanoparticles agglomerated and connected to each other with smaller 
nanoparticles, and were mostly crystalline with some amorphous phase, as indicated by 
ED pattern in inset, or (b) random shaped nanomaterials connect the round nanoparticles. 
These micrographs showed similarities to nanoparticles synthesized by 250 ns laser at 
101 kHz depicted in figure 20. [Publication PI]. 
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For nanoparticle synthesis by PLAL, the laser fluence is of great importance. For 
250 ns laser, the maximum laser fluence was 71.75 J/cm2 while for the 500 ns laser, 
it was 57.63 J/cm2. So, no dramatic difference between the laser fluence of the two 
lasers. 

From the comparison of laser parameters, similar phenomenon could be 
expected in PLA with both lasers: re-ablation of nanoparticles and same spot on 
target surface, laser defocusing by the cavitation bubbles, and mostly thermal 
mechanisms (for nanosecond lasers) for nanoparticle formation and their size 
reduction. Further, the results from both lasers are compared based on TEM, 
Raman, and XRD data. 

The TEM micrographs from suspensions made by 250 ns laser at 101 kHz (figures 
20 (a) and (b)), and 500 ns laser at 25 kHz (figures 21 (a) and (b)) showed very 
similar results and indicated presence of nanoparticles that connected with each 
other to form networks.. In each case, and ED pattern (inset figures 20 (a) and 21 
(a)) crystalline nanoparticles along with some randomly shaped nanostructures that 
were amorphous. A detailed discussion on this topic has already been presented in 
section 4.1 TEM micrographs in figures 20 and 21 suggested no difference in 
synthesized nanoparticles with the change in the laser parameters. 
 

 

Figure 22.  Raman spectra of nanoparticles synthesized by PLAL of titanium in H2O using a (a) 250 
ns laser at 101 kHz and (b) 500 ns laser at 25 kHz. [Publication PIII and PI, 
respectively]. 

Raman spectra in figures 22 (a) and (b) indicated similarity in phase composition 
of nanoparticles synthesized by different laser parameters. to each other in terms of 
the observed major peaks to indicate mostly rutile-TiO2 as the main phase based on 
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the strong peaks at 440 cm−1 and 610 cm−1. The high peak at 150 cm−1 could be 
from anatase or brookite or a combination of the two in both figures. The other 
smaller peaks of rutile, anatase and brookite have been marked in the figures. 

XRD spectra (figures 23 (a) and (b)), in accordance with the Raman spectra 
indicated that nanoparticles composition was almost the same despite change in laser 
and its parameters. The main peaks in the XRD spectra corresponded to rutile peaks 
at 27.4, 36.1, 41.2, 54.3, 64.0, and 69.7°, and brookite peak at 25.3° which also 
corresponded to anatase. Anatase peak at 25.305° and brookite peak at 25.340° were 
hard to distinguish due to peak broadening and overlap. The overlap might have 
made the intensity stronger for this peak, since the other high intensity peaks were 
too small to analyze with high certainty. 
 

 

Figure 23.  XRD spectra of nanoparticles synthesized by PLAL of titanium in H2O by (a) 250 ns laser 
at 101 kHz and (b) by 500 ns laser at 25 kHz. [Publication PIII and PI, respectively]. 

In the next chapter, the results from PLA of titanium in scCO2 as well as liquid and 
gaseous CO2 using 250 ns laser at 101 kHz, 690 µJ/pulse are reported and discussed.  
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5 PLA IN PRESSURIZED CO2 - (Synthesis of Stable, 
Meta-Stable Anatase-TiO2, TixOy Nanoparticles With 
Or Without Carbon Shell/Layer) 

In this chapter, we report the results from the first tests for synthesis of nanoparticles 
in scCO2. This is then compared with PLA in H2O results using the same laser 
parameters. Initial results indicate formation of well-dispersed, non-agglomerated 
nanoparticles by PLA in scCO2. The nanoparticles were composed of mostly meta-
stable phases anatase-TiO2 and Ti2O3, while non-stoichiometric phases, such as 
TiO0.89 was also present. This is discussed in juxtaposition with the results from PLA 
in H2O where we observed mostly rutile-TiO2 nanoparticles that were partially 
agglomerated or connected to each other with randomly shaped nanomaterials to 
form web-like networks. 

After this, the results from a series of seven different tests are reported with 
varying CO2 pressures 5–40 MPa and CO2 temperatures 30–50 °C. We report on 
formation of mostly anatase-TiO2 nanoparticles with core-shell structures and 
nanoparticles with either thick carbon layer or without carbon layer on them. This is 
followed by characterization with Raman, XRD and XPS. Further, the effects of 
CO2 temperature and pressure on the nanoparticle size, and phase composition are 
analyzed. This is followed by a thorough discussion for the formation of core-shell 
nanoparticles and on the possible mechanisms of formation of different nanoparticle 
phase compositions, including the effect of pressurized CO2 on them. The results 
presented and discussed in this chapter correspond to publications PIII and PIV. 

5.1 Synthesis of nanoparticles by PLA in scCO2 vs H2O – A 
Comparative analysis 

Section 5.1 contains results from publication PIII. The plasma dynamics and 
cavitation bubble phenomenon are influenced by the solvent pressure during PLA 
in pressurized media [131,132,135]. PLA in supercritical fluids has advantages over 
PLA in liquids due to higher reaction rates in supercritical fluids owing to their higher 
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diffusivity and further having zero surface tension. Supercritical fluids penetrate the 
nanostructures easily and escape from it unharmed. [129] Achieving supercritical 
condition is relatively easier and takes less energy for CO2 (Tc = 31.1 °C and Pc = 
7.4 MPa) compared to H2O (Tc = 374 °C and Pc = 22.1 MPa) while there is 
advantage of almost negligible distortion of beam shape, which is observed in scH2O 
[128]. In our study, the nanoparticles were synthesized by PLA of titanium in scCO2 
and H2O with a 250 ns 1064 nm laser at 101 kHz. The synthesized nanoparticles 
were studied with TEM, Raman and XRD to compare their size, morphology, 
dispersibility and phase composition. 

5.1.1 TEM analysis of nanoparticles 

From the TEM micrographs (figures 24 (a) and (b)), we observed uniformly 
dispersed round nanoparticles from the sample synthesized by PLA in scCO2 at 10 
MPa, 50 °C. The roundness of the nanoparticles is due to the diffusion of hot surface 
atoms as well as to reduce the interfacial energy upon melting caused by laser 
processing of already produced nanoparticles [26]. The crystalline rings in the ED 
pattern (figure 24a inset) indicated presence of mostly crystalline nanoparticles. 
Saitow et al reported formation of gold nanospheres by PLA in scCO2 with particle 
diameters around 400 nm, however, we did not observe any such large nanospheres 
in this study [62]. This could either be due to a much smaller CO2 density around 
0.34–0.38 g/cm3 in comparison to 1.7 g/cm3 used by Saitow et al. A direct 
comparison with the study of Saitow et al. would be unfair due to very different laser 
parameters used. This study used a high repetition rate of 101 kHz and a longer pulse 
duration 250 ns compared to 20 Hz and 9 ns in the study of Saitow et al. [62]. 
Additionally, in this study the laser beam was scanned on the target surface at 2 m/s 
for 30 minutes while in the study of Saitow et al., there was no mention of scanning 
parameters. It has been reported that for PLA in supercritical fluids such as CO2 and 
CHF3 (trifluoromethane), that lower densities of supercritical fluids result in smaller 
nanoparticles (few nm to few tens of nm) while higher densities result in formation 
of bigger nanospheres (few hundreds of nm) and nanonecklaces [62,141]. 
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Figure 24.  TEM images of nanoparticles synthesized by PLA in scCO2 showing (a) well dispersed 
round nanoparticles that were crystalline based on ED pattern (inset), and (b) lattice 
fringes observable in high resolution TEM image of nanoparticles. [Publication PIII]. 

 

Figure 25.  TEM images of nanoparticles synthesized by PLA in H2O showing (a) nanoparticles joined 
to each other forming networks consisting of both crystalline and amorphous 
nanomaterials based on ED pattern in inset, and (b) round nanoparticles joined to smaller 
nanoparticles and connected by random shaped nanomaterials. [Publication PIII]. 

In comparison, the TEM micrographs of nanoparticles synthesized by PLA in H2O 
(figures 25(a) and 25(b)) showed web-like networks of round nanoparticles. Such 
web-like networks have been previously reported [146]. At higher magnifications 
(figure 25(b)), it was possible to observe that these web-like networks consisted of 
randomly shaped nanoparticles connected to each other as well as other 
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nanoparticles to cause some degree of agglomeration. The crystalline rings and spots 
and maybe also diffuse rings in the ED pattern from this region (inset figure 25(a)) 
indicated presence of crystalline as well as some possibly amorphous phases in the 
nanomaterials. 

A comparative analysis of PLA in scCO2 and H2O based on TEM analysis 
showed that the nanoparticles formed in scCO2 were uniformly dispersed and non-
agglomerated. This could be because scCO2 is non-polar and has zero surface 
tension while the synthesized nanoparticles were polar. The electrical double layer 
that usually surrounds the nanoparticle surface in aqueous medium should be absent 
for scCO2, in theory. Further, due to no evolution of hydrogen during PLA in scCO2, 
hydrogen bonding of the particles can be eliminated as well as the presence of 
aqueous ions such as OH−, H3O+, and H+ ions is unlikely. These factors combined 
would ensure no agglomeration. Although, after the PLA in scCO2 process is 
finished, it may be expected that some H2O in the form of moisture gets adsorbed 
on the particle surface when the high-pressure chamber is opened, and the 
nanoparticles are exposed to the ambient environment. Another noticeable 
difference was that the randomly shaped nanoparticles observed for PLA in H2O 
(Fig. 25(a) and 25(b)), were absent in PLA in scCO2. The above comparison 
suggests PLA in scCO2 as a promising process for single step synthesis of dry, 
spherical-shaped nanoparticles that are well-dispersed and non-agglomerated. 

5.1.2 Phase analysis – Raman and XRD 

The nanoparticles synthesized by PLA in scCO2 and H2O were analyzed with Raman 
and XRD. Raman spectra of the nanoparticles synthesized by PLA in scO2 (figure 
26(a)) indicated the nanoparticle powder consisted of mostly anatase-TiO2 with 
small amount of titanium (III) oxide (Ti2O3). This was evident from the sharp 
distinct peaks of anatase while the broader features could be from the smaller peaks 
of anatase, titanium (III) oxide or some other titanium oxides. The presence of 
titanium carbide could be ruled out due to absence of any peaks at 222, 420 or 605 
cm-1. In contrast, the Raman spectra of nanoparticle synthesized in H2O (figure 
26(b)) showed two big peaks of rutile-TiO2 at 440 and 610 cm-1. Other identified 
phases were anatase-TiO2, brookite-TiO2, or combination of both based on the peak 
at 150 cm-1. Further, the broad features up to 900 cm-1 could indicate presence of 
amorphous material or disordered phase. 
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Figure 26.  Raman spectra of nanoparticles synthesized by (a) PLA in scCO2, and (b) PLA in H2O. 
[Publication PIII]. 

 

 

Figure 27.  XRD spectra of nanoparticles synthesized by (a) PLA in scCO2, and (b) PLA in H2O. 
[Publication PIII]. 

 The XRD results corroborated the observations from Raman analysis. Peak 
broadening was observed in the XRD spectra and is commonly known to be caused 
by the small size of nanoparticles. XRD spectra of nanoparticles produced in scCO2 
(figure 27(a)) indicated presence of anatase-TiO2 and titanium (III) oxide Ti2O3. 
Further, the presence of TiO0.89, a non-stoichiometric high-temperature phase, was 
also indicated. Additional information on this phase is presented in appendix 1. In 
the XRD pattern of the nanoparticles produced in H2O (figure 27(b)), the sharp 
peaks at 27.4, 36.0, 41.2, and 54.3° strongly indicated presence of rutile-TiO2. Other 
rutile peaks have been marked in figure 27(b). Additionally, the small peaks at 25.3, 
62.0 and 70.0° may correspond to brookite, rutile or a combination of both. The 
sharp and large peaks of titanium in figure 27 (a) were observed because the 
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nanoparticles sample was on top of the titanium substrate. The same sample was 
used for Raman analysis in figure 26 (a), but no titanium peaks were observed since 
metals are transparent in the Raman spectra. 

From the Raman and XRD analysis of nanoparticles, the formation of meta-
stable (anatase-TiO2 and Ti2O3) and non-stoichiometric (TiO0.89) phases was 
observed, in contrast to PLA in H2O, where stable phase rutile-TiO2 was observed 
to be the main phase of the nanoparticles. 

5.1.3 Source of oxidation 

Supercritical CO2 is a non-toxic fluid with low reactivity; however, during the PLA 
process, it can decompose to produce O-1/O2. The ionized target species from the 
high-temperature high-pressure plasma plume will then interact with the solvent ions 
after the plasma plume implodes and ionized species are introduced to the cavitation 
bubble, containing solvent ions to produce nanoparticles [7,58,150]. The dissociation 
of CO2 can either follow the minimum path energy to form CO and O-1 which would 
then again form CO2 and O2 or in extreme conditions of temperature, dissociation 
of CO2 can form molecular carbon and oxygen, which is possible via dissociative 
electron attachment [151] or vacuum-ultraviolet3 photodissociation [152]. These 
solvent species can then oxidize the solute ions such as the titanium ions in this 
study. In PLA in H2O, the ionized target species react with oxygen [150] that is either 
made available by the plasma-induced water splitting of oxygen bound to water 
molecule [147] or readily available oxygen dissolved in water [71]. H2O is less 
oxidizing than CO2 under 1000 K according to Ellingham diagram [153]. However, 
fully oxidized stable phase rutile-TiO2 was identified as the main phase of 
nanoparticles synthesized by PLA in H2O. This is likely if the oxygen dissolved in 
water is responsible for oxidation. An exhaustive thermodynamic analysis would be 
out of scope of this study. 

In summary, section 5.1 answers the second research question from section 1.4. 
This is further answered and discussed in section 5.3 to explore formation of 
multiphase titanium oxides and the possible pathways for reduction and oxidation 
reactions between titanium and CO2. 

 
3 vacuum ultraviolet – The part of the electromagnetic spectrum in which the photons are energetic 
enough to excite atom from its ground state to ionization, can be referred to as vacuum ultraviolet. Its 
wavelength is around 200 nm. 
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After the comparative analysis in this section, the TEM analysis of nanoparticles 
synthesized in scCO2 was continued and particles with some layer or shells 
corresponding to carbon were observed. Could this mean decomposition of CO2 to 
form carbon and oxygen? Such decomposition is possible under extreme conditions 
as discussed earlier in this section. This led to a new series of experiments where the 
CO2 pressure and temperature were varied and the effect of this variation was 
measured against the particle size, morphology, shell thickness, and phase 
composition. The results from these measurements are reported and discussed in 
section 5.2. 

5.2 Synthesis of nanoparticles in gaseous, liquid and 
supercritical CO2 

The results presented and discussed in section 5.2 correspond to publication PIV. 

5.2.1 TEM analysis of nanoparticles synthesized at 10 MPa, 50 °C 

Based on investigation with transmission electron microscopy, the nanoparticles 
were classified into three categories, (i) nanoparticles with core-shell structure 
(figure 28 (a)–(c)), (ii) nanoparticles with thick carbon layer (figure 28 (d) and 
(e)), and (iii) nanoparticles with no carbon layer (figures 24 (a) and (b)). The 
particles with no carbon layer have already been discussed earlier in section 5.1.1 for 
nanoparticles synthesized by PLA in scCO2. 

STEM images (figures 28 (a) – (c)) show round nanoparticles that formed core-
shell structures with a smooth shell of varying thickness. This type of core-shell 
structures and varying shell thickness have been previously reported in literature, 
where they found the shell thickness to increase with the increase in the particle 
diameter [154]. Individual particles were covered with carbon layer. This was further 
elucidated from the backscattered electron (BSE) image in topographical mode 
figure 28 (c). Such core-shell nanoparticles were the dominant type of nanoparticles 
synthesized. This is consistent with earlier studies of PLA of iron-gold in which the 
core-shell morphology corresponded to over 90% of the nanoparticles [155]. 

STEM image (figure 28 (d)) showed the other type of nanoparticles that 
consisted of a thicker carbon layer which surrounded many nanoparticles. This 
observation was further evident in the STEM-BSE image (topographical mode) in 
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figure 28 (e) in which the clusters of nanoparticles appeared to be under thick 
carbon layer. These particles were not the characteristic core-shell structures and 
were fewer than the core-shell morphology particles. While the nanoparticles from 
other test conditions also consisted of nanoparticles with thin and thick carbon layer, 
no prominent trend in the variation of the shell thickness was observed. 
 

 

Figure 28.  Particles with thin carbon layer: (a) TEM image of core–shell type nanoparticles and its 
electron diffraction pattern (inset), (b) high-resolution TEM image of particle with its core 
showing lattice fringes conforming to anatase (101) single crystal, (c) STEM BSE image of 
core–shell particles. Particles with thick carbon layer: (d) TEM image of thick carbon layer 
on particles, marked by an arrow, (e) Thick carbon layer on nanoparticles observable in 
STEM BSE image (topographical mode), and (f) STEM-EDS line analysis showing 
intensity variation of Ti, O and C in the particles. [Publication PIV]. 

