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ABSTRACT OF THE DISSERTATION 

 

 

Synthesis of Molybdenum Oxide Nanostructures by Using The Laser Ablation of Solids 

in Liquids Technique 

 
 

by 

 

Noe Zamora-Romero 

 

 

Doctor of Philosophy, Graduate Program in Materials Science and Engineering 

University of California, Riverside, December 2019 

Dr. Guillermo Aguilar, Chairperson 

 

 
 Laser ablation of solids in liquids (LASL) is a straightforward, clean and versatile 

method that has been used successfully to synthesize nanostructures (NS) with very 

different sizes, compositions and structures. However, due to the complexity of the laser-

matter processes and the technical difficulty to study the phenomena involved, the physical 

and chemical mechanisms in which NS are generated and evolved in time respectively are 

not well understood. 

 On the other hand, one of the oxides that has attracted the attention of several 

researchers mainly due to its optical and chemical properties is molybdenum oxide (MoOx). 

These NS have been synthesized mainly by chemical methods and proposed to be used 

for several potential applications, from optical and electronic to energy and biological 

systems since its optical properties can be tuned from the ultraviolet (UV) to near infrared 

(NIR) range by modifying their size, chemical composition and/or structure. 
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 However, in spite of the recent popularity of MoOx NS, the LASL method and their 

potential applications, there are very few studies that report the generation of this type of 

NS by this method and they lack the explanation of the oxidation process which plays an 

important part on the optical properties as the first part of this work shows. A picosecond 

pulsed laser is used for inducing ablation of the Mo target and generate nanoparticles (NPs). 

Besides, a mechanism of the NPs oxidation process is proposed, and the average diameter 

and size distribution as function of irradiation energy are discussed. 

 Furthermore, MoOx NS have been successfully synthesized by chemical methods 

and utilized in pothothermal therapy (PTT) in in vitro experiments, as PTT agents. This 

can be possible due to these NS show good biocompability and NIR light absorption, and 

great phothermal conversion efficiency. Nevertheless, these NS had never been 

synthesized by the LASL method with the idea of using them as PPT agents with a 

nanosecond pulsed laser before this work as far as we know. 

A Nd:YAG pulsed laser was utilized to generate the core-shell type NPs and the 

spectroscopy studies show these NS exhibit a peak of absorption in the NIR range, which 

makes them suitable for PTT. Besides, in order to study the NPs fragmentation phenomena, 

two irradiation times were used, and a correlation with the average diameter and size 

distribution was found. 
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 In summary, this research studies how different laser parameters influence the 

composition of the diverse NS generated, focusing on the effect of intensity, duration of 

the pulse and time of irradiation when synthesizing molybdenum oxide NS by the LASL 

method. 
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Chapter 1 

 

1.1 Introduction 

 

 
 

 Almost 60 years have passed since the day that Theodore Maiman invented the first 

laser in his laboratory at Hughes Research Laboratories in Malibu in 1960. Maiman 

successfully created the first operating laser by using a flash lamp and ruby crystal as 

optical pump that generated pulsed laser radiation at 694 nm. However, the revolutionary 

device did not have an application at that time [1]. Nowadays, lasers have been used in a 

big variety of applications. In materials science, the use of short (nanoseconds) and 

ultrashort (pico and femtoseconds) pulses for synthesizing different materials, particularly 

nanostructures (NS) is a very active field of research. 

 One the most popular and effective methods to fabricate NS by using a laser is the 

laser ablation of solids in liquids (LASL) technique. In this method, a target which is 

submerged in a liquid is irradiated with laser pulses that pass through the liquid layer and 

penetrate into the surface of the material. Because of the interaction between the strong 

electrical field generated by the laser light and the target surface, the irradiated area is heat 

up and vaporize, which creates plasma that contains different reactive species such as 

atoms, molecules and clusters that will nucleate and grow into desirable nanostructures in 

a cool liquid medium [2, 3]. 