Based on STEM-EDS line and spot analysis (figure 28 (f)), the core region of the 
nanoparticles was rich in titanium and oxygen while the shell or layer region was 
carbon rich. A dramatic change in peak intensities, visible for titanium and oxygen 
80–100 nm, was not observable for carbon intensity since carbon covers the 
nanoparticle from all sides. This means that there will always be some carbon 
detected even when analyzing the composition at the center of the core of the 
nanoparticle. 
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The STEM images from samples synthesized at other CO2 pressures and 
temperatures showed very similar results as in figure 28. The nanoparticle population 
types and ratios were the same and no trend in carbon layer thickness with change 
in CO2 pressure and temperature was observed. 

5.2.2 Phase analysis and band gap of nanoparticles 

Raman and XRD analysis 

The most prominent peaks in the Raman spectra of the nanoparticles (figure 29 (a)) 
at 144, 400, 520, and 636 cm-1 corresponded to anatase-TiO2. The peaks for rutile-
TiO2 at 447 cm-1 and 610 cm-1 were observed as shoulders or small features to the 
anatase peaks. In the wide spectrum measurement (inset figure 29 (a)), two broad 
features centered around 1100 cm-1 and 1450 cm-1 were observed. Since D and G 
bands were absent, the carbon on nanoparticle surface could be in the form of 
hydrocarbon rather than pure carbon. C–C bond stretch and CH2 twists and bends 
explain the peaks at 1000 cm-1 and 1450 cm-1, respectively. Thus, Raman 
measurements indicated anatase-TiO2 to be the main phase of the nanoparticles with 
rutile-TiO2 as a minor phase. Additionally, the wide spectrum Raman measurement 
indicated presence of carbon on particle surface which could be in the form of 
hydrocarbon. 

XRD spectra of the nanoparticles figure 29 (b) strongly indicated presence of 
anatase-TiO2, in agreement with the Raman results. The most prominent peaks of 
anatase-TiO2 were observed at 25.3°, 48.1°, and 55.2°, while other peaks are marked 
in figure 29 (b). Other smaller peaks corresponded to rutile-TiO2 at 27.4°, brookite-
TiO2 at 30.8°, and carbon containing phase – titanium oxycarbide Ti(1)O(0.5)C(0.5) at 
36.2° and 42.1°. Additional information on titanium oxycarbide is presented in 
appendix 2. Although carbon peaks were not observed at 26.1 and 42.3 since carbon 
may not be present in crystalline form, the broad feature 25–31° may possibly 
indicate presence of amorphous carbon. Marzun et al. reported the difficulty of 
observation of carbon peaks in XRD of core-shell particles with carbon layer 
synthesized by PLAL, since XRD is more applicable for crystalline materials [71]. 
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Figure 29.  (a) Raman spectra, and (b) XRD spectra, of the nanoparticles synthesized by PLA in 
scCO2. [Publication PIV]. 

Raman and XRD results indicated nanoparticles consisted of mostly anatase-TiO2. 
While rutile-TiO2 was present as a minor phase, XRD results suggested possibility 
of also brookite-TiO2. Further, both Raman and XRD indicated presence of carbon 
in some form such as hydrocarbon in Raman and titanium oxycarbide in XRD. For 
a conclusive measurement on presence of carbon on nanoparticles and the phases 
present, XPS measurements were done. 

XPS analysis 

The XPS spectra (figure 30 (a)) confirmed the presence of titanium, oxygen, and 
carbon in the nanoparticles with the observation of peaks corresponding to Ti2p, 
O1s and C1s. The presence of carbon in sp2 hybridization C=C was indicated from 
the 284–286 eV C1s peak (figure 30 (b)). Additionally, carbon in sp3 hybridization 
is likely present based on the broadening of C1s peak. The small broad feature 288–
290 eV may indicate presence of O–C=O bonds. The absence of peaks at 281.5, 
454.7, and 460.9 eV eliminates possibility of titanium carbide. In figure 30 (c), the 
peak at 530 eV corresponded to O1s peak while the shoulder to this peak around 
531.5–532 eV may signify presence of oxygen bonded to carbon C=O. This may 
indicate presence of organic carbonyl, or ketones or then presence of H–O–C bond. 
It is also possible that metal carbonate (TiCO3 531.5-532 eV) in nanoparticles adds 
to this feature. The peaks in XPS spectra in figure 30 (d) at 464.3 and 458.5 eV 
corresponded to Ti2p1 and Ti2p3 respectively. This strongly indicates presence of 
Ti+4 in the form of rutile-TiO2 and anatase-TiO2 based on their bond energies. In 
summary, XPS results indicated nanoparticles consisted of mostly anatase and rutile 
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in agreement with the results from Raman and XRD and further suggested presence 
of carbon on the nanoparticles. Additionally, a minor amount carbon could be 
bonded to oxygen but not to titanium. 

 

Figure 30.  XPS spectra of nanoparticles synthesized by PLA in scCO2, corresponding to the (a) 
Survey spectra, (b) C1s peak, (c) O1s peak, and (d) Ti2p1 and Ti2p3 peaks. [Publication 
PIV]. 

Based on the Tauc-plot in figure 31, the band gap of the nanoparticles was calculated 
to be 3.32 eV. This is slightly higher than the more commonly known bulk value of 
3.20 eV for anatase-TiO2 [156]. The slightly higher band gap is reportedly due to 
quantum size effect and surface states in case of nanoparticles and thin films 
[157,158]. This suggests that the nanoparticles were mostly anatase-TiO2, 
corroborating the Raman and XRD results. 
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Figure 31.  Absorption spectra 300–900 nm and band gap (inset) of nanoparticles synthesized by PLA 
in scCO2 at 10 MPa, 50 °C. [Publication PIV]. 

5.2.3 Analysis of experimental parameters – Effect of CO2 pressure and 
temperature 

In this section, the effects of CO2 temperature and pressure on the nanoparticle size, 
and phase composition are presented and discussed. To observe temperature effect, 
the CO2 temperature was varied from 30 to 50 °C while pressure was fixed at 10 
MPa. Similarly, to observe pressure effect, the CO2 pressure was varied from 5 MPa 
to 40 MPa while the temperature was kept constant at 50 °C. 

Effect of CO2 temperature 

Temperature effect on nanoparticle size 

Conclusive results on the effect of CO2 pressure on the cavitation bubble dynamics 
are well reported [128,131], however, the impact of CO2 temperature is not studied 
as much. The nanoparticle size plot against the CO2 temperature (figures 32) 
indicated size refinement. The size refinement with increasing temperature is rather 
startling since higher temperatures cause decrease in CO2 density under isobaric 
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conditions, while increasing CO2 pressure under isothermal condition causes 
increase in CO2 density as well as particle size refinement. For PLA in liquids, in situ 
SAXS technique has been used to thoroughly study the effects of cavitation bubble 
dynamics to nanoparticle formation [159,160]. Similar comprehensive studies for 
PLA in supercritical fluids would be interesting to understand the underlying 
phenomenon. 
 

 

Figure 32.  Variation in nanoparticle size with CO2 temperature 30-50 °C, obtained from TEM. 
[Publication PIV]. 

Temperature effect on nanoparticle phase 

The Raman spectra (figure 33 (a)) indicated anatase-TiO2 to be the main phase and 
rutile-TiO2 as the minor phase of nanoparticles despite the change in CO2 
temperature. The same trend was observed in the XRD spectra (figure 33 (b)) of 
nanoparticles, in agreement with the Raman results. In contrast to the CO2 pressure 
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studies, discussed in the next sub-section, a definite trend in rutile amount with CO2 
temperature variation was not observed. 
 

 

Figure 33.  (a) Raman spectra, and (b) XRD spectra for nanoparticles synthesized by PLA in CO2 at 
temperatures 30, 40, and 50 °C at 10 MPa. [Publication PIV]. 

Effect of CO2 Pressure 

Pressure effect on nanoparticle size 

The plot of average particle size against CO2 pressure in figure 34 indicated particle 
size refinement with the increase in pressure. Such size refinement is in accordance 
with the particle size refinement reported by PLA in pressurized fluids (CO2, and 
H2O) for Au [140], Sn [161], and ZnO [162]. Higher solvent pressure decreases the 
cavitation bubble volume and lifetime which in turn leads to size refinement 
[131,162]. 
 



 

79 

 

Figure 34.  Variation in nanoparticle size with CO2 pressure 5-40 MPa, obtained from TEM. 
[Publication PIV]. 

Raman and XRD spectra (figures 35 (a) and (b)) indicated anatase-TiO2 to be the 
main phase of nanoparticles despite the change in pressure. However, there were 
some differences in the peaks corresponding to rutile-TiO2 with the change in 
pressure for both Raman and XRD spectra. The plot for area of rutile to anatase 
fitted peaks with CO2 pressure (figures 36 (a) and (b)) based on Raman and XRD 
spectra indicated increase in rutile amount with increased CO2 pressure. The trend 
in the plot for area of the fitted peaks from XRD spectra verified the observation 
from Raman spectra. In addition, other noticeable difference in phase composition 
was the observation of Ti3O5, a high-temperature meta-stable phase, at 21.2° in the 
XRD spectra of nanoparticles synthesized at 15 MPa. Additional information for 
Ti3O5 is presented in appendix 3. 
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Figure 35.  (a) Raman spectra, and (b) XRD spectra, for nanoparticles synthesized by PLA in CO2 at 
pressures 5, 10, 15, 20, and 40 MPa at 50 °C. [Publication PIV]. 

 

Figure 36.  Rutile to anatase peak area ratios from (a) Raman spectra, and (b) XRD spectra, The blue 
squares in figure 36 (a) correspond to the area ratio of rutile Eg peak (440 cm-1) to the 
anatase A1g peak (520 cm-1). Similarly, the red circles correspond to the area ratio of 
rutile A1g peak (610 cm-1) to the Anatase A1g peak. [Publication PIV]. 

As summary of section 5.2.3, size refinement was observed when CO2 temperature 
was increased from 30 °C to 50 °C. Raman and XRD spectra indicated anatase-TiO2 
as main phase and rutile-TiO2 as minor phase despite the temperature variation. 
Using CO2 pressure from 5 to 40 MPa at 50 °C as a tool to control nanoparticle size 
and phase composition was more suitable in PLA process than CO2 temperature. 
Increasing the CO2 pressure from 5 to 40 MPa caused the size refinement of 
nanoparticles from 19 nm average particle diameter to about 14.5 nm. The reason 
was that higher CO2 pressure caused a decrease in cavitation bubble volume and 
shortened its lifetime. Further, Raman and XRD suggested anatase-TiO2 as main 
phase and rutile-TiO2 as minor phase despite variation in CO2 pressure. However, 
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the rutile amount seemed to increase with the increase in CO2 pressure based on 
area of fitted peaks from Raman and XRD spectra. 

In addition, section 5.2 answers the third research question (from section 1.4) to 
imply indirectly from Raman, XPS, and HR-TEM data that carbon was indeed found 
on nanoparticles and it is most likely produced by decomposition of CO2 by laser, 
or hot nanoparticles, or catalysis by oxygen vacancies in anatase-TiO2. However, 
whether this carbon is fully amorphous or consists of also multi-layer graphene or 
some other carbon nanostructure, is not fully established yet due to limitations of 
characterization techniques. In section 5.3.2, the possibilities of formation of carbon 
are discussed, in addition to multiphase oxides of titanium. 

5.3 Discussion on materials science of nanoparticle synthesis 
by PLA at high-pressure 

5.3.1 Origin of difference in nanoparticle phase and effects of solvent 
pressure in PLA 

The phase and structure of the nanoparticles depend on mainly four factors: 
pressure, temperature, concentration of ablated material and concentration of 
solvent species. However, owing to “hemispherical symmetry of laser ablation”, 
these four parameters are neither constant in time or nor uniform in space. [58] High 
ambient solvent pressure affects the plasma dynamics and cavitation bubble 
phenomenon, both of which play an extremely important role in PLA process for 
nanoparticle synthesis. Regarding the pressure effect on the plasma plume, Takada 
et al. reported that the plasma geometry becomes squeezed laterally and plasma 
expands parallel to the target surface plane at 30 MPa ambient pressure compared 
to 0.1 MPa. They also reported lesser plasma volume and higher plasma pressure for 
plasma formed at 30 MPa compared to 0.1 MPa. [132] Ambient pressure significantly 
affects the cavitation bubble dynamics also. According to Stauss et al., while the 
cavitation bubble lifetime for PLA of titanium in H2O at 0.1 MPa (normal 
atmosphere) was few hundreds of microseconds, at 3 MPa, the lifetime reduced to 
around 10 µs. In addition, they reported a significant reduction in the size of the 
cavitation bubble at higher pressure. [135] Takada et al. reported smaller size of 
cavitation bubbles in 8 MPa scCO2 compared to 5 MPa gaseous CO2 based on 
shadowgraph images during PLA in pressurized CO2 [128]. While the cavitation 



 

82 

bubble phenomenon in PLA in liquids in well studied, it is not well understood in 
case of PLA in supercritical fluids. However, a recent study by Muneoka et al. 
provided new insight about cavitation bubble phenomenon and nanoparticle 
synthesis based on shadowgraph imaging during PLA in supercritical fluids, gas-like 
supercritical fluids, gaseous phase, liquid-like supercritical fluids, and liquid phase 
(the solvent being CO2 in different phases) [163]. In their study, based on 
shadowgraph imaging of plasma and cavitation bubble, they divided the whole 
process in six phases after irradiation of target with laser (as shown in figure 37). 
Muneoka et al, reported that while all six phases existed in PLA in near critical point 
supercritical CO2, only three phases for PLA in gases and four phases for PLA in 
liquids was reported. The details of these phases are shown in figure 37. During 
PLA in scCO2 at near critical point, they reported a double layer cavitation bubble 
which comprised of an inner bubble and an outer shell. [163] This suggests that the 
nanoparticle formation conditions are much different during PLA in supercritical, 
gaseous, and liquid phases. 
 

 

Figure 37.  Schematic showing difference phases observed in the study by Muneoka et al. during PLA 
process from ablation (Phase 0) to nanoparticle formation (Phase 6) depending on 
whether the solvent was in gas phase, or gas-like supercritical fluid, or near critical point 
supercritical fluid, liquid-like supercritical fluid, or liquid phase. Adapted with permission 
from [163]. 

Plasma plume and cavitation bubble together form the reaction field where 
nanoparticles nucleate and grow. The spatial and temporal control of this reaction 
field by adjusting the solvent conditions is the key to materials processing [164] and 
controlling nanoparticle phase by PLA in high pressure media. Local 
pressure/temperature differences could trigger several reactions resulting in 
formation of mixed phases in nanoparticles [7]. Such pressure/temperature 
variations may result from higher ambient solvent pressure, as mentioned earlier. It 
is, therefore, likely that the high solvent pressure in PLA in scCO2 compared to PLA 
in H2O, could spatially and temporally change the PLA produced plasma plume and 
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cavitation bubble, leading to local fluctuations in temperature/pressure, which may 
support formation of mixed phase oxides. Supercritical fluids are known to exhibit 
large density fluctuations close to the critical point [128]. 

5.3.2 Formation of TiO2-carbon core-shell nanoparticles by PLA in 
pressurized CO2 

In PLA process, the interaction of ultrashort laser pulse with the target material leads 
to ejection of ionized species of target to form a high temperature plasma plume 
over a timescale of few hundred nanoseconds, inside which, the clusters form and 
grow [35,58,110]. For PLA in scCO2, the plasma formation and breakdown of CO2 
occurs over a timescale of few hundred nanoseconds, followed by cavitation bubble 
formation and its collapse at 2 µs and around 100 µs, respectively [130]. High 
temperature of plasma, reported between 3873–4873 °C [165] and 8273–12273 °C 
[166] depending on CO2 pressure, leads to breakdown of CO2 into atomic oxygen 
[130,166], atomic carbon [130], ions of carbon monoxide [166] and carbon [130]. 
This may oxidize the titanium ions, which later form titanium oxide nanoparticles, 
followed by deposition of the carbon on them, produced by plasma induced CO2 
decomposition. 

After the plasma plume implodes, it generates cavitation bubble, wherein the 
ionized solvent and target species interact. In PLA in liquids at normal pressure, the 
cavitation bubble contains predominantly solvent species and not ablated material 
[126]. In context of this study, the titanium ions from target will interact with the 
previously plasma decomposed CO2 in the cavitation bubble to form titanium 
oxides. High ambient pressure would result in shorter bubble lifetime and smaller 
bubble volume [131,162]. This could lead to faster quenching which may support 
formation of high temperature or meta-stable phases. 

Cavitation bubble phenomenon during PLA in scCO2 is reportedly similar to 
PLA in liquids during its growth stage while the bubble extinction stage is similar to 
PLA in gases [130]. During the cavitation bubble growth stage, the high temperature 
plasma species, released into it from the collapse of plasma, interact with ionized 
solvent species to form nanoparticles, which are then released to the surrounding 
fluid after the collapse of the bubble. In chapter 4, we observed PLA in H2O leads 
to formation of mainly rutile TiO2 nanoparticles. Rutile is indeed thermodynamically 
more stable form of TiO2 than anatase [167]. However, by PLA in pressurized CO2, 



 

84 

anatase-TiO2 was the main phase of the nanoparticle despite the change in CO2 
pressure and temperature. 

Huygh et al., based on density functional theory (DFT) simulations, reported that 
oxygen vacancies in anatase-TiO2 can activate CO2 dissociation and at a rather low 
temperature around 400 K [168]. The oxygen from CO2 heals the vacancy while CO 
produced may either adsorb on particle surface. This phenomenon may have a vital 
role in further oxidizing the mixed phase oxides to form fully oxidized TiO2. The 
CO can also decompose to form carbon via Boudouard reaction which can then 
form a carbon shell around the particle to form core-shell structure or the carbon 
can deposit around clusters of nanoparticles to form nanoparticle clusters with thick 
carbon layer, as observed in the STEM images in figure 28. This is shown as a 
schematic in figure 38 for single particles. In the shell formation process, laser 
heating of the nanoparticles plays a vital role [169]. The particle core can also catalyze 
the shell formation process [71]. 

However, reverse Boudouard reaction can also happen above 760 °C when CO2 
combines with carbon to form CO which then may reduce TiO2 to form oxygen 
deficient titanium oxides such as Ti3O5 or further replace oxygen with carbon to 
form titanium oxycarbide (TixOyCz) [170]. Such phases were observed in the XRD 
spectra of nanoparticles. However, there is another pathway to form these oxides 
and oxycarbides. In a carbon rich environment, at temperatures over 2273 °C, TiO2 
and its other oxides become unstable and reduce to form Ti3O5 and Ti2O3 [171]. If 
the carbothermal reaction proceeds further, the phase changes to TixOyCz or TiC. 
The phases Ti3O5 and Ti(1)O(0.5)C(0.5) observed in XRD spectra could either be a 
result of carbothermal reduction [171] of TiO2 or oxidation of titanium in an 
environment with insufficient amount of oxygen. 

In situ studies with small angle x-ray scattering (SAXS), wide-angle x-ray 
scattering (WAXS), infrared (IR), shadowgraph imaging, and Raman spectroscopy 
will make good future scope of work to provide insight on this topic. For this, a new 
CO2 system will have to be designed with more optical viewports to accommodate 
the measurements devices. 
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Figure 38.  Schematic of a possible mechanism for decomposition of CO2 and carbon layer formation 
on nanoparticles The different colours in the particle corresponding to different layers that 
represent different phases of titanium oxide with blue representing fully oxidized TiO2.The 
small yellow spheres in the bottom image represent CO2 molecules while the peach colour 
represents partially oxidized titanium oxide and the grey colour shell around particle 
represents carbon layer. 
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6 CONCLUDING REMARKS AND SUGGESTIONS 
FOR FUTURE WORK 

In this thesis, results provide new insights to synthesizing nanoparticles by using 
PLA technique in H2O, and supercritical CO2 (scCO2). Publications I and II deal 
exclusively with PLA in H2O to demonstrate effect of laser power on nanoparticles 
and propose SAXS as a quick, promising method for nanoparticle size and size 
distribution measurement while publication III contributes to a comparative analysis 
of PLA in H2O and PLA in scCO2. Publication IV further demonstrates possibilities 
of solvent control (by changing pressure and temperature of CO2) of PLA process 
on the size and phase of synthesized nanoparticles, and possibility to make core-shell 
nanoparticles by single step dry process. 

The following points are a brief summary of the main conclusions of this thesis: 
1. We demonstrated SAXS as a quick, promising particle size distribution 

measurement technique for size analysis directly from suspension stage of 
nanoparticles synthesized by PLAL. The results from SAXS were in good 
agreement with the tedious TEM measurements. This answers the first 
research question. 

2. We demonstrated that by moving from PLA of titanium in H2O at 
atmospheric pressure to PLA in scCO2 at 10 MPa, we can synthesize meta-
stable non-stoichiometric exotic oxide phases of titanium, that are well 
dispersed and non-agglomerated compared to mostly agglomerated, stable 
phase rutile-TiO2 nanoparticles in PLA in H2O. This answers the second 
research question. This suggests PLA in scCO2 supports formation of 
meta-stable phase nanoparticles. Further, PLA in scCO2, is not only single 
step method for synthesizing nanoparticles but additionally directly as dry 
nanoparticle powder. 

3. We first reported synthesis of TiO2-carbon core-shell nanoparticles by PLA 
in gaseous, liquid and supercritical CO2. This is also the first report of PLA 
of a reactive metal in scCO2 to produce nanoparticles with metal oxide core 
(Anatase-TiO2) and carbon shell. The nanoparticles were mostly anatase-
TiO2. There were other non-stoichiometric and high temperature phases 
present such as Ti2O3 and TixOyCz. The presence of these phases was 
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discussed based on thermodynamic analysis of the possible reactions during 
PLA of titanium in CO2. Multiphase titanium  

4. Additionally, we reported presence of carbon on nanoparticles synthesized 
by PLA in scCO2 indicating breakdown of CO2 to form carbon 
nanostructures, answering the third research question of this study that 
decomposition of CO2 to produce carbon nanostructures at high pressure 
with laser (such as through ablation) is possible. For this we discussed mostly 
three mechanisms that could lead to breakdown of CO2 to oxidize titanium 
and form carbon nanostructures around hot nanoparticles as well as present 
otherwise as independent carbon nanostructures. 

5. We demonstrated size reduction of nanoparticles synthesized in PLA of 
titanium by: (1) Varying laser power, (PLA in H2O)), and (2) by controlling 
CO2 pressure and temperature (PLA in CO2). 

 
As a summary of this dissertation, this study shows control of nanoparticle size, 

size distribution, and phase by varying PLA process parameters such as laser 
parameters and solvent parameters. In addition, the pressure and temperature 
control of the solvent allows engineering of nanoparticles to some degree such as by 
nanoparticle synthesis in pressurized, supercritical CO2. We demonstrated pressure 
and temperature control of CO2 to control the nanoparticle size over the pressure 
range 5–40 MPa and temperature range 30-50 °C. Based on literature, we controlled 
the material science and processing of nanoparticles through spatial and temporal 
control of reaction fields – the plasma plume and cavitation bubble, by controlling 
the pressure and temperature of CO2, which then controlled the nucleation and 
growth, and interaction of solute and solvent species. 

For future work, in order to push this research topic further, in situ studies with 
SAXS, WAXS, IR imaging, shadowgraph imaging, and Raman spectroscopy would 
make interesting doctoral thesis topics. In addition, other interesting future works 
would be filling the gaps between parameters used in this dissertation, extrapolation 
to extreme conditions, expanding PLA in pressurized CO2 to other metals, co-
solvents, and environments. Further, changing laser and CO2 parameters based on 
results from the aforementioned in-situ studies to scale-up the nanoparticle 
production to multigram per hour synthesis of dry nanoparticle powder as well as 
nanoparticle suspension on one hand, and on the other hand, producing 
nanoparticles from application-oriented point-of-view would be very exciting. 
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APPENDIX 

Appendix 1: Panalytical’s HighScore Plus XRD data for Titanium Oxide 
Ti1O0.89 

Appendix 2: Panalytical’s HighScore Plus XRD data for Titanium Oxide 
Carbide Ti1C0.5O0.5 

Appendix 3: Panalytical’s HighScore Plus XRD data for Titanium Oxide 
Ti3O5 
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Appendix 1 
 
Panalytical’s HighScore Plus XRD data for Titanium Oxide TiO0.89 
  

REFERENCE CODE 01-078-0720 
  

 
Compound Name Titanium Oxide 

  
 

Chemical Formula Ti1O0.89 
  

 
Crystal system Cubic 

  
        
        
 

Peak List 
     

        
 

No. h k l d [Å] 2Theta [deg] Intensity [%]  
1 1 1 1 2.41910 37.135 63.6  
2 2 0 0 2.09500 43.146 100.0  
3 2 2 0 1.48139 62.662 45.7  
4 3 1 1 1.26333 75.141 15.9  
5 2 2 2 1.20955 79.114 11.5         

 
 
 

 
 
 
 
 
  



 

104 

Appendix 2 
 
Panalytical’s HighScore Plus XRD data for Titanium Oxide Carbide Ti1C0.5O0.5 
  

REFERENCE CODE 04-021-7420 
  

 
Compound Name Titanium Oxide Carbide 

 

 
 

Chemical Formula      Ti1C0.5O0.5 
  

 
Crystal system         Cubic 

  
        
        
 

Peak List 
     

        
 

No. h k l d [Å] 2Theta [deg] Intensity [%]  
1 1 1 1 2.47510 36.265 69.7  
2 2 0 0 2.14350 42.122 100.0  
3 2 2 0 1.51568 61.091 46.6  
4 3 1 1 1.29258 73.159 17.5  
5 2 2 2 1.23755 76.989 11.9  
6 4 0 0 1.07175 91.899 4.6         
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Appendix 3 
 
Panalytical’s HighScore Plus XRD data for Titanium Oxide Ti3O5 
  

REFERENCE CODE 04-007-8868 
  

 
Compound Name Titanium Oxide 

  
 

Chemical Formula Ti3O5 
  

 
Crystal system Monoclinic 

  
        
        
 

Peak List 
     

        
 

No. h k l d [Å] 2Theta [deg] Intensity [%]  
1 0 0 1 9.74406 9.068 5.8  
2 0 0 2 4.87203 18.194 3.7  
3 2 0 1 4.18883 21.193 23.0  
4 1 1 0 3.57254 24.903 100.0  
5 -2 0 2 3.44965 25.806 6.3  
6 0 0 3 3.24802 27.438 31.1  
7 0 2 0 1.93000 47.046 37.7  
8 -5 1 2 1.61683 56.904 17.7  
9 4 2 0 1.49365 62.091 0.1  

10 -4 2 3 1.36880 68.493 3.3  
11 1 3 0 1.27486 74.346 2.1  
12 6 0 5 1.24515 79.601 0.8         
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Abstract

This paper aims to introduce small angle X-ray scattering (SAXS) as a promising technique for measuring size and
size distribution of TiO2 nanoparticles. In this manuscript, pulsed laser ablation in liquids (PLAL) has been
demonstrated as a quick and simple technique for synthesizing TiO2 nanoparticles directly into deionized water as
a suspension from titanium targets. Spherical TiO2 nanoparticles with diameters in the range 4–35 nm were
observed with transmission electron microscopy (TEM). X-ray diffraction (XRD) showed highly crystalline
nanoparticles that comprised of two main photoactive phases of TiO2: anatase and rutile. However, presence of
minor amounts of brookite was also reported. The traditional methods for nanoparticle size and size distribution
analysis such as electron microscopy-based methods are time-consuming. In this study, we have proposed and
validated SAXS as a promising method for characterization of laser-ablated TiO2 nanoparticles for their size and size
distribution by comparing SAXS- and TEM-measured nanoparticle size and size distribution. SAXS- and TEM-
measured size distributions closely followed each other for each sample, and size distributions in both showed
maxima at the same nanoparticle size. The SAXS-measured nanoparticle diameters were slightly larger than the
respective diameters measured by TEM. This was because SAXS measures an agglomerate consisting of several
particles as one big particle which slightly increased the mean diameter. TEM- and SAXS-measured mean diameters
when plotted together showed similar trend in the variation in the size as the laser power was changed which
along with extremely similar size distributions for TEM and SAXS validated the application of SAXS for size
distribution measurement of the synthesized TiO2 nanoparticles.

Keywords: Nanoparticles, Pulsed laser ablation in liquids, Nanoparticle synthesis, Nanoparticle size and size
distribution analysis, TEM, SAXS, XRD

Background
Nanotechnology has eminently transformed the technology
sector in the last few decades. It includes the atomic level
analysis and manipulation of materials. It has been the
center of interest for material scientists, chemists, and
physicists from the past several decades. The production of
nanoparticles accounts for a substantial portion in the field

of nanotechnology. This includes production and process-
ing of nanoparticles of several materials such as metals,
semiconductors, carbon, metal oxides, and metal carbides.
The prevailing methods for the production of nanoma-

terials such as graphene are chemical vapor deposition
and chemical exfoliation that are toxic and batch-type
processes [1]. As these processes use toxic chemicals,
therefore, they are precarious and potentially detrimental
for the environment. Ogale et al. in 1992 discovered for-
mation of nanoparticles when materials immersed in
water were ablated by a pulsed laser [2]. Pulsed laser
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ablation in liquids (PLAL) allows production of nanopar-
ticles with no by-products [3]. In this method, irradi-
ation of a target material with ultra-short laser pulse
leads to formation of high-temperature plasma and re-
moval of material, which has been termed as pulsed
laser ablation [4]. Researchers have reported synthesis of
nanoparticles of pure metal, metal oxide, and metal
carbide by pulsed laser ablation [5–11]. With this clean
and versatile technique, high-purity nanoparticle can be
synthesized, which are well suited for functionalization
[12–14]. The determination of the size and size distribu-
tion of nanoparticles, as part of their characterization, is
of utmost importance in order to effectively use nano-
particles. The control of nanoparticle size is indispens-
able; however, in order to control it, it is necessary to
quantify the size. The size of nanoparticles can be ana-
lyzed by various methods such as dynamic light scatter-
ing (DLS), atomic force microscopy (AFM), transmission
electron microscopy (TEM), scanning electron micros-
copy (SEM), differential mobility analysis (DMA), and
small angle X-ray scattering (SAXS) [15]. SAXS has sev-
eral advantages over the conventional methods that are
used to analyze the nanoparticles. The list types of sam-
ples that can be analyzed by SAXS are extensive, and the
sample preparation is very quick especially when com-
pared to preparation for electron microscopy samples.
Another advantage of the technique is that the measure-
ments are more reliable since the analysis is made over a
much larger number of particles than what can be mea-
sured from TEM images [15]. DLS and DMA are not
able to evaluate particles in thin films while it is possible
with SAXS. DLS measurement relies on the temperature
and concentration of the solution [16]. Agbabiaka et al.
have proposed small angle X-ray scattering as a promis-
ing method for measurement of nanoparticle size [15].
Vippola et al. have reported SAXS as an excellent
method for size analysis of small spherical particles [17].
However, this technique has never been applied and
verified for pulsed laser-ablated TiO2 nanoparticles to
the best of our knowledge. So, the aim is synthesis of
TiO2 nanoparticles followed by application and verifica-
tion of small angle X-ray scattering for characterization
of TiO2 nanoparticle size.
The present study deals with (i) synthesis of TiO2 nano-

particles by PLAL, (ii) characterization of TiO2 nanoparti-
cles, and (iii) application and verification of SAXS for size
and size distribution analysis of TiO2 nanoparticles.

Methods
For carrying out the pulsed laser ablation test, the ex-
perimental setup (schematic shown in Fig. 1) consisted
of a nanosecond 85W fiber laser (1062 nm, pulse length
500 ns, 25 kHz), titanium target, test vessel, and a
computer-controlled XY scanner connected to the laser

to scan it on a predetermined area on the target. The
target, immersed in deionized water (DIW), was irradi-
ated with this laser from the top, perpendicular to the
plane of the target. The laser beam was focused on the
target using a lens having focal length 160 mm. The
maximum laser fluence possible with this laser was
58.92 J/cm2. As the spot diameter of the laser varied
with the laser power, the measured laser fluences of the
laser also varied from 34.65 J/cm2 at 20 % laser power
(LP) to 58.92 J/cm2 at 40 % LP and to 43.22 J/cm2 at
50 % LP. The ablation threshold fluence for titanium
was reported to be ~4.5 J/cm2 with an Nd:YAG laser
(1064 nm, pulse length 4.5 ns, 10 kHz) [18].

Materials and Synthesis
Titanium (99.99 % pure), obtained from Goodfellow
Cambridge Limited, in the form of foil of thickness
3.2 mm, length 50 mm, and width 50 mm was cut into
several smaller targets by using Struers Accutom-50 pre-
cision cutter. All these targets were identical in size,
15 mm × 15 mm, and ablated area on target surface was
8 mm × 8 mm for each target in ablation experiments.
For the experiments, only DIW was used and no chemi-
cals were used for the nanoparticle synthesis. Small
LDPE bottles, ordered from VWR International Limited,
were used for storing the synthesized nanoparticle sus-
pensions. The ultrasonically cleaned target was fixed in-
side the test vessel at its base and then filled with DIW
such that the thickness of the water film above the target
was 5 mm. For each ablation experiment, the scanning
area or ablated area was 8 mm × 8 mm and the scanning
speed was 2000 mm/s. The scanning parameters were
the same for each target in all ablation experiments. The
direction of scanning was top to bottom followed by
right to left which was repeated loop by loop of the
scanning cycles. Each scanning loop was 2.566 s long.
The number of loops was 720 corresponding to an abla-
tion test of 30-min duration. This high value of scanning

Fig. 1 Schematic for pulsed laser ablation in liquid
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speed was chosen in order to have the least number of
laser pulses coincident at a point.

Characterization of Synthesized Particles
TEM imaging was performed with a Jeol JEM-2010
microscope. For imaging the nanoparticles, the acceler-
ation voltage for TEM was 200 kV in each case. The
TEM samples were prepared from freshly ablated sus-
pensions so that there is least agglomeration. Nanoparti-
cle dispersions were dropped on copper grids with a
holey carbon film. From the same samples, electron dif-
fraction patterns were also obtained. These techniques
were used to characterize the shape, size, and crystallin-
ity of nanoparticles. X-ray diffraction and X-ray scatter-
ing measurements were performed on a Panalytical
Empyrean Multipurpose Diffractometer with anode ma-
terial copper. It used Cu Kα radiation (wavelength
0.15418 nm) powered by X-ray generator at 45 kV and
40 mA and a solid-state pixel detector, PIXcel3D, which
measured the scattered intensities as a function of
scattering angle (2θ). For X-ray diffraction (XRD) mea-
surements, the scan range was 20.00°-80.95° with a 0.05°
step size. It used a soller slit with 0.04 radian opening.
For SAXS measurements, the scan range was from −0.12°
to 5.01° with a 0.01° step size and it utilized a parallel
beam X-ray mirror for Cu radiation. SAXS was performed
on nanoparticle suspensions while for XRD measure-
ments, the nanoparticle suspensions were dried to obtain
nanoparticle powder. For SAXS sample, equal volume of
each suspension was enclosed between two Mylar foils
(which were X-ray transparent) and finally placed between
the respective circular transmission holders for each SAXS
sample. DIW enclosed between two Mylar foils was used
as the background sample. The phase identification of the
peaks in the XRD pattern was done with Panalytical High-
Score Plus software (version 3.0.5).