 Pulse length is one the most important parameters in LASL since the physics 

phenomena behind laser-matter interaction that occurs depends on it, and this affects the 

features of the NPs generated as it will be discussed in the first part of this work [4-6]. On 
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the other hand, there are few papers that report the synthesis of molybdenum oxide (MoOx) 

NS by using the LASL technique [7-9], and they do not: i) explain the oxidation process 

due to aging and ii) explore the synthesis of NS with properties for potential phothermal 

therapy [10-14]. 

 This is why, the purpose of this work is designing and building a hybrid chemical-

physical laser system to study the effects of pulse length and intensity on the generation of 

NS by using the LASL technique with ps and ns pulsed lasers. The first part of my work 

explains the generation of NPs composed of molybdenum trioxide hydrated (MoO3 · xH2O) 

(x = 1, 2) by using a ps laser and studies the oxidation due to aging [15]. 

 

The first set of experiments were made by using an Nd:YAG pulsed laser, which irradiated 

a highly pure Mo target disk submerged in DI water which forms a 1 cm height column, at 

room temperature with no especial ambient conditions. The laser repetition rate, and the 

ablation time were kept constant. The absorption evolution of the obtained colloids was 

characterized by optical absorption spectroscopy, TEM was used to study the MoOx NPs 

morphology, size and structure and Raman spectroscopy to determine the material 

chemical composition. The second part of my work covers the synthesis of MoOx 

nanoparticles (NPs), which exhibit absorption in the biological optical window by using 

the LASL technique with nanosecond (ns) pulses. PTT is one of the most promising 

techniques to treat cancer, it has shown remarkable results for selective tumor ablation, 

some of the advantages of this therapy are that is noninvasive and relatively easy to perform 

[16-20]. 
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 Finding the most suitable PTT agent is essential for the progress and possible 

implementation of this therapy in clinical trials, nevertheless it has been still a challenge 

for researchers and scientists because of the peculiar properties this material should have. 

Moreover, in order to study the effect of fragmentation on the NPs properties, two 

experiments were carried out. In the first one, the target was ablated for 30 minutes 

continuously. In the second one, the same target was ablated for 20 minutes, then it was 

taken out of the container and the colloidal solution generated was irradiated for 10 

minutes. 

 An Nd:YAG laser was used to synthesize the NPs in deionized (DI) water free of 

surfactants or additives, which were optically characterized by absorption spectroscopy. 

Semi spherical core-shell NPs were imaged with TEM-EDX and micro-Raman 

spectroscopy studies determine that the shell of these NPs are composed of amorphous 

molybdenum oxide hydrates (MoO3 · xH2O). 
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Chapter 2 Theoretical Background 

 

 

 The laser ablation of solids in liquids (LASL) technique has been used for 

synthesizing nanostructures (NS) for decades. Recently, nanomaterials with different 

structures, shapes, physical and chemical properties have been successfully generated by 

using this method. Noble metal nanoparticles, quantum dots, semiconductor 

heterostructures, multiphase core-shell oxides among others have been produced [1-3]. 

The most common products fabricated by the LASL technique are metal NPs or NPs of 

metal compounds formed due to the reaction of ablated material with liquid media [4]. The 

main stages of the LASL technique can be summarized as follows (fig. 2.1) [5]: 

 
 

Fig. 2.1. Sketch of the main stages of LASL. The white arrows indicate that, upon 

increasing the distance from the laser spot, the temperature (T), pressure (P) and 

concentration of the ablated material (CM) decrease, while the concentration of solution 

species (CS) increases. 

 
 

 The laser pulse is absorbed by the target, right after a plasma plume containing the 

ablated material expands into the surrounding liquid, accompanied by the emission of a 

shockwave. During the expansion, the plasma plume cools down and releases energy to 
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the liquid solution. This phenomenon generates a cavitation bubble which expands in the 

liquid and then collapses and emits a second shockwave. 