Measurement of Nanoparticle Size and Size Distribution
The nanoparticle sizes were measured by SAXS and
compared with the nanoparticle size measurements from
TEM image analysis done manually. With SAXS meas-
urement, we obtained the mean particle size, most fre-
quent particle size, and the size distribution of particles
by volume. The experimental data from SAXS was ana-
lyzed by Panalytical’s EasySAXS software (version 2.0a)
to obtain the volume-weighted particle size distribution,
Dv, by indirect Fourier transform method. With this
method, the result from EasySAXS is a plot between
particle size and distribution volume ratio, i.e., Dv(R),
showing size distribution of nanoparticles by volume. In
the second method used, the diameters of 100 nanopar-
ticles were measured from TEM images. This method
was time-consuming. After measuring the diameters, the
data was represented in the form of a histogram in order

to analyze the size distribution. Mean diameter of the
nanoparticle was calculated from 100 measured diameters.
Finally, in order to observe the pattern and compare both
the measuring techniques, the histogram from TEM
image analysis was plotted along with size distribution
curve obtained from SAXS measurement. The samples for
SAXS were prepared several hours after ablation while
TEM samples were prepared from freshly ablated suspen-
sions. In order to know the crystallite size, peak analysis
was performed on the peaks in the XRD pattern by using
Panalytical HighScore Plus software (version 3.0.5) which
uses line profile analysis algorithm based on the Scherrer
equation for determination of crystallite size.

Results and Discussion
The process of PLAL can be divided into five stages: (i)
irradiation of target with pulsed laser to form plasma,
(ii) relaxation of plasma and formation of a cavitation
bubble, (iii) nucleation and growth of nanoparticle in the
cavitation bubble, (iv) collapse of the cavitation bubble
to release nanoparticles in surrounding liquid, and (v) ir-
radiation of synthesized nanoparticles by laser pulses.
With PLAL, the nanoparticles are formed by two dis-
tinct ablation phenomena, one is with the jet-shaped
shadow that ejects solid fragments and droplets from
the surface and the second is the formation and growth
of nanoparticles from ejected target atoms inside the
cavitation bubble [19]. With a microsecond laser pulses,
the material removal from the target surface is predom-
inantly by vaporization and boiling while with nanosec-
ond and picosecond laser pulses, there is a coexistence
of both direct photoionization and thermal ablation
mechanisms, such as vaporization and boiling [20]. The
generation and growth of nanoparticles occurs inside the
cavitation bubbles, where the ejected atoms, clusters,
and droplets collide and aggregate to form nanoparticles
[19, 21]. This is followed by a collapse of the cavitation
bubble to release the nanoparticles into the surrounding
liquid [21]. This collapse of the cavitation bubble oc-
curred, for instance, 610 μs after irradiation in a study
by Lazic et al. when they used a 9.5 ns, 1064 nm
Nd:YAG laser [22].
Titanium is chemically active and reacts strongly with

the vapors of surrounding liquid resulting in formation
of titanium compounds, and in this regard, PLAL is a
chemical bottom-up process. During PLAL, the surface
titanium atoms are removed when the laser fluence is
more than the ablation threshold of titanium. The re-
moved material forms a plasma plume. The optical
breakdown of the target occurs due to irradiation by
laser pulse to form plasma directly from solid [8]. The
cavitation bubbles formed as a result of expansion of
plasma consist of not only ablated species from the tar-
get but also solvent molecules. Lam et al. studied the
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bubble expansion following PLAL and reported the
presence of mostly solvent molecules in the cavitation
bubble [23]. The extreme conditions of the plasma
plume and cavitation bubbles provide a thermodynamic
window in which metastable phases can also be formed
along with the stable phases; however, phase transform-
ation is possible as the process proceeds. For PLAL in
DIW, the formation of hydrated products is possible
when unusual focusing configurations are used, such as
when the target is not at focus but just under focus so
that the laser causes breakdown of water just above it
[14]. However, in our experiments, the laser was focused
on the target surface. Other phases can form also, but as
mentioned earlier, further transformations can happen
as the process continues. The ablation of titanium target
dipped under 5-mm deionized water was observed to
begin at a laser fluence of ~13.85 J/cm2.
The experiments were conducted with the pulsed laser

at 25-kHz repetition rate, which means the delay be-
tween two laser pulses was 40 μs. This is much shorter
than the time duration of a cavitation bubble which is
usually ~300–680 μs depending on laser parameters and
solvent properties. This results in strong screening of
the laser for every pulse after the first pulse. The fully
expanded cavitation bubble acts as a negative lens and
strongly defocusses the incident laser beam, thereby re-
ducing the laser fluence at the target surface. This strong
defocusing of subsequent laser pulses by bubble formed
by previous pulse causes screening of laser pulses and
results in irregular ablation by the successive pulses [22].
With the laser and scanning parameters used (25 kHz
repetition rate, 500 ns pulse duration, 2000 mm/s scan-
ning speed, and 8 × 8 mm scanning area), the distance
between two laser pulses on the target surface was
80 μm. This is smaller than the spot size of the laser,
especially after the defocusing caused by cavitation bub-
bles. Due to this, re-ablation on the same spot occurs
which raises the temperature of the plasma formed by
previous laser pulse. Moreover, in PLAL using a nano-
second laser, there is a temporal overlap between the
laser pulses and the ablated material. The plasma plume

formed by the laser pulse absorbs part of the energy
from the subsequent laser pulse and results in optical
shielding of the target from the laser pulses [14]. This
also increases the temperature of the plasma plume and
decreases in the energy absorbed by the target surface.
As the PLAL process continues, more and more nano-
particles are released in the surrounding solvent which
interact with the incident laser pulses and absorb its en-
ergy. The laser beam in the experiments is focused at the
target, so the synthesized nanoparticles undergo laser pro-
cessing without laser beam focusing on them. For this
configuration with a nanosecond laser, Pyantenko et al. re-
ported that the nanoparticles get intensely heated by the
energy absorbed from the laser pulses and can evaporate
or explode to form smaller fragments, thereby causing size
reduction [24]. Werner et al. concluded that the photo-
thermal mechanism alone (without Coulomb explosion)
can explain this pulsed laser-induced size reduction of
nanoparticles with nanosecond pulsed laser [25].

Characterization of Nanoparticles by TEM and XRD
The synthesized suspensions were found to contain
spherical nanoparticles when analyzed with TEM. In
Fig. 2a–c, the TEM images show the nanoparticles syn-
thesized at 20 % LP, 40 % LP, and 50 % LP were all al-
most perfectly round. The nanoparticles assume
spherical shape in order to minimize the interfacial en-
ergy. The nuclei consisting of cluster of atoms coalesce
with other nuclei to form polycrystalline nanoparticles
[14]. The presence of almost perfectly round nanoparti-
cles implies that when nuclei coalesce, either they are
melted or their temperature is high enough to ensure
the mobility of surface atoms [20]. However, the aggre-
gate of nanoparticles can also undergo melting, fusing,
and merging to form larger spherical nanoparticles if the
laser fluence is high enough [24]. The nanoparticle sus-
pension synthesized by 20 % LP, Fig. 2a, consisted of
nanoparticles whose diameters varied from ~4 to
~35 nm with about 80 % of the nanoparticles less than
14 nm in diameter.

Fig. 2 TEM images show round nanoparticles synthesized at (a) 20 %, (b) 40 %, and (c) 50 % LP
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The TEM images in Fig. 3 show web-like structure of
nanoparticles synthesized at (a) 20 % LP, (b) 40 % LP,
and (c) 50 % LP. At this contrast, the particles can be
easily distinguished. Ledoux et al. also reported this
web-like structure of nanoparticles formed as a result of
PLAL [26]. Also, evident from Fig. 3 is the decrease in
size of particles from panel a to b to finally c. The scale
bar is 20 nm, and the dimension of scale bars in each
image is the same. Another important observation from
Fig. 3 is the presence of mostly small nanoparticles;
however, relatively larger nanoparticles were also
present. This indicates a bimodal size distribution for
the synthesized nanoparticles. Such bimodal size distri-
butions of nanoparticles produced by PLAL were also
reported by Meunier and Meneghetti [14, 27]. Further
analysis of these two observations, (i) decrease in mean
size and (ii) size distribution, is covered in the “Particle
size analysis” section.
Electron diffraction patterns from TEM samples of all

three suspensions indicated mainly crystalline particles
which agrees with XRD results (Fig. 4) as high and sharp
peaks were visible in XRD pattern indicating high crys-
tallinity. Phase identification with XRD showed that the
particles synthesized by PLAL of titanium were TiO2

nanoparticles. They were present in the form of multi-
phase titania, consisting of photoactive allotropes,
mostly anatase and rutile. Due to small size of particles,
broadening of the peaks occurred. The most important
peaks for anatase (2θ = 25.4), and rutile (2θ = 27.4), were
detected along with many other peaks corresponding to
them in the XRD pattern as shown in Fig. 4. The small
peak at 2θ = 30.8, which is the highest intensity peak for
brookite, indicated its presence. As the peak is quite
weak, it signifies presence of extremely small amount of
brookite. Rutile was the major phase of the nanoparticles
while anatase and, in particular, brookite were the minor
phases. These X-ray diffraction patterns were very simi-
lar for all three suspensions, and the ratio of TiO2

phases was also the same indicating that the amount of
titania phases synthesized does not vary with the change
in laser power for the laser and scanning parameters

used. In addition, as anticipated, there were no titanium
peaks in the pattern which signifies that all the atoms
and clusters of titanium, ablated or droplets ejected from
the target, interacted with the solution species. This is
understandable considering titanium is chemically active
metal, and unlike noble metals, it should not form pure
metal nanoparticles.

Particle Size Analysis
Manual measurement of the nanoparticle size from the
TEM images gives a number distribution. It is a time-
consuming method, and the total number of particles
examined is a very small fraction of the total number of
nanoparticles. So, it can be argued whether the TEM
sample is representative of the bulk of the suspension. In
contrast, SAXS gives volume size distribution and corre-
sponding mean diameter by measurements from much
more nanoparticles compared to TEM. The SAXS meas-
urement follows a parametric distribution model
method. In this distribution model method, the particle
shape is assumed to be the same, spherical in this case,
while the size of the particle varies [15].

Fig. 4 XRD pattern showed anatase, rutile, and brookite in 40 % LP
nanoparticle suspension

Fig. 3 TEM images show nanoparticles forming web-like structure (a) 20 %, (b) 40 %, and (c) 50 % LP suspensions
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In order to compare the two techniques, TEM and
SAXS, the size distributions were plotted on the same
plot. Figure 5a–c shows the histogram of nanoparticle
diameter versus the number of particles on the left y-
axis, which was determined from TEM images manually,
along with Dv(R) from SAXS on the right y-axis versus
the same nanoparticle diameter on the x-axis. The par-
ticle size distribution information from the histograms
(obtained from TEM) is appropriately represented by
the size distribution curve (bimodal size distribution ob-
tained from SAXS). In each case, the curve seems to be
following the histogram very well. In Fig. 5a, the size dis-
tribution curve and histogram follow each other well.
The histogram shows the maxima at 8–10-nm nanopar-
ticle diameter which is extremely close to the maxima of
SAXS-measured size distribution curve at 10-nm nano-
particle diameter. This is followed by a drop in the num-
ber of nanoparticles for both measurements as the
nanoparticle diameter increases. In Fig. 5b, the maximum
of the size distribution curve lies yet again extremely close
to the maxima of histogram. The histogram and size
distribution curve both show the presence of increased
number of nanoparticles with diameter 22–24 nm after a
minimum at around 19-nm diameter. In Fig. 5c, the max-
ima of both histogram and size distribution coincide at
around 6-nm nanoparticle diameter. Another important
observation was the size distribution, determined by both
techniques, became narrower with the increase in the

laser power from 20 to 40 % to finally 50 %. This is due to
photothermal melting-evaporation and explosive fragmen-
tation of larger nanoparticles to form smaller nanoparti-
cles which narrowed the size distribution [24, 25]. These
mechanisms for interaction between laser pulses and tar-
get materials change if the pulse duration of the laser is
shortened, such as in femtosecond and picosecond lasers,
the mechanism changes to Coulomb explosion. Werner et
al. have established a thermodynamic model to interpret
the effect of laser parameters on the size reduction
mechanisms for nanoparticles [25]. The results from
both techniques, SAXS and TEM, are consistent with
each other for the measurement of TiO2 nanoparticle
size distribution.
The mean nanoparticle diameters showed in Fig. 5a–c

were 9.84, 7.31, and 6.06 nm, respectively, from TEM
images, while for the same samples analyzed by SAXS
measurement, the mean nanoparticle diameters were
16.54, 13.76, and 12.16 nm, respectively. The measured
mean nanoparticle diameters in SAXS technique and
from analysis of TEM images varied from each other for
the same samples. The nanoparticle diameters measured
by TEM image analysis were smaller compared to the
respective nanoparticle diameters measured by SAXS
measurement. The crystallite sizes were measured from
XRD pattern of the dried 40 % LP suspension (Fig. 4).
The Scherrer results from XRD pattern using Panalyti-
cal’s HighScore Plus software (version 3.0.5) showed that

Fig. 5 Particle size distributions. a 20 %, b 40 %, and c 50 % LP suspensions. d TEM versus SAXS average diameters
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crystallite sizes were in the range 3.9 to 13.3 nm with a
mean crystallite size of 8.01 nm. For the same sample,
the mean diameter of TiO2 nanoparticle measured by
TEM and SAXS was 7.31 and 13.76 nm. The TEM-
measured particle size was in agreement with the
crystallite sizes measured by XRD. However, the SAXS-
measured nanoparticle diameters were slightly higher
than TEM-measured diameters for each sample. There
are some important reasons for this slight deviation
from TEM-measured nanoparticle diameters.
Firstly, while TEM image analysis gives a number size

distribution, the SAXS measurement gives volume size
distribution. So, in SAXS measurement, the mean vol-
ume of sphere is measured which is then converted into
the corresponding mean diameter of nanoparticle. Thus,
the principle of determination of mean diameter for
both measurement techniques is different. This can be
explained by assuming three spherical nanoparticles with
diameters 2, 6, and 10 nm. According to TEM image
analysis with a number distribution, the mean particle
diameter is 6 nm while with SAXS measurement, which
is volume distribution, the mean particle diameter is
7.42 nm (the three spherical nanoparticles with diame-
ters 2, 6, and 10 nm correspond to volumes of 4.18,
113.04, and 523.33 nm3, respectively. This gives an aver-
age volume of 213.52 nm3, from which the SAXS-
deduced average diameter is 7.42 nm).
Secondly, it is well known that in XRD, the diffraction

occurs at the periphery of the crystallite (for bulk sam-
ples) and through the volume (for thin samples such as
nanoparticles) while in X-ray scattering, elastic scatter-
ing of the X-rays occurs at the phase boundary. Due to
this, while measuring with SAXS, several primary parti-
cles that are joint in the form of an agglomerate cannot
be distinguished, and therefore, we obtain the size of ag-
glomerate and not the primary particle. Due to this,
SAXS measures an agglomerate as one big particle
which gives a higher volume and consequently increases
the mean nanoparticle diameter in the volume size dis-
tribution measurement. However, with TEM, we can see
and distinguish the agglomerates from primary particles.
The measured mean diameter from SAXS, 13.76 nm, is
still very close to the mean particle size measured by
TEM, which indicates that most particles were present
as primary particles along with the presence of a small
number of agglomerates containing few particles. Fur-
thermore, from the SAXS measurement of the same
sample, the most frequent diameter of the nanoparticles
in 40 % LP suspension (Fig. 5b) was 7 nm. This is in
agreement with the aforementioned hypothesis regard-
ing presence of mostly primary particles along with a
small number of agglomerates. This is also consistent
with the TEM- and XRD-measured sizes, 7.31 and
8.01 nm, respectively. In addition, this is evident also

from the Fig. 5b showing TEM histogram and SAXS-
measured size distribution, both of which have maxima
at the same particle size. Furthermore, if we see the
trend of change in mean nanoparticle diameter from
Fig. 5d, it is exactly the same for both measurement
techniques indicating good agreement between the re-
sults from both techniques. The similarities in the plot-
ted curves and the trend evidence the universality of the
established SAXS measurement technique for the par-
ticle size and size distribution analysis of TiO2

nanoparticles.
Finally, it is important to mention that the SAXS was

sensitive to the concentration of the nanoparticle sus-
pension. In several samples, the absorption factor was
not in the range 1.5–5. According to Panalytical’s guide-
lines for EasySAXS software, the results are then not re-
liable. Absorption factor less than 1.5 indicated that
concentration of particles was so low that there was no
conclusive difference between the nanoparticles and the
background in SAXS measurement. For the same rea-
sons, the suspensions with low particle concentration
rendered so few amount of powder that it was not XRD
detectable. With such small amounts of nanoparticle
powders, specific surface area analysis by gas adsorption
(BET) was also out of question. All these samples were
obtained as a result of 30 min of ablation time. In order
to increase the concentration, the ablation time can be
increased. However, this was a batch process, and higher
ablation times lead to increased laser processing of the
already synthesized nanoparticles and result in stability
issues with the suspension as the temperature of the li-
quid rises. Lam et al. limited the irradiation time to
20 min in order to keep the thermodynamic conditions
stable throughout the experiment [28]. Although we
propose SAXS for size and size distribution measure-
ment of these nanoparticles, we still propose the use of
TEM for determination of shape and appearance of
nanoparticles, as we do not obtain this information from
SAXS.