 Four parameters whose profiles in time and space predominantly determine the 

phase and structure of final NPs have been identified: temperature (T), pressure (P), 

concentration of the ablated material (CM) and concentration of solution species (CS). Due 

to the hemispherical symmetry of the laser ablation phenomena, the four parameters are 

not uniform in space neither constant in time. In order to understand better the evolution 

of these parameters a temporal sequence has been described (fig. 2.2) [5-8]. 

 

 

 

  

                               Fig. 2.2. Sketch of the main stages of LASL on time. 



8  

For t < 0: pulse penetration in the liquid. The laser pulse pass through a layer of liquid 

before reaching the target. With a pulse duration (τpulse) of ps or longer, breakdown of 

liquid is avoided by working under defocused conditions. With τpulse of fs, relevant 

nonlinear optical effects like self-focusing are observed at fluences required for laser 

ablation. From t = 0 s to τpulse: absorption of the laser pulse. Due to the high photon density, 

 

linear and nonlinear absorption processes occur when the laser pulse hits the target. Direct 

photoionization is highly  probable for a pulse duration of up to 10-8 s. However, by 

increasing τpulse above 10-12 s, that is the minimum time required for the electron–lattice 

thermalization, the electron kinetic energy can be released as thermal energy to the lattice. 

For t = 10-12 s to 10-10 s: detachment of the ablated material. Electron–ion collisions initiate, 

on a timescale of 10-12 s, then the detachment of matter from  the target happens. When 

energy is transferred to the target by ps and fs pulses, the ablation mechanism is generically 

defined as “fragmentation” and consists of the detachment of hot atoms, vapors and liquid 

drops under out of equilibrium conditions. 

For t = 10 -10 s to 10 -7 s : expansion and quenching of plasma plume. In liquid, target 

ablation takes place by energy transfer both from the laser pulse to the solid target and from 

the plasma plume to the heated target. 

For t = 10-6 s to 10 -4 s : expansion and collapse of cavitation bubble. The energy released 

by the plasma plume to the surrounding liquid induces the rise of a cavitation bubble,  

which  expands  with supersonic  speed  in the liquid. Bubble’s temperature decreases and 

bubble’s internal pressure drops to a value lower than in the surrounding liquid. At this 

stage, the bubble collapses emitting a shockwave. This is the last physical process related 

to laser ablation of a target in liquid solution. 

For t > 10 -4 s : slow growth and agglomeration of NPs. The system reaches steady state 

physical and chemical conditions. In this stage, NPs can undergo minimal modifications 

due to the condensation of ablated atoms and molecular clusters that still survive in 

solution. 
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 On the other hand, one of the oxides that has attracted the attention of several groups 

are MoOx [9-18]. MoOx have several stochiometries, ranging from full stoichiometric 

MoO3, to more conducting reduced oxides in the form of MoO3-x (2 < x < 3 ) and eventually 

semi-metallc MoO2 [16]. The two most common crystal phases of MoO3, are the 

thermodynamically stable orthorhombic α-phase and metastable monoclinic β-phase both 

are constructed in different ways, based on the MoO6 octahedron building block (fig 2.3 a) 

[19-22]. 

 

 

 

 
 Figure 2.3. a) MoO6 octahedra as found in the 

thermodynamically stable α-MoO3 composed of molybdenum 

and oxygen atoms. b) Thermodynamically stable orthorhombic 

α-MoO3 with layered structure held together by van der Waals’ 

forces. c) Metastable monoclinic β-MoO3. 

 

 Orthorhombic α-MoO3 (fig. 2.3 b), possesses a layered crystal structure of MoO3 

which offers the possibility to create two dimensional morphologies. The crystal structure 

of β-MoO3 (fig. 2.3 c) is similar to ReO3 in which the MoO6 octahedra  share corners in 

three dimensions establishing a monoclinic structure.  It has been reported that a transition 

from β-MoO3 to α-MoO3 occurs as a result of thermal treatments at temperatures above 

350 °C [20]. 
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 In the case of monoclinic MoO2, it displays a deformed rutile structure as shown in 

figure 5. The rutile structure represents a tetragonal orientation, where the MoO6 octahedra 

chains share opposite edges along the crystallographic c-axis [22-23]. 

 

 

Figure 2.4. MoO2 structure, it shows a tunnel structure along the c-axis of h- MoO3 unit 

cell. 

 
 

 Different MoOx NS have been synthesized and proposed to be used in a wide range 

of potential applications, from optical and electronic to energy and biological systems, this 

can be possible since its optical properties can be tuned from the ultraviolet (UV) to near 

infrared (NIR) range by modifying their size, chemical composition and/or structure [21]. 

 

2.1 Laser-Matter Interactions 

 

To describe the laser and matter (L-M) interaction, in which only a small number of 

physical phenomena contribute, four parameters can be selected, namely photon energy, 

laser intensity, pulse duration and beam radius. Even though there are indications of the 

existence of different physical domains in L-  M interactions which can be classified only 

by pulse duration (fig 2.5) and intensity (fig. 2.6) [24]. 
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2.2 Pulse duration 

 

 One of the critical parameters in laser ablation is pulse duration (τpulse), due  to it 

has a strong influence on NPs size distribution, structure and composition [25]. By using 

the same fluence but increasing τpulse, thermal mechanisms of ablation are favored at the 

expense of photoionization mechanisms. [25-30]. 

 When using fs pulses, ablation is dominated by direct photoionization processes. 

With pulses of tens of ps or longer the coexistence of direct photoionization and thermal 

ablation processes like vaporization, boiling and ejection of melted material occur [26]. 

With ns pulses, the ablated material and the laser pulse coexist for a relatively long time 

due to plasma shielding, part of the energy is transferred to the plasma plume which 

increases its temperature, pressure and lifetime [31, 32]. 

 There exist three physical domains distinguished by the corresponding time scales 

namely, cold ablation, hot ablation and melt expulsion as seen in figure 2.5 [33]. 

 

Fig. 2.5. Mapping of the three different physical domains – Cold 

Ablation, Hot Ablation and Melt Expulsion – with respect to the 

corresponding time scales. 
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 The ablation threshold (solid line), the maximum available pulse energy (grey) and 

the threshold for the critical state (dashed) of matter are indicated qualitatively. For long 

pulse durations the radiation also interacts with the ablated material in the gaseous phase 

(plasma threshold, dotted line). Typical time scales for thermalization of electrons τe, 

relaxation of phonon temperature τph, for kinetics in the Knudsen layer approaching a 

quasi-steady state tKn  and the onset  of fully developed melt flow tin limited by inertia are 

given. 

 
2.3 Cold ablation 

 

 In cold ablation, thermalization of the photon energy absorbed by the electrons 

leads to a thermodynamic equilibrium in the electron system, which establishes an electron 

temperature. This happens for τpulse smaller than tp < 100 fs, absorption of radiation initiates 

and after a few ps, the phonon temperature rises and ablation of hot matter starts to take 

place. 

 Metals have a large electron density and a pulse duration of some femtoseconds is 

long time compared with the atomic scale rB/ ve. With rB= 5.3x10-11 m, the Bohr orbit, and 

the electron velocity ve= 2.2X106 m/s [34]. Thus, absorption and subsequent cold ablation 

can happen without thermalization of energy. 

 Thermalization of electrons by electron-electron collisions at τe ~ 10 ps is much 

faster than the thermalization of electrons of phonons. The time scale τe for relaxation of 

energy in the electron system can be related to the final temperatures Te and Tph which the 

subsystems of electrons and phonons approaching thermalization as follows [35]:

τe = ( τ𝑒−𝑒
−1  - τ𝑒−𝑝ℎ

−1 )-1 = (A 𝑇𝑒
2 + 

B 𝑇𝑝ℎ)-1 
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 The constants A and B are related to electron-electron and electron-phonon 

collision frequencies of the material. 

 During beam-matter interaction for a fs [36] and ps-pulse [37], matter passes 

through one of at least four different possible paths in the physical phase space as seen in 

figure 9, this has been calculated by molecular dynamics. 