Conclusions
Pulsed laser ablation in deionized water was demonstrated
to be a promising method to synthesize TiO2 nanoparticles
from titanium target. With 500-ns laser at 25 kHz scanning
an area of 8 × 8 mm at a speed of 2000 mm/s, we deter-
mined that there was (i) temporal overlap between the laser
pulses and the ablated material, (ii) strong screening of laser
pulses by cavitation bubbles, and (iii) re-ablation. TEM
results showed that the nanoparticles synthesized were
spherical in shape, ranging in size from 4 to 35 nm with
80 % of them with diameters smaller than 14 nm for the
suspension synthesized at 20 % laser power. XRD results in-
dicated that the nanoparticles constituted mainly two allo-
tropes of titania: anatase and rutile. The weak peak for
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brookite indicated its presence as a minor phase. Rutile was
found to be the major phase of the synthesized
nanoparticles.
For size distribution measurement of these nanoparti-

cles, SAXS was introduced and evaluated with promising
results. The SAXS-measured particle size distribution
measurements were consistent with TEM. Both showed
that the size distribution of nanoparticles became nar-
rower with the increase in laser power from 20 to 40 %
to finally 50 % while at the same time, the nanoparticles
also became finer. This was attributed to explosive frag-
mentation of larger nanoparticles to form smaller nano-
particles and photothermal melting-evaporation of all
nanoparticles during irradiation. Due to the difference in
measurement type and sensitivity towards agglomerates,
SAXS-measured diameters were slightly higher than
TEM-measured diameters. However, the trend in the
variation in the mean nanoparticle size with laser power
determined for 20 % LP, 40 % LP, and 50 % LP suspen-
sions by both techniques, SAXS and TEM, was exactly
the same, which fortifies the discussion and the
consistency in the results from both techniques. Based
on the well-founded discussion, the SAXS-measured
nanoparticle size and size distribution results are evi-
dently propitious, noble, and promising. We propose
SAXS as a promising method to measure particle size
and size distribution of PLAL-synthesized TiO2 nano-
particles. However, in order to obtain comprehensive in-
formation on the shape and appearance of nanoparticles,
we propose using TEM.
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Abstract
In this study, the pulsed laser ablation in liquids (PLAL) technique was used on titanium in deionized water at

different laser powers to understand its effect on the synthesis yield of nanoparticles. A 500-ns 1062-nm fiber laser
at 25 kHz was used to effect PLAL of titanium to produce nanoparticles. TEM images of the synthesized nanoparticles
showed spherical particles ranging from 3 – 32 nm in diameter. The electron diffraction pattern and high peaks in
the wide-angle x-ray scattering (WAXS) pattern indicated high crystallinity of nanoparticles. WAXS results showed
nanoparticles were allotropes of titania: rutile and anatase. Synthesis yield measurements indicated an increase in yield
with the increase in laser power as long as the increase in laser fluence remains proportional to the increase in laser
power. However, the yield increased proportionally with the increase in laser fluence. The analysis of the chosen laser
pulse duration and repetition rate showed an increase in the yield with longer pulse duration and higher repetition
rate.
Keywords: Nanoparticles, synthesis yield, pulsed laser ablation in liquids, WAXS, laser fluence

I. Introduction
Synthesis and use of nanoparticles accounts for a large
part of the burgeoning nanoparticle industry in theworld.
Photoactive TiO2 nanoparticles have several applications
such as water purification, self-cleaning, anti-bacterial,
andanti-fogging 1, 2.Theuseofpulsed laser ablation in liq-
uids (PLAL) has been well reported by many researchers
for the synthesis of nanoparticles of metals and metal ox-
ides 3 – 6. PLAL has been reported as a green method for
the production of nanomaterialswith reproducible results
and it costs about € 20k for the experimental equipment
including the laser 7. In PLAL, a pulsed laser irradiates a
target that is dipped in a solvent to produce nanoparticles.
The optical breakdown of the water by the pulsed laser
leads to the formation of cavitation bubbles, inside which
the generation and growth of nanoparticles occur 8, 9. Up-
on the collapse of the cavitation bubble, these nanopar-
ticles are released into the surrounding liquid to form a
nanoparticle suspension 9. The synthesis parameters are
classified into two groups: laser parameters (such as laser
power, fluence, duration, wavelength and repetition rate)
and material parameters (such as target material, solvent,
temperature and pressure of the system) 10.
Due to the lack of universally defined procedures for
PLAL10, and availability of numerous laser and material

* Corresponding author: amandeep.singh@tut.fi

parameters, there are no conclusive results on the effect of
laser parameters, such as laser power and laser fluence, on
the synthesis yield of TiO2 nanoparticles. This study aims
to fill this researchgapbyexperimental investigationof the
variation in synthesis yield of nanoparticles. In this study,
we determined how the laser parameters – laser power and
laser fluence – affect the synthesis yield of TiO2 nanopar-
ticles.

II. Materials and Methods

A suspension of nanoparticles was obtained via irradi-
ation of titanium metal plate (99.99% pure, Goodfellow
Cambridge Ltd) by 85W 500-nanosecond fiber laser at
1062 nm output using a XY scanner. The laser was an SPI
85Watt fiber laser obtained from SPI Lasers Limited with
themodelnameSPISP-085-W-HS-M-B-Y(02).Thebeam
quality factor or beampropagation factorM2was 3.7. The
laser was controlled by SPI’s software G4 Laser control
(version 4.0). The scanner was a GSI HB X-10 with an
aperture of 10 mm and consisted of two mirrors. The op-
tics consisted of a Linos f-theta Ronar objective lens with
160 mm focal length obtained from LINOS photonics.
The scanner was controlled by SCAPS software SAM-
Light (version 3.0.5) from SCAPSGmbH. The laser beam
was focused on the titanium target by the f-theta lens on
a predetermined area 8 mm x 8 mm on the titanium tar-
get. The pulse duration was 500 ns and repetition rate was
25kHz.Themaximumpulse energyof the laserwas 3.4mJ
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per pulse and was available at 500-nanosecond pulse du-
ration, which is the time for which the laser pulse irra-
diates the target. The maximum laser fluence of the laser
was 58.92 J/cm2. The scanning speed was 2000 mm/s for
each experiment. The collimated laser beam diameter was
8.5 mm provided by the manufacturer of the laser SPI
Lasers Ltd. At this speed, the scanner took 2.566 seconds
to complete one loop on an area of 8mmx 8mm. Each ex-
periment consisted of 720 loops, which corresponds to an
ablation time of 30minutes. During irradiation of the tita-
nium target, the plasma plume formed as a result of abla-
tion, was clearly visible with the naked eye. A visible blue
coloration of DIWwas observed after about 20 loops due
to laser ablationof titaniumresulting in the removal ofma-
terial from target to the surrounding liquid DIW.

Fig. 1: Schematic of pulsed laser ablation of titanium in deionized
water.

PLAL of titanium plate was performed in deionizedwa-
ter (DIW) with laser powers 12%, 15%, 18%, 20%,
30%, 40%, and 50% of the maximum laser power. The
titanium targets, 15 mm x 15 mm, were completely iden-
tical for ablation experiments at each chosen laser pow-
er. The thickness of DIW film above titanium target was
5 mm. As the ablation was performed in water, the focus-
ing of the laser depended not only on the target position
relative to the focusing lens but also on the thickness of
thewater filmon top of target.Due to higher refractive in-
dex ofwater (1.33) compared to air (1.00), the 5-mm-thick
layer of DIW above the target shifts the focal plane as a
result of optical refraction in water. So, the laser must be
focused on the target only after adjusting the water film
thickness, which in this case was 5 mm. In all the experi-
ments, the target-objective lens distance and thickness of
water filmwas the same in order to have identical focusing
conditions. The ablation time was also the same, 30 min-
utes, in each case to synthesize nanoparticle suspensions.
The laserbeamwas incidentat anangleof90° relative to the
target surface plane to effect ablation (as shown in Fig. 1).
The vessel containing the titanium target dipped in DIW
was placed on a horizontal platform and the irradiation
was performed from the top at an angle of 90° as men-
tioned earlier. All laser and scanning parameters were ex-
actly same for all samples and the only variable parame-
ter was the laser powerwhichwas used for controlling the

laser fluence. The pulse energy and laser output varied lin-
early with each other. The correlation was determined ex-
perimentally using a FieldMaxII-TOP energy meter and
PM300F-50 sensor fromCoherent Inc. (USA). Therefore,
the term laser power is synonymous with pulse energy,
and so this manuscript can also be interpreted as the “Ef-
fect of the laser pulse energyon the yield ofTiO2nanopar-
ticles synthesized by pulsed laser ablation.” The spot di-
ameters were measured for different laser powers by ab-
lating the target in airmedium at normal atmosphere pres-
sure and room temperature and measuring the diameter
of the ablated crater from the optical microscopy images.
The parameters used for the laser and scanner were 500 ns
pulse duration, 25 kHz repetition rate, 2000 mm/s scan-
ning speed. As mentioned earlier, the beam quality factor
M2 was 3.7, which for an ideal laser should be 1. Due to
this, the spot diameter varied with the variation in laser
power.
The samples for measuring the synthesis yield were pre-
pared from these synthesized suspensions. Small LDPE
bottles, ordered from VWR International Limited, were
used for storing the synthesized nanoparticle suspensions.
10 ml of each suspension type was then pipetted to the re-
spective vial and dried in a heat cabin at a constant temper-
ature of 120 °C to obtain the nanoparticle powder. These
dried powders were then weighed to measure the yield of
nanoparticles for varying laser powers. Since the ablation
time in each casewas 30minutes, themass of nanoparticles
produced is proportional to the productivity of nanopar-
ticles for each value of laser power.
The obtained suspensions were characterized by means
of transmission electronmicroscopy (TEM) andwide-an-
gle x-ray scattering (WAXS). TEM images of the nanopar-
ticleswere takenusinga Jeol JEM-2010microscope. Imag-
ing in each casewas performed at 200kVacceleration volt-
age. TEM samples were prepared from droplets of the
synthesized suspensions dried out on carbon-coated cop-
per grids. A Panalytical EmpyreanMultipurpose Diffrac-
tometerwith anodematerial copper usingCuKa radiation
(k = 0.15418 nm) was used for WAXS measurements. It
was powered by an x-ray generator at 45 kV and 40mA. It
consisted of a solid-state pixel detector, PIXcel3D, which
measured the scattered intensities as a function of the scat-
tering angle (2h). To prepare the WAXS sample, an equal
volumeof each suspensionwasenclosedbetween twoMy-
lar foils which were x-ray transparent. They were then
placed between the respective circular transmission hold-
ers for each sample. The background samplewasDIWen-
closed between two Mylar foils. The phase identification
fromWAXSpatternwasdonewithPanalyticalHighScore
Plus software (version 3.0.5). The scan rangewas from5.0°
to 54.9° with a 0.026° step size.

III. Results and Discussion
This study used a 1062-nm fiber laser, which is a near-
infrared region (NIR) laser. This raises question about the
interaction of the 1062-nm fiber laser with water, or pre-
cisely how significant is the absorption of the laser light
by DIW. Altınoğlu et al. reported that the absorption co-
efficient of water is minimal from a wavelength of 800 nm
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and till 1150 nm in NIR 11. Due to insignificant absorp-
tion, wavelengths between 800 nm and 1000 nm consti-
tute to form the highest optical transmission window, al-
so known as “imaging window” for the laser light in wa-
ter. The absorption coefficient of water at 1062 nm also
lies in this highest optical transmission window in NIR.
1319, 1320 nm, and 1470 nmare someof the specificwave-
lengths for high absorption coefficient of light bywater in
NIR 12. Due to this, in our study, there was insignificant
absorption of laser light by water. However, the quench-
ing of target, and especially target surface undergoing ab-
lation, resulted in heating of water. The ablation of titani-
um target in DIWwas observed to begin at a laser fluence
of 13.85 J/cm2. In literature, the ablation threshold of tita-
niumwith a 4.5-ns Nd:YAG laser at 10 kHzwas reported
to be 4.5 J/cm2 in air 13. This implies a threefold increase in
the threshold inDIWcompared to air. In literature, similar
resultswere reportedbyKabashin et al., inwhich the abla-
tion threshold of gold was found to be five times higher in
water compared to vacuum 14. The ablationwas caused by
the pulsed laser at 25 kHz repetition ratewhichmeans that
the time intervalbetween two laserpulseswas40µs.This is
several times shorter than the duration of cavitation bub-
ble ∼ 600 µs. This suggests that the subsequent laser pulses
pass throughthecavitationbubble,whichacts as anegative
lens and leads to defocusing of the laser. In our previous
study,we have discussed the photothermalmechanism for
nanoparticle formation by pulsed laser ablation in DIW
with the same laser and laser parameters as in this study 6.
With a nanosecond laser, the nanoparticles are formed by
photothermalmechanisms, such as vaporization and boil-
ing 15. So,with this 500-ns laser,wecanexclude“Coulomb
explosion” as a nanoparticles formation mechanism.
Fig. 2 shows TEM images of nanoparticles synthesized
by laser ablation of titanium. The nanoparticles were

spherical in shapeand formedaweb-likenetwork inwhich
all particles are joined to form a cluster of nanoparticles
(Fig. 2b). There are then several individual clusters in the
nanoparticles suspensions. The size range of nanoparticles
measured from TEM images in Fig. 2 (a) was 3 – 32 nm
with amean diameter of 8.1 nm.When the nuclei-contain-
ing clusters of ablatedmetal atoms join to formnanoparti-
cles inside the cavitation bubbles, the temperature is high
enough to cause melting of these nuclei to form spherical
nanoparticles 10. The spherical shape results in minimiz-
ing the interfacial energy.
ED pattern analysis and high peaks in the WAXS pat-
tern (Fig. 3) indicated that the nanoparticles synthesized
were crystalline. WAXS analysis of nanoparticle suspen-
sion synthesized at 20% laser power showed that the
nanoparticles were titania (TiO2) allotropes; rutile and
anatase.Thehighest-intensitypeaksdetected for rutile and
anatase were at scattering angles (2h) 27.4° and 25.3° re-
spectively. The formation of an oxide of titanium was an-
ticipated since the solvent, DIW, is a source of oxygen.
There were no peaks in the pattern for any other titani-
um compounds or titanium metal. Absence of peaks for
titanium is understandable considering its high chemical
reactivity, unlike noble metals, such as Au and Ag, that
can form puremetal nanoparticles upon ablation in water.
The formation of hydrated products has been reported to
be favored when using unusual laser focusing configura-
tions, such as when the target is placed below the focus,
which causes the breakdown of water 7. In our study, the
laser was focused at the target surface with a f-theta lens
within ± 0.01 mm from focus. The absence of other titani-
um oxides could also be due to phase transformation hap-
peningduring the laser-induced irradiationof the already-
synthesized nanoparticles.

Fig. 2: TEM images show (a) synthesized nanoparticles were spherical with diameters from 3 nm to 32 nm (b) nanoparticles bound in web-
like network.
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Fig. 3: Wide-angle x-ray scattering pattern shows nanoparticles
were rutile and anatase.

The synthesis yield for all the samples was measured ac-
cording to aforementionedmethod explained in the exper-
imental section.When plotted against the laser power, the
weights of the samples containing nanoparticles followed
a trend as shown in Fig. 4. The yield increased from 12%
laserpowerto40%laserpowerafterwhichitdropsat50%
laser power even though the laser power is increasing.

Fig. 4: Graph showing the effect of laser power on synthesis yield
of nanoparticles.

To understand this, laser fluence values were determined
by measuring spot diameters for the laser beam at differ-
ent laser powers. Here, laser fluence is defined as the ra-
tio of the laser pulse energy to the laser spot area. The
minimum spot diameter was 50 µm and stayed constant
till 20% laser power. However, the spot diameter became
larger in value as the laser power was increased from 20%
to finally 100% of the maximum laser power. Kabashin
et al. (2003) reported that with the increase in pulse ener-
gy, which is synonymous with an increase in laser pow-
er, the productivity of nanoparticles increases almost pro-
portionally 14. Keeping the laser fluence the same, higher
spot size leads to increasedyieldof nanoparticles 10. Inour
study, the spot size of the laser remained unchanged with
the increase in laser power from12 – 20%laser power, and
increased from 50 µmat 20% laser power to only 54.2 µm

at 40% laser power. This led to an almost steady increase
in the laser fluence with the increase in laser pulse energy
(Fig. 5). Due to this, the productivity of the nanoparticles
increased almost linearly with the increase in laser pow-
er till 40% laser power (Fig. 4), which is consistent with
results reported by Kabashin et al. (2003), mentioned ear-
lier. At 50% laser power, however, the laser spot size in-
creased with the increase in laser power, resulting in de-
creased laser fluence.This increase in the spot sizehasbeen
attributed to thehighbeamquality factor 3.7 asmentioned
in the experimental section earlier. So, the energy of the
laserpulse at 50%laserpowerwas focusedonamuch larg-
er area compared to 40% laser power.Due to this, at 50%
laser power, we observed a drop in the yield of nanopar-
ticles. The decrease in the yield is because of two compet-
ing laser parameters affecting the ablation rate, namely, in-
crease in pulse energy, and decrease in laser fluence. The
ablation rate (units µm/pulse) is the layer thickness ofma-
terial ablated for a given pulse. The ablation rate increas-
es with increase in pulse energy and laser fluence 13, 14. At
50% laser power, compared to 40% laser power, the com-
petingmechanisms affecting the yield of nanoparticles are
(i) reduced ablation rate due to decrease in laser fluence,
and (ii) increased ablation due to increased pulse energy
leading to higher temperature of plasma causing more ab-
lation by melting and evaporation. However, the increase
in laserpulse energy, in this case,wasnot sufficient toover-
come the decrease in laser fluence, and consequently re-
sulted in a decreased yield of nanoparticles. This hypothe-
sis is further supportedbycomparing theyield at 30%and
50% laser power from Fig. 4 in which the yield is higher
for 30% laser power. The laser pulse energy at 30% and
50% laser power were 1.02 mJ and 1.70 mJ per pulse re-
spectively. FromFig. 5, the observed laser fluences at 30%
and 50% laser power were 46.75 J/cm2 and 41.53 J/cm2
respectively. The comparison of laser energy and laser flu-
ence at 30% and 50%with their corresponding yields in-
dicates that the variation in the yield of nanoparticles fol-
lows the variation in the laser fluence. In addition, the vari-
ation in the yield of nanoparticles also follows the varia-
tion in laser power (and pulse energy) as long as there is
insignificant change in the spot diameter, which means a
steady increase in laser fluence with the increase in pulse
energy.Thevariation in the spotdiameter is a result of high
beam quality factor of 3.7. This correlation elucidates the
variation of yield with laser power and laser fluence.
The ablation rate increaseswith higher repetition rate re-
sulting in higher yield because at higher repetition rates up
to few tens of kHz, such as 25 kHz in this case, the mean
temperature at the laser spot is much higher than room
temperature, causing more ablation10. At low repetition
rates, the time interval between the pulses is long enough
for the laser spot to cool down to room temperature. This
is however, not possible at high repetition rates such as
25 kHz in our experiments, due to which the mean laser
spot temperature is higher. In this study, a 500-ns laserwas
used, which signifies that the pulse duration was 500 ns.
This resulted in overlap of laser pulses with the plasma
plume causing plasma shielding of the laser pulses and ab-
sorption of energy from laser pulses by the plasma plume.
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With a nanosecond laser, the laser pulse and ablated mate-
rial coexist for longer time as compared to a picosecond or
femtosecond laser 10. This further increases the tempera-
ture, pressure and duration of the plasma plume 10.Due to
this, theyieldofnanoparticles increases compared towhen
the laser pulses do not overlap with the plasma plume.
This temporal overlapping of subsequent laser pulses on
plasma plume improves the homogeneity of the plasma
plume, which in turn results in a narrower size distribu-
tion compared to ablation with picosecond or femtosec-
ond laser pulses 10. Furthermore, this increased tempera-
ture of the plasma plume also raises the temperature of the
targetwhich subsequently increases theyield as theplasma
heats up the target to cause more ablation by melting and
evaporation 14. This analysis signifies that long pulse du-
ration (nanosecond laser) and optimum repetition rate of
fewtensofkHz leads toan increase in theyieldofnanopar-
ticles. The yield in TiO2 nanoparticles from laser ablation
of titanium using laser at visible andUVwavelengths is of
interest to the authors for future work.

Fig. 5: Graph shows experimentally calculated laser fluence values
at different laser powers.

IV. Conclusions
We report the successful synthesis of nanoparticles by
PLA of titanium in deionized water at different laser
powers and investigated experimentally the variation in
the yield of nanoparticles with laser power. TEM results
showed spherical nanoparticles 3 – 32 nm in diameter in
the nanoparticle suspensions synthesized, forming aweb-
like network. ED pattern and WAXS results showed that
the nanoparticles were crystalline and consisted of two
titania allotropes: rutile and anatase. The yield measure-
ments indicated that the synthesis yield of TiO2 nanopar-
ticles increases linearly with the increase in laser power
(synonymous to pulse energy in this study) as long as the
laser fluence increases with laser power. When the laser
fluence does not increase proportionally with the increase
in laser power, then two competing mechanisms deter-
mine the synthesis yield: (i) increased ablation rate due to
increased pulse energy, and (ii) decreased ablation due to

reduction in laser fluence. The analysis showed that the
yield increases proportionally with the increase in laser
fluence. When the beam quality factor M2 is high, such
as 3.7 in our study, the variation of yield of nanoparticles
is described more appropriately by laser fluence than by
laser power or pulse energy, since a high M2 value leads
to variation in spot size with the increase in pulse energy.
The discussion of the chosen laser parameters revealed
that with longer pulse duration and higher repetition rate,
the yield of nanoparticles increases.
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A B S T R A C T

In this paper, we demonstrate pulsed laser ablation (PLA) in supercritical CO2 (scCO2) as a promising method to
synthesize multiphase TixOy nanoparticles from a titanium target. These results are compared against PLA of
titanium in H2O. By means of transmission electron microscopy, we observed spherical-shaped, well-dispersed
non-agglomerate crystalline nanoparticles by PLA in scCO2 while PLA in H2O produced spherical-shaped as well
as randomly shaped nanoparticles that joined to form web-like networks. Raman spectroscopy and x-ray dif-
fraction showed nanoparticles synthesized in scCO2 consisted of anatase-TiO2, Ti2O3 and TiO0.89 while nano-
particles synthesized in H2O were mainly rutile-TiO2, with possibility of presence of brookite-TiO2. This in-
dicates PLA in scCO2 favours formation of metastable phases (anatase-TiO2, Ti2O3 and TiO0.89) while PLA in H2O
results in mostly stable phase (rutile-TiO2).

1. Introduction

Titanium dioxide (TiO2) has been a material of great interest in the
scientific community as well as industry after its excellent photo-
catalytic properties were reported by Fujushima and Honda in 1972
[1]. It is now one of the most commonly used photocatalysts with nu-
merous applications such as dye-sensitized solar cells [2], lithium ion
batteries [3], water purification [4], and air purification [5]. TiO2 has a
band gap at approximately 3 eV, and thus requires blue or UV light to
be active. There have been significant efforts to increase the absorption
in the visible range by doping TiO2 with non-metals (such as N, C) [6,7]
and transition metals (such as Co, Rh, V, Fe, Cr, and Mn) [8]. Thakur
et al. [9,10] reported production of nanomaterials of dopant free
multiphase titanium oxides with increased absorption in vis-NIR region
and average band gap of 2.39 eV. This behaviour of enhanced absorp-
tion spectrum of these nanomaterials was reportedly due to (i) presence
of multiple titanium oxide phases absorbing at different wavelengths,
(ii) synthesized by a “unique fusion of plume formation and vapour
condensation mechanism”, and (iii) brought about by “interaction of
ultra-short laser pulses and titanium substrate” using femtosecond laser
ablation [10].

Amongst the nanoparticle synthesis methods, as evident from the

increase in the publications in last decade by a factor of 15 [11], pulsed
laser ablation in liquids (PLAL) has been extensively explored as a
simple, versatile and green method [12,13]. Significant efforts have
been made specially to understand plasma and cavitation dynamics in
PLAL [14–16]. A shortcoming of this method has been low nanoparticle
productivity, however, the latest demonstrations have shown produc-
tion rates of up to 4 g/h [17] for Au, Ag, Ti, Cu, Al and Pt. With the
production of nanoparticles of metals, ceramics, alloys, and semi-con-
ductors, PLAL has been demonstrated to be a promising method for
production of variety of nanoparticles [18,19].

In PLAL, the liquid surrounding the target has a significant role on
the morphology, structure and phase of the synthesized nanoparticles
[13]. Kuwahara et al. reported that during PLA of copper in pressurized
CO2, the ablation efficiency was several tens of times higher at elevated
pressure [20]. In supercritical fluids, such as supercritical CO2 (scCO2),
the PLA-induced plasma has been reported to be dense consisting of
highly active species, allowing the synthesis of exotic nanomaterials
[21]. As a typical supercritical fluid, scCO2, it is possible to change its
solvent power just by changing the temperature and pressure. Owing to
its zero surface tension, it penetrates and leaves nanostructures un-
harmed. Additionally, particle synthesis with scCO2 is a green process
because CO2 is non-toxic, rather inert, and recyclable in process and
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owing to its low critical point (7.4 MPa, 31.1 °C) [22], it is a low energy
process especially compared to supercritical H2O (22.1MPa, 374 °C)
[23]. Combination of plasma and supercritical fluids is sometimes ad-
vantageous also because of the synergic effect of highly reactive plasma
species and superior transport properties of supercritical fluids [24].
Saitow first reported synthesis of silicon nanoclusters [25], as well as,
gold nanospheres and nanonecklaces [26] by PLA in scCO2. Nakahara
et al. demonstrated PLA in scCO2 as a promising method for synthe-
sizing higher diamondoids, that are typically difficult to synthesize
[27].

In our study, a titanium target was ablated in scCO2 at 10MPa and
50 °C using a 250 ns 1064 nm pulsed fiber laser at 101 kHz. To the best
of our knowledge, this is the first study that demonstrates production of
multiphase TixOy nanoparticles from titanium by PLA in scCO2. The
synthesized nanoparticles were studied by transmission electron mi-
croscope (TEM), x-ray diffraction (XRD), and Raman spectroscopy. By
discussing the key results from (i) TEM, XRD and Raman for the na-
noparticles and their phases formed from titanium by PLA in scCO2, as
well as (ii) their comparison with similar analysis from PLA of titanium
in H2O, this study demonstrates the potential of PLA in scCO2 for
synthesis of well-dispersed metastable multiphase nanomaterials
without the use of liquid.

2. Experimental

2.1. Materials

A titanium sheet (99.99% pure), obtained from Goodfellow
Cambridge Ltd., 3.2 mm thick and 50× 50mm, was cut into
15×15mm sized target for the experiment. Carbon dioxide (≥99.8%
pure with O2≤ 20 ppm, H2O≤ 100 ppm) was obtained from Oy AGA
Ab.

2.2. Pulsed laser ablation in scCO2 and H2O: setup and nanoparticle
synthesis

The schematic in Fig. 1 shows the experimental setup for PLA in
scCO2. The experimental set-up consisted of a 70W fiber laser
(λ=1064 nm) with a pulse duration of 250 ns and a repetition rate of
101 kHz. An 80mm F-theta lens was used to focus the laser beam on the
titanium target fixed inside the reaction chamber. The target was fixed
using two neodymium magnets on a magnetic steel plate attached to
the target holder and placed inside the chamber so that laser irradiates
the target surface perpendicularly. The laser irradiated the titanium
target for a 30-minute ablation period. The PLA in scCO2 experiment
was performed using a Thar Technologies Inc. RESS 250 system
(Pittsburg, USA). The reaction chamber, made of 316SS steel, was
suitable for pressures up to 60MPa and temperatures up to 150 °C. It
consisted of heating rods built into the walls and two sapphire win-
dows, one of which was used to introduce the laser pulses into the
chamber. There was no cooling system installed with the high-pressure
chamber. The PC-controlled automatic back-pressure regulator (ABPR)
meticulously governed the depressurization rate of the CO2 after the
ablation process ended. BPR was used only to depressurize at the end of
ablation process, so not to avoid pressure increase. CO2 (gas) was flu-
shed through the reaction chamber prior to ablation in order to reduce
the amount of ambient atmospheric gases inside the chamber, in par-
ticular to alleviate the effects of O2 and N2. CO2 was pumped into the
chamber using a high-pressure piston-pump at a constant rate of 20 g/
min until the pressure stabilized at 10MPa. The temperature of the
reaction chamber was set to 50 °C. After the chamber pressure and
temperature stabilized at 10MPa and 50 °C respectively, laser beam
scanned an area of 6×6mm at a scanning rate of 2m/s. After 30min
of laser ablation followed by depressurisation, the nanoparticles were
collected from the chamber as a powder. The pressure and temperature
sensors had an accuracy of 0.05MPa and 1.1 °C respectively, as guar-
anteed by the supplier of the CO2 system. The pressure sensor was just
before the inlet valve of BPR while the temperature sensor was fitted
inside the vessel. As the end of 30min ablation, the pressure and

Fig. 1. Schematic of PLA in scCO2.
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temperature inside the chamber soared to 10.7 MPa and 59.4 °C re-
spectively.

For PLA in H2O, the schematic and set-up of equipment is explained
in our previous publication [28]. However, the laser and its parameters
used were same as in the aforementioned PLA in scCO2 experiment and
ablation time was 30min. The water film thickness above the target
was 4mm. The loss in laser transmission was measured to be same for
13mm thick sapphire window (PLA in scCO2) and 4mm thick water
film above target (PLA in H2O). After the experiment, the nanoparticles
were collected in the form of nanoparticle suspension.

2.3. Characterization methods

Jeol JEM-2010 TEM was used for imaging the nanoparticles to
characterize the shape and size of nanoparticles. A high resolution TEM
(Jeol, JEM-2200FS HRTEM) was used for high resolution imaging of
nanoparticles. The TEM samples for nanoparticles obtained from PLA in
scCO2 were prepared by directly touching the TEM copper grids with a
holey carbon film on dry nanoparticles from reaction chamber. TEM
samples for nanoparticle suspensions from PLA in H2O were made by
dropping the suspension on copper grid with holey carbon film and
allowing them to dry. Selected area electron diffraction (SAED) patterns
were also obtained from the same TEM samples to study the crystal-
linity of samples.

XRD measurements were performed on a Panalytical Empyrean
Multipurpose Diffractometer with a CuKα x-ray source
(λ=0.15418 nm) and a solid-state pixel detector, PIXcel3D, which
measured the scattered intensities as a function of scattering angle (2θ).
The x-ray generator was powered at 45 kV and 40mA. For XRD mea-
surements, the scan range was 20.00°–80.95° with a 0.05° step size. It
used a soller slit with 0.04 rad opening. The phase identification of the
peaks in the XRD pattern was performed with Panalytical HighScore
Plus software (version 3.0.5) from the database PDF-4+ of the
International Centre for Diffraction data (Database version 4.1065). For
further phase analysis, the Raman spectra were measured using
Renishaw inVia Qontor Raman microscope. A 532 nm wavelength laser
was used for excitation. For both XRD and Raman, the sample was as-
deposited nanoparticle powders (from PLA in scCO2) on the non-ab-
lated part of the target. So, we can expect high peaks for titanium metal
in the XRD pattern, however, not in the Raman plot since metals are not
Raman active. The nanoparticle suspension from PLA in H2O was dried
to obtain powder of nanoparticles upon which XRD and Raman was
performed.

3. Results and discussion

3.1. Comparative TEM analysis for PLA in scCO2 and PLA in H2O

Fig. 2a and b show the TEM micrographs for nanoparticles syn-
thesized by PLA of titanium in scCO2. The TEM images show uniformly
dispersed spherical nanoparticles (Fig. 2a). The formation of round
nanoparticles with PLA is well reported and is attributed to the diffu-
sion of hot surface atoms on nanoparticles as well as melting of already
synthesized nanoparticles because of laser processing in order to de-
crease interfacial energy [10]. In the SAED pattern (Fig. 2a inset),
crystalline rings were observed indicating the presence of mainly na-
nocrystalline particles. It is noteworthy to mention we did not observe
any large nanospheres in this study such as the ones reported in a study
by Saitow et al. where they observed 400 nm large gold nanospheres as
a result of PLA in scCO2 at relatively higher CO2 densities (1.7 g/cm3)
[26]. In our study, the CO2 density varies between 0.34 and 0.38 g/cm3

for pressures and temperatures mentioned in the experimental section.
At smaller densities, PLA in supercritical fluids such as CO2 and tri-
fluoromethane (CHF3) leads to formation of nanoparticles few tens of
nanometers in diameter, while at higher densities, it leads to formation
of large nanospheres and nanonecklaces [26,29].

Fig. 3a and b show the TEM micrographs of the nanoparticles syn-
thesized by PLA of titanium in H2O. In the TEM images, round nano-
particles were observed to form web-like structures. Others have re-
ported formation of similar web-like structure upon PLA in H2O [30]. In
addition, with higher magnification (Fig. 3b), randomly shaped nano-
particles were observed that joined with each other as well as with the
spherical bigger nanoparticle indicating agglomeration. SAED pattern
taken from this region (Fig. 3a inset) showed crystalline rings and spots
and maybe also diffuse rings, indicating presence of crystalline and
possibly some amorphous forms.

In PLA in scCO2, the nanoparticles were uniformly dispersed and
non-agglomerated. This may occur due to the polar nature of synthe-
sized nanoparticles surrounded by scCO2, which is non-polar and has
zero surface tension. For PLA in scCO2 (Fig. 2a and b), randomly shaped
nanoparticles observed for PLA in H2O (Fig. 3a and b), were not ob-
served. In case of PLA in scCO2, in theory, the electrical double layer,
that usually surrounds the nanoparticles in aqueous medium, should be
absent. In addition, no hydrogen is involved in the process, so the
possibility of firstly hydrogen bonding of the particles and secondly
presence of OH−, H3O+, and H+ ions can be eliminated due to which
no agglomeration was observed. This suggests PLA in scCO2 in a pro-
mising method for synthesis of well-dispersed non-agglomerated sphe-
rical-shaped nanoparticles via a dry process. Later after the process is
finished, it is however possible that H2O (moisture) adsorbs on the
nanoparticles when exposed to the ambient environment outside the
reaction chamber causing some agglomeration.

3.2. Comparative phase analysis – Raman and XRD of the nanoparticles

Raman measurements from the nanoparticle powder on the target
surface (Fig. 4a) synthesized by PLA in scCO2 indicated presence of
mainly anatase –TiO2 with the possibility of minor amounts of titanium
(III) oxide (Ti2O3). The broad features might belong to smaller peaks of
anatase, titanium(III) oxide (Ti2O3) or other titanium oxides. Raman
analysis did not show peaks at 222, 420 or 605 cm−1 corresponding to
TiC indicating absence of titanium carbides. The Raman spectra for
nanoparticles synthesized by PLA in H2O (Fig. 4b) showed two pro-
minent peaks at 440 cm−1 and 610 cm−1 indicating presence of mostly
rutile-TiO2. The peak at around 150 cm−1 suggests presence of anatase,
brookite or a combination of both. In addition to those, the broad
pedestal up to 900 cm−1 may signify presence of disordered or amor-
phous material.

XRD results for PLA in scCO2 synthesized nanoparticles (Fig. 5a)
corroborated the presence of anatase-TiO2 and titanium(III) oxide
(Ti2O3). Additionally, XRD, indicated presence of a non-stoichiometric
oxide of titanium - TiO0.89, which is a high-temperature phase. XRD
from the samples prepared in H2O (Fig. 5b) strongly indicates that the
material is mostly rutile-TiO2. There were four prominent peaks ob-
served for rutile-TiO2 at 27.4, 36.0, 41.2, and 54.3°. The broadened
peak at 54.3 also has a shoulder due to another rutile peak at 56.6°. The
peaks in XRD pattern are broadened due to small size of nanoparticles.
The small peak at 25.3° may correspond to brookite-TiO2. The broa-
dened small peaks between 62 and 70° correspond to rutile-TiO2 or a
combination of rutile-TiO2 and brookite-TiO2 phase. This agrees with
the Raman results that rutile was the main phase and along with trace
amounts of brookite. Interestingly, from the Raman and XRD in-
vestigation, we observe formation of mostly metastable phases in PLA
in scCO2 – anatase TiO2, Ti2O3 and TiO.89, while PLA in H2O resulted in
mostly stable phase – rutile TiO2.

3.3. Comparative analysis of source of oxidation

CO2 has low reactivity; however, in the presence of high-tempera-
ture high-pressure plasma, its dissociation forms O¯/O2, with which the
ablated plasma species can react. The minimum energy path for the
dissociation of CO2 leads to CO and O−, which can further combine to
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Fig. 2. TEM micrographs (a and b) and SAED pattern (as inset in a) from nanoparticles synthesized by PLA in scCO2.

Fig. 3. TEM micrographs (a and b) and SAED pattern (as inset in a) from nanoparticles synthesized by PLA in H2O.

Fig. 4. Raman spectra of nanoparticles formed by (a) PLA in scCO2 and (b) PLA in H2O.
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form CO2 and O2. Under extreme conditions, CO2 can dissociate directly
to carbon and molecular oxygen through vacuum ultraviolet photo-
dissociation [31] or dissociative electron attachment [32]. For PLA in
H2O, the laser ablated materials react with oxygen [33], that is either
dissolved in water [34] or bound to water molecule which can be made
available by plasma-induced water splitting [35].

According to Ellingham diagram [36], CO2 is more oxidizing than
H2O at temperatures below 1000 K. However, in our experiments the
samples prepared in H2O were completely oxidised which can be ex-
plained if the oxygen, that is dissolved in the water, is responsible for
the oxidation. Thorough thermodynamic analysis of this process is be-
yond the scope of this study.

Although carbide compounds were not observed in this study, PLA
in scCO2 at higher CO2 pressures will make an interesting future scope
of work to reveal the consequential effect of variation in plasma and
cavitation bubble dynamics (or dynamics of the bubble-like hollow) on
nanoparticle size, morphology, and phase.

4. Conclusion

In summary, production of well-dispersed non-agglomerated TixOy

nanoparticles by PLA of titanium in scCO2 was successfully demon-
strated via green synthesis using only supercritical CO2 as the solvent.
The results from this technique were compared against results from PLA
of titanium in H2O. The nanoparticles were studied by TEM, Raman
microscopy and XRD. TEM showed spherical-shaped, well-dispersed
crystalline nanoparticles. By PLA in scCO2, we also report absence of
any web-like networks or unwanted randomly shaped nanoparticles
that were observed for nanoparticles synthesized in PLA in H2O. Raman
and XRD indicated nanoparticles synthesized by PLA in scCO2 were
anatase-TiO2, Ti2O3, and TiO0.89. For nanoparticles synthesized by PLA
in H2O, Raman and XRD indicated presence of mostly rutile-TiO2 along
with trace amounts of brookite-TiO2. This suggests that PLA in scCO2

favours formation of metastable phases and forms with crystallographic
defects and vacancies such as TiO0.89, while PLA in H2O favours for-
mation of mostly stable phase such as rutile-TiO2.
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Abstract
We report on the synthesis of TiO2 nanoparticles using nanosecond pulse laser ablation of
titanium in liquid, gaseous and supercritical CO2. The produced particles were observed to be
mainly anatase-TiO2 with some rutile-TiO2. In addition, the particles were covered by a carbon
layer. Raman and x-ray diffraction data suggested that the rutile content increases with CO2

pressure. The nanoparticle size decreased and size distribution became narrower with the
increase in CO2 pressure and temperature, however the variation trend was different for CO2

pressure compared to temperature. Pulsed laser ablation in pressurized CO2 is demonstrated as a
single step method for making anatase-TiO2/carbon nanoparticles throughout the pressure and
temperature ranges 5–40MPa and 30 °C–50 °C, respectively.

Keywords: pulsed laser ablation, supercritical fluids, core–shell particles, nanoparticle size
control, anatase-TiO2 Raman XPS XRD, metastable phase, high pressure CO2

(Some figures may appear in colour only in the online journal)

Introduction

Titanium dioxide is among the most studied nanomaterials
as it is an important photocatalytically active material with
applications such as in water purification [1], lithium ion
batteries [2], and solar cells [3]. Combining TiO2 with car-
bon nanostructures such as graphene to form graphene/
TiO2 heterostructures has been reported as a new optical
and electronic device platform with dual functionality of
field effect and photosensitivity in bottom gated field effect
transistors [4]. In another study, the presence of core–shell
TiO2-carbon structures as a support material was reported to
enhance the catalytic activity of a Pt catalyst and improve its

stability in direct methanol fuel cells compared to tradi-
tionally used Pt catalyst with carbon black support [5].
Core–shell nanoparticles of various compositions have
extensive applications and have been well highlighted in the
recent reviews reporting their use in catalysis and electro-
catalysis [6], energy storage and conversion (such as in
lithium ion batteries, supercapacitors, and quantum dot solar
cells) [7], and medical biotechnology (such as in molecular
bioimaging, drug delivery, and cancer treatment) [8].
Techniques for preparing core–shell nanoparticles include
chemical vapour deposition [9], wet-chemistry based meth-
ods such as sol–gel synthesis [10], and polymerization [11],
physical methods such as flame synthesis [12], plasma-based
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synthesis [13, 14] and spray pyrolysis [15]. Pulsed laser
ablation in liquids (PLAL) for core–shell nanoparticle gen-
eration [16] is another physical method that, similar to the
other physical methods, is an in situ synthesis process,
requires little sample preparation, few synthesis steps and
unlike in wet-chemistry methods, does not require envir-
onmentally hazardous solvents. Due to high yield relative to
solid educt mass and no waste of reagents, it may further
save waste management and disposal costs compared to
chemical methods [17].

PLAL is often called a green technique as it can be used
to synthesize nanoparticles without the need of toxic chemi-
cals [17]. The synthesis of well-dispersed unagglomerated
nanoparticles of titanium oxides bas been demonstrated in
supercritical carbon dioxide (scCO2) [18]. In the supercritical
state, CO2 may penetrate and leave nanostructures unharmed
due to absence of surface tension. The surrounding fluid in
pulsed laser ablation (PLA) plays an important role on the
phase, structure and morphology of nanoparticles. In the first
study on PLA of gold in scCO2, Saitow et al reported that
nanoparticles consisted of two size distributions: nano-
particles with average diameters 30 nm and around 500 nm
[19]. Production of nanoparticles from various materials has
been reported using PLA in scCO2. The target materials
include silicon [20], gold [19], silver [21], copper [22], pyr-
olytic graphite [23] and titanium [18]. In addition to the laser
parameters and the ablated material, the CO2 temperature and
pressure is important as it changes the properties of scCO2 to
be either liquid-like or gas-like which may further affect the
nanoparticle size, morphology and phase. In a previous study,
the effect of scCO2 pressure, density and temperature on a
gold target has been reported [24]. However, there are no
studies on generation of core–shell nanoparticles by PLA
when CO2 is in the supercritical regime, to the best of our
knowledge. Previously, PLA in pressurized CO2 has been
demonstrated to form metal-core carbon-shell nanoparticles
of Ni-carbon in gaseous CO2 [25] and Au-carbon in liquid
and gaseous CO2 [26].

This study demonstrates single-step synthesis of
TiO2-carbon core–shell nanoparticles from titanium by PLA in
pressurized CO2 in liquid, gaseous and supercritical state. This
demonstrates the potential of PLA in scCO2 for synthesis of
core–shell particles. We report on the effect of CO2 pressure and
temperature on the size, size distribution and phase of core–shell
nanoparticles synthesized in liquid, gaseous and scCO2. The
effect of different test condition i.e. supercritical state CO2

against liquid and gaseous CO2 is also reported. PLA in pres-
surized CO2 was carried out using a 250 ns pulse fibre laser
with wavelength of 1062 nm and repetition rate of 101 kHz
to synthesize nanoparticles. Scanning transmission electron
microscopy, ((S)TEM), x-ray photoelectron spectroscopy
(XPS), Raman, x-ray diffraction (XRD), and ultraviolet–visible
(UV–Vis) spectroscopy techniques were used to study the syn-
thesized nanoparticles and evaluate the effect of CO2 pressures
5–40MPa and temperatures 30 °C–50 °C on the nanoparticle
size, size distribution and phase.

Experimental

Nanosecond laser ablation in liquid, gaseous and supercritical
CO2

PLA in CO2 was carried out using a 250 ns pulse fibre laser
with wavelength of 1062 nm, and repetition rate of 101 kHz.
The laser beam was focused using an 80 mm telecentric
f-Theta lens to a spot diameter of 35 μm on the titanium target
and scanned on an area of 64 mm2. The beam energy was
690 μJ per pulse for 101 kHz repetition rate. The experimental
set-up consisted of a titanium target (99.99% pure, Good-
fellow Cambridge Ltd) fitted inside the autoclave (made of
stainless steel 316 with pressure and temperature limits of
62MPa and 150 °C, respectively) in such a way that it could
be scanned with the laser through the sapphire optical view-
port as shown in the schematic (figure 1(a)). Figure 1(b)
shows the schematic inside the autoclave where laser irradi-
ates the target and nanoparticles are synthesized. Figure 1(c)
shows a schematic of these nanoparticles that consisted of
mostly core–shell nanoparticles. The ablation experiments
were conducted at five different CO2 pressures: 5, 10, 15, 20
and 40MPa. CO2 (>99.8% pure) was pumped into the
autoclave with a high-pressure piston pump. CO2 was cooled
to 5 °C in the chiller before being pumped. Between the pump
and the autoclave, CO2 passed through a heat exchanger
where it was warmed and converted to scCO2. The heating

Figure 1. Shows (a) schematic of the experimental setup,
(b) schematic of ablation of titanium to produce nanoparticles,
(c) synthesized nanoparticles consist of core–shell type nanoparticles.
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rods, installed in the walls of the autoclave, were used to heat
it to 30 °C, 40 °C, and 50 °C for the corresponding experi-
ments. After the temperature and pressure stabilized at the
desired value, the target was ablated with the laser for 30 min
using a scanning speed of 2 m s−1 to cover a 7× 7 mm pat-
tern. To collect the nanoparticle powder, the autoclave was
depressurized with an automatic backpressure regulator at a
rate of 5 s MPa−1. The pressure sensor with an accuracy of
0.05MPa was located just before the inlet valve of back-
pressure regulator while the temperature sensor with accuracy
of 1.1 °C was located inside the chamber. This study com-
prised of seven PLA tests in pressurized CO2, five in scCO2,
one in liquid CO2 and one in gaseous CO2. To study the effect
of CO2 pressure and temperature, the tests may be divided in
two parts: (1) CO2 temperature fixed at 50 °C while five
different pressures 5, 10, 15, 20, and 40MPa were tested, and
(2) CO2 pressure fixed at 10MPa while different temperatures
30 °C, 40 °C and 50 °C were tested. The pressure and temp-
erature values of these tests are marked in figure 2(a). In
figure 2(b), the symbols represent the densities for the
selected CO2 parameters in this study while the standard
curves taken from the National Institute of Standards and
Technology, US Department of Commerce [27] show the
variation of CO2 density with pressure for three temperatures
30 °C, 40 °C, and 50 °C.

Characterization methods

The nanoparticle powders were characterized by using a Jeol-
JEM F200 (S)TEM with a Jeol Dual electron energy dis-
persive spectrometer (EDS), Renishaw InVia Qontor Raman
microscope, Panalytical Empyrean Multipurpose Dif-
fractometer for XRD, PHI Quantum 2000 for XPS and by
Shimadzu spectrophotometer for determination of band-gap
energy.

For (S)TEM, the samples were prepared by touching the
TEM copper grid containing holey carbon film with the
nanoparticle powder. From the TEM images, diameters of
400 nanoparticles were measured using Image J software

(Version 1.50i) and to estimate the size distributions and
average particle size for each sample. STEM-EDS was used
in line analysis and spot analysis mode to analyse the varia-
tion in the elemental composition of the nanoparticles and the
layer on them. Phase analysis of the nanoparticle powders
was analysed with the Renishaw InVia Qontor Raman
microscope using a 532 nm laser. The laser power was
0.175 μW. The XRD patterns of the nanoparticle powders
were obtained using the Panalytical Empyrean Multipurpose
Diffractometer with a CuKα x-ray source at wavelength of
0.1541 nm. The scattered intensities were measured using
a solid-state pixel detector, PIXcel3D attached to the dif-
fractometer. The x-ray generator operating values were
45 kV and 40 mA. The data was collected in the range of
2θ=10.00°–80.00° and for a step size of 2θ=0.02°.
Panalytical HighScore Plus software (version 3.0.5) was used
for the identification of phases in the XRD pattern based on
the database PDF-4+of the International Centre for Dif-
fraction data (version 4.1065). The XPS analysis was per-
formed with PHI Quantum 2000 spectrometer with an Al
1486.6 eV mono x-ray source at 24.3W. The XPS sample
was prepared carefully spreading the nanoparticle powder on
top of a double-sided tape that was attached to a metal plate.
The measurement was done with a stationary beam with a
beam diameter of 100 μm. The optical properties of the
material were studied using a spectrophotometer (Shimadzu
UV 3600) in reflectance mode. The absorbance spectra were
measured for the wavelength range 300–900 nm. The plotted
Tauc-plots were used to estimate the band-gap energy of the
material.

Results and discussion

The visual appearance of the nanoparticles was bluish-white
when the autoclave was opened and did not change during
several months of storage. The nanoparticles were in the form
of dry and loose powder. The results and discussion is divided
into two sections. First section deals with the analysis of

Figure 2. (a) Experimental parameters used in this study are plotted on CO2 phase diagram, (b) CO2 densities corresponding to the
experimental parameters used are plotted against the standard CO2 curves at 30 °C, 40 °C and 50 °C.
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nanoparticles synthesized at 10MPa, 50 °C, while the second
section deals with the effect of CO2 pressure and temperature
on the nanoparticle size, size distribution and phase.

Section 1: Morphology, composition, phase analysis and band-
gap measurement of nanoparticles synthesized at
10 MPa, 50 °C

Morphology and composition of nanoparticles. The (S)TEM
images (figures 3(a)–(f)) showed presence of round
nanoparticles that formed clusters or networks. Such nano-
networks formed by ablation in scCO2 have been previously
reported [19]. Electron diffraction patterns indicated
crystallinity of these nanoparticles (figure 3(a) inset). Based
on the lattice fringes, some particles were single crystals
while others were polycrystalline. On the basis of (S)TEM
images, the nanoparticles can be classified into two
types: (i) core–shell nanoparticles (figures 3(a)–(c)), and (ii)
nanoparticles surrounded by thick layer (figures 3(d) and (e)).
In case of core–shell nanoparticles, the shell surface was
smooth and the thickness of the shell varied from particle to
particle. Jung et al [28] also reported varying shell thickness
and observed increase in the carbon shell thickness with the
increase in the core–shell nanoparticles size. For clusters with
thicker carbon layer, the nanoparticles did not appear to be
typical core–shell structures as the layer surrounded several
nanoparticles (figure 3(d)). This is further elucidated from the

backscattered electron image (topographical mode) in
figure 3(e) where particles seemed to be buried under thick
layer. In such cases, the particles seemed to form clusters first
after which carbon layer may grow on top of them. The
nanoparticles, in figure 3(d), with a thick surface layer were
rarer than the core–shell structures on the TEM grid, making
the core–shell nanoparticles to be the dominant species. This
has been previously reported in PLA of iron–gold where over
90% of nanoparticles consisted of a core–shell morphology
[29]. In our study, samples from each test condition consisted
of two populations of nanoparticles covered with either thin
or thick carbon layer. We did not observe a significant change
in the shell thickness in either population nor any change in
the relative amount of the two populations as the process
parameters were varied. STEM-EDS line analysis (figure 3(f))
and spot analysis indicated that nanoparticle core consisted of
mostly titanium and oxygen, while the shell/surface layer
consisted of carbon. A drop in the titanium, oxygen peak
intensities and a surge in the carbon peak intensity was
observed between 80 and 100 nm (figure 3(f)). A dramatic
change in carbon peak intensity at the centre of particles is not
observed as it is a cluster of nanoparticles. They can be
considered as 3D spheres with surface shell and the electron
beam interacts with them orthogonally. This implies that there
will always be some carbon intensity in the STEM-EDS
spectra, higher than for titanium and oxygen. In addition, the

Figure 3. Nanoparticles with thin carbon layer: (a) TEM images of core–shell type nanoparticles and electron diffraction pattern (inset)
indicating crystalline particles, (b) high-resolution TEM image of the single crystal particle (marked by an arrow) with lattice fringes
corresponding to anatase (101), (c) STEM BSE image (topographical mode) of core–shell nanoparticles. Nanoparticles with thick carbon
layer: (d) TEM image of nanoparticles covered with a thick carbon layer, marked by an arrow, (e) STEM BSE image (topographical mode) of
nanoparticles with a thick carbon layer, and (f) STEM-EDS line analysis of nanoparticles showing intensity variation of Ti, O and C.
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TEM grid also has a holey carbon film, as mentioned earlier
in the experimental section.

Raman and XRD analysis of nanoparticles. Raman
measurements of the synthesized nanoparticles indicated
presence of mostly anatase-TiO2 with small amounts of
rutile-TiO2 (figure 4(a)). The strongest peaks in Raman
spectra at around 144, 400, 520, and 636 cm−1 corresponded
to anatase-TiO2. The peaks corresponding to rutile at around
447 and 610 cm−1 can be observed as small features and
shoulders in the anatase spectrum. XRD supports Raman
results indicating presence of mostly anatase-TiO2. Sharp
distinct peaks of anatase were observed at 25.3, 48.1, 54.1
and 55.2 2θ degrees (figure 4(b)). The other remaining peaks
of anatase observed are marked in the figure. Other peaks in
the XRD spectrum could be explained by rutile-TiO2 at 27.4,
titanium oxide carbide Ti(1)O(0.5)C(0.5) at 42.1 and 36.2 2θ
degrees, and brookite-TiO2 at 30.8 2θ degrees. No graphitic-
carbon peaks at 26.1 and 42.3 2θ degrees could be disticntly
observed; however, amorphous nature of carbon may have
caused the broad pedestal starting from under the anatase
peak at 25.3 until the peak for brookite at 30.8. As reported by
Marzum et al in a study of core–shell nanoparticles
synthesized by PLA in liquids, it is difficult to observe
amorphous carbon on nanoparticles by XRD technique as it is
more suitable for crystalline materials [30]. Thus, Raman and
XRD spectra suggest anatase-TiO2 as the main phase of
nanoparticles with small amount of rutile-TiO2, and in
addition XRD suggests presence of brookite-TiO2 and
carbon containing phase Ti(1)O(0.5)C(0.5). Further, the peaks
for TiC were missing from both Raman and XRD spectra,
suggesting carbon may not be chemically bonded to titanium.
Additionally, for wide spectrum measurement (figure 4(a)
inset), Raman spectra showed a broad feature centred at about
1100 cm−1 and near 1450 cm−1. As the D and G bands are
not observed, this suggests that the carbon on top of the
samples is possibly due to hydrocarbons rather than pure
carbon. The peak at 1100 cm−1 can be attributed to C–C bond

stretching whereas the feature at 1450 cm−1 can be attributed
to CH2 twists and bends.

XPS analysis of nanoparticles. In the XPS spectra of the
sample (figure 5(a)), peaks for Ti2p, O1s and C1s were
observed. In figure 5(b), C1s peak between 284 and 286 eV
indicated presence of carbon in sp2 hybridization, C=C. The
broadening of this peak around 286–287 may indicate
presence of also sp3 carbon. Peak between 288 and 290 eV
was likely from O–C=O. Carbon-titanium bonds would cause
peaks at 281.5, 454.7, and 460.9 eV, which were not
observed. The peak in XPS spectra figure 5(c) corresponds
to the O1s peak at 530 nm. The shoulder to this peak at
532 nm likely comes from organic C=O (531.5–532 nm)
indicating possible presence of organic carbonyl, ketones or it
may likely be from the H–O–C bond. Metal carbonate, such
as TiCO3 (531.5–532 nm) may possibly add to this feature at
532 nm. Ti 2p1 and Ti 2p3 peaks at 464.3 and 458.5 eV
respectively observed in the XPS spectra (figure 5(d))
indicated presence of titanium in +4 oxidation state Ti(IV)
and the band energies corresponded to anatase-TiO2 and
rutile-TiO2. XPS results were in accordance with Raman and
XRD results to indicate presence of anatase and rutile and
further suggested presence of carbon on the nanoparticles,
which was not observed to be bonded to titanium.

Band-gap measurement. The band gap of the nanoparticles
was calculated to be 3.32 eV from the reflectance spectra
using the Tauc plot (figure 6). The bulk value for anatase is
reported as 3.2 eV [31], but thin films and nanoparticles are
reported to have higher band gaps due to surface states and
quantum size effect [32, 33]. Thus, the measured band gap
agrees with Raman and XRD results suggesting the particles
are mostly anatase TiO2.

Discussion on synthesis of nanoparticle by PLA in pressurized
CO2, their composition and phase analysis. During PLA, the
laser irradiates the target, ionized target species are ejected
and trapped inside laser induced high temperature plasma

Figure 4. (a) Raman spectra and (b) XRD spectra of the nanoparticles synthesized at 10 MPa, 50 °C.
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plume which occurs over a timescale of hundreds of
nanoseconds followed by formation of clusters and their
growth inside the plasma [34–36]. Kato et al reported
formation of plasma and breakdown of CO2 in PLA in scCO2

over a short timescale of few hundred nanoseconds after the
laser pulse hit the target and observed generation of cavitation
bubble at 5 μs and its collapse at around 100 μs [37]. The
plasma temperature depending on the CO2 pressure has been
reported to be 3873 °C–4873 °C by Maehara et al [38] and
8273 °C–12273 °C by Furusato et al [39]. The high
temperature of plasma decomposes CO2 into atomic oxygen

[37, 39], carbon ions and radicals [37] and carbon monoxide
positive ions CO+ [39]. Kato et al reported presence of
atomic oxygen and atomic carbon in addition to atomic target
metal species in the optical emission spectra of PLA plasmas
in scCO2 [37]. The presence of plasma plume formation is
followed by formation of a cavitation bubble wherein species
originating from the target and the solvent combine to form
the clusters and nanoparticles, which are released to the
ambient solvent upon the collapse of the cavitation bubble.
Lam et al reported that the cavitation bubble consists mostly
of solvent species rather than the ablated material for PLA in
liquids at normal pressure [40]. The cavitation bubble in
scCO2 has been reported to expand like in liquid but collapse
like in gas with the bubble boundary being ragged having
higher surface area compared to PLA in liquid CO2 [37].
Then the reaction for nanoparticle formation inside the
cavitation bubble begins between the ablated target species
i.e. Ti ions and solvent species from previously plasma
decomposed CO2 molecules to form titanium oxides. Upon
the collapse of the cavitation bubble, the hot nanoparticles
are released into the surrounding pressurized CO2. DFT
simulations show that oxygen vacancies in Anatase TiO2 can
act as efficient catalyst to dissociate CO2 and the oxygen from
CO2 heals the vacancy [41]. Simulations show that this occurs
at relatively low temperatures (400 K). This mechanism likely
plays a role in the formation and further oxidation of titanium
oxide nanoparticles. The produced CO has tendency to stay

Figure 5. (a) XPS spectra of nanoparticles synthesized at 10 MPa, 50 °C, (b) carbon C1s peak, (c) O1s peak, (d) Ti2p doublet peaks in high
resolution XPS spectra.

Figure 6. Absorbance spectra from 300 to 900 nm and band-gap (in
inset) of the nanoparticles synthesized at 10 MPa, 50 °C.
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adsorbed and may further dissociate to carbon according to
Boudouard reaction (2CO=C+CO2) and initiate the
formation of the carbon shell.

In cases where the nanoparticles are individual particles,
the carbon forms as a shell on top of the particles (such as in
figures 3(a) and (b)), whereas for the coalesced clusters of
nanoparticles the carbon coating is formed over the whole
cluster rather (such as in figures 3(d) and (e)) than on the
individual particles. Salminen et al suggested laser-induced
heating of the nanoparticles to be crucial for shell formation
[42]. Marzum et al attributed formation of graphitic carbon
shell to be catalysed by copper in their study on synthesis of
copper–carbon core–shell nanoparticles [30].

While rutile-TiO2 is a more thermodynamically stable
phase than anatase-TiO2 [43], and is a dominant phase in PLA
in water [44], in this study, as a result of PLA in pressurized
CO2 (in gaseous, liquid and supercritical states), anatase-TiO2

was the predominant phase as observed in the Raman and
XRD spectra (figures 9 and 13). Metastable anatase-TiO2

once formed does not transform to rutile because of strong
binding energy of Ti–O ionic covalent bond, unless melting-
like processes are involved [45].

Titanium dioxide phases are observed in Raman, XPS
and XRD, however, presence of other meta-stable phases,
such as Ti3O5 and Ti(1)O(0.5)C(0.5), was also indicated by the
XRD spectra. CO2 above 760 °C may undergo Boudouard
reaction with carbon to form CO which may reduce TiO2 to
form titanium oxides with lower degree of oxygen such as
Ti3O5 and further substitution of oxygen with carbon to form
TixCyOz [46]. Another possibility is that if the temperatures is
above 2273 °C, in an environment of excess carbon, TiO2 and
its other oxides are not stable and reduce to Ti(CxOy) or TiC,
however, a direct conversion from TiO2 to to Ti(CxOy) is not
possible without the synthesis of Ti3O5 and Ti2O3 in between
the pathway of this transformation [47]. Observation of Ti3O5

and Ti(1)O(0.5)C(0.5) in the XRD spectra (figure 9) could either
be an indication of oxidation of titanium in insufficient
oxygen environment or carbothermal reduction of TiO2 [47].
The absence of high amounts of rutile-TiO2 and no
observation of TiC may indicate that such high temperatures
may not be reached by the synthesized particles to cause
phase transformations, however, to some extent transforma-
tion may be possible when the nanoparticle size is small
enough. Additionally, rutile may form directly without the
need of transformation from anatase. The absence of TiC
phase could be explained based on thermodynamic calcula-
tions. TiO2 formation from titanium is thermodynamically
more favourable than TiC, based on Ellingham diagram.
Solving Gibbs free energy equations for TiO2 and TiC,
calculations show TiO2 formation stays highly favourable
until 4529 K.

With PLA in pressurized CO2, we synthesized nanopar-
ticles of metastable anatase-TiO2 core with carbon layer.
However, it is not yet fully understood whether carbon shells
on nanoparticles already appear inside the cavitation bubble
and whether the particles undergo several coatings of carbon
if the ablation durations are long. In situ studies with small-
angle x-ray scattering (SAXS), wide-angle x-ray scattering

(WAXS), infrared (IR) and Raman spectroscopy will make
good future scope of work to provide insight on this topic.

Section 2: Effect of CO2 pressure and temperature on particle
size and phase

Effect of CO2 pressure on nanoparticles. The average
particle size when plotted for nanoparticles synthesized at
5–40MPa CO2 pressures at 50 °C temperature showed a
decreasing trend from 19 nm to 14.5–15 nm with increasing
pressures (figure 7). This is in agreement with the reduction in
size of Sn [48], ZnO [49], and Au [26] nanoparticles with an
increase in ambient fluid pressure (CO2, H2O) as reported in
literature by PLA in pressurized fluids. This was attributed to
smaller volume and shorter lifetimes of the cavitation bubbles
at higher solvent (CO2, H2O) pressures [49, 50].

The size distribution of the synthesized nanoparticles
(figure 8) slightly decreased with the increase in pressure.
This is observable from the lognormal fitted curves for each
size distribution and decreasing trend in the variation of the
standard deviation (figure 7 inset). This is in agreement with
the narrowing of size distribution with increasing pressures
reported for ablation of gold in pressurized CO2 [26].

Regarding effect of CO2 pressure variation on nanopar-
ticle phase, the Raman spectra (figure 9(a)) indicated that
anatase-TiO2 is the main phase of the nanoparticles for
all samples. Based on the area of the fitted peaks, the rutile
content seems to increase with the CO2 pressure (figure 10(a)).
Similarly, the XRD measurements (figure 9(b)) show that the
samples are mostly anatase. The area of the fitted peaks in
XRD (figure 10(b)) corroborated Raman results and showed
an increasing trend. The peak at 21.2 2θ degrees corresponding
to the high-temperature metastable phase Ti3O5 was observed
only for 15MPa CO2 pressure. XRD and Raman indicated
synthesis of mostly anatase-TiO2 nanoparticles within the
range of pressures tested as well as a slight increase in
rutile-TiO2 content as pressure increased.

Figure 7. Variation in nanoparticle size with increase in CO2

pressure. The inset shows the variation in standard deviation with
CO2 pressure.
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Effect of CO2 temperature on nanoparticles. The influence of
CO2 pressure on cavitation bubble dynamics has been
reported in literature [50, 51], however, however, the effect of
CO2 temperature has not been studied as much. A clear trend
of decreasing nanoparticle size and narrower size distribution
was observed with the increase in CO2 temperature from
30 °C to 50 °C (figures 11 and 12). Although the experimental
parameters at 30 °C correspond to liquid CO2, it is highly

likely that the heating due to the laser pulse leads to local
conditions corresponding to supercritical CO2. The trend in
the nanoparticle size is somewhat surprising considering that
increasing the temperature while keeping the pressure
constant leads to a drop in CO2 density (figure 2), whereas
when keeping the temperature constant, the simultaneously
increasing pressure and density leads to production of smaller
nanoparticles. Cavitation bubble dynamics and its influence

Figure 8. Size distribution of nanoparticles produced from 5 to 40 MPa at 50 °C.

Figure 9. (a) Raman and (b) XRD spectra for nanoparticles synthesized at 50 °C and pressures 5, 10, 15, 20, and 40 MPa.
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on the formed particles has been thoroughly studied in liquids
using SAXS [52, 53]. To really understand the complex
dynamics, a similar comprehensive study for supercritical
fluids would be very interesting. Increasing CO2 temperature
showed a slight narrowing of the nanoparticle size distribution
(figure 12) corresponding to the decreasing standard deviation
(figure 11 inset). In this case, the widest size distribution was
observed for CO2 in liquid state i.e. at 30 °C.

XRD and Raman indicated the main phase of nanopar-
ticles was anatase-TiO2 and remained unchanged despite the
change in CO2 temperature from 30 °C to 50 °C (figures 13(a)
and (b)). Unlike in CO2 pressure variation, in case of CO2

temperature variation, a conclusive trend on variation in rutile
amount could not be observed.

Amongst the tested process conditions, the lowest temp-
erature and the lowest pressure test conditions i.e. 30 °C,
10MPa (gaseous CO2) and 50 °C, 5MPa (liquid CO2)
respectively, are interesting as they are both not supercritical

conditions for CO2. When compared these two extreme test
conditions to all other test conditions, the nanoparticle sizes
were the highest and size distributions among the widest in non-
supercritical conditions. This may imply that PLA in CO2 in
supercritical conditions produced nanoparticles with smaller
size and slightly narrower size distribution than in liquid
(at same temperature) or gaseous state (at same pressure). In
addition, regarding the minor phase, the rutile content was
among the least for the tests in non-supercritical conditions.

Conclusions

To the best of our knowledge, this is the first study that
demonstrates PLA in liquid, gaseous and supercritical CO2

for production of TiO2-carbon core–shell nanoparticles.
STEM-EDS showed the nanoparticles were mostly round
with either carbon layers on them individually like a shell or
coalesced nanoparticles collectively covered with carbon
layers. STEM backscatter topography mode elucidated this
observation. XPS, Raman and XRD indicated anatase-TiO2 as
the main phase of nanoparticles with minor amounts of
rutile-TiO2, and possibility of presence of brookite-TiO2,
Ti(1)O(0.5)C(0.5), and Ti3O5. Although, Ti(1)O(0.5)C(0.5) phase
was detected in XRD, XPS indicated that carbon was not
bonded to titanium. This was further corroborated by XRD
and Raman results. The bandgap energy of these nano-
particles was calculated to be 3.32 eV.

Increase in CO2 pressure from 5 to 40MPa at 50 °C led
to decrease in the nanoparticle size and narrowing of the size
distribution. The mechanism of size refinement was attributed
to shorter cavitation bubble lifetime and smaller volume at
higher pressures. From Raman and XRD spectra, we
observed that anatase-TiO2 was the main phase of nano-
particles in all CO2 pressures 5–40MPa tested at 50 °C. The
ratio of area of the fitted rutile-anatase peaks indicated
increase in rutile content with increase in pressure in both
Raman and XRD. Further, when the CO2 temperature was
varied from 30 °C to 50 °C at 10MPa pressure, we observed
decreasing trend in particle size and narrowing of size

Figure 10. Area of fitted peaks rutile-to-anatase for all pressures from (a) Raman spectra, (b) XRD spectra.

Figure 11. Effect of CO2 temperature on nanoparticle size; in the
inset is reported the varation of standard deviation with CO2

temperature.
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distribution. In this case, we observed anatase-TiO2 as the
main phase of nanoparticles at all temperatures, however, the
variation in the amount of rutile-TiO2 could not be con-
clusively determined based on peaks in Raman and XRD
spectra.

For future work, in situ studies with SAXS, WAXS, IR
and Raman microscopy would be crucial to give insight on
the process dynamics, nanoparticle nucleation, and break-
down of CO2 with variation in CO2 parameters. For this, the
autoclave will have to be modified to accommodate the
measurement systems.
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