 
 

Fig. 2.6 (a) A typical path in the phase space for pulses longer than tp _ 

100 ps is related to the processing domain called “Melt Expulsion”. Abbreviations 

are G Gaseous, V Vapor, L Liquid, S Solid, TP Triple Point, CP Critical Point. 

(b) The physical path in the phase space of a pre-selected material volume related 

to the action of a fs-pulse. The physical path is projected onto a sub-space spanned 

by kinetic energy instead of temperature and density. For reference, the binodal 

lines of the state of matter diagram for thermodynamical equilibrium are indicated 

(dashed). Depending on the energy absorbed, the dynamics of the matter volume 

follows four different paths in the physical phase space indicated by (1) 

spallation, (2) nucleation, (3) fragmentation and (4) vaporization. 
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 Molecular dynamics calculations show that the pulse energy is a dominant 

parameter for the selection of the path in a phase space. On the right of the diagram near the 

ablation threshold, we can see spallation (1), no gaseous phase is involved, while the 

thermo-mechanical load exceeds the yield stress of the material and removal like spalling 

of a thin metal disk is observed. The nucleation (2) path goes through the liquid phase as 

well as through the coexistence of a liquid-solid phase, and ends in the coexistence of a 

liquid-gas phase. 

 Employing a phenomenological interpretation, nucleation is characterized by the 

development of vapor bubbles in homogeneously boiling molten material. For the last two 

ablation mechanisms, fragmentation (3) and vaporization (4), ablation occurs outside the 

liquid-solid and liquid vapor-coexistence regions, having the effect that the mass is 

separated from the surface just before relaxation to thermodynamic equilibrium becomes 

noticeable. The two paths are differentiated by cluster formation, which takes place in 

fragmentation (3) and is absent in vaporization (4). 

 

2.4 Hot ablation 

 

 In hot ablation, the radiation interacts with both condensed and gaseous matter for 

τpulse around tp = 100 ps. Electron and phonon temperatures are well defined 

thermodynamically parameters and phonons as well as the formation of a dissipative heat 

flux are the main physical effects encountered [38]. 
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 Generally the initial heat flux Qe if the electrons is much smaller than the spatial 

change Qe << -λe ΔUe / Ce ∝ ΔTe of the energy Ue absorbed by the electrons. A detailed 

discussion of the dynamics involved by analyzing the hyperbolic two- temperature model 

is given in [39]. 

 

 

 

Here the absorption of the laser radiation is described by the term  0  𝐴0  f (t)α 𝑒−𝛼𝑧, where 

𝐼0  f (t) is the time-dependent intensity of the radiation  𝐴0= 1 – R0  ,   is the degree of 

transmission at the surface related to the degree of reflection R 0, and  α-1  is the penetration  

depth  of the laser radiation.  The thermal diffusivity of the phonons can be neglected 

compared to the electron diffusivity, 𝜆𝑝ℎ/ Cph << λe / Ce .
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 Time scale separation for relaxation in the electron and phonon systems is 

pronounced. The long time limit for the heat flux Qe of the electrons, which is given by 

Fourier’s Law Qe = −λe∇Ue/Ce, is established during the same very short time τQe ∼ τe ∼ 

10fs that the thermalisation of the electron system requires [35, 39]. For pulse durations 

much longer than τQe the relaxation of the heat flow is negligible, thus showing that the 

standard parabolic two-temperature model of Anisimov is adequate, where the idealized 

assumption of instantaneous heat propagation is assumed [33]. 

 

2.5 Melt expulsion 

 

 In the case of melt expulsion, evaporation takes a dominant role in the absorption 

of energy for ns pulses, but only a small amount of momentum is transferred to the melt, 

and melt ejection sets in [40]. For τpulse greater than 100 ps the energy is dissipated in local 

thermal equilibrium. Thermal emission of electrons from condensed matter and collisional 

effect dominate the formation of ionized vapor or plasma [41]. 

 
2.6 Radiation intensity 

 

 The intensity of the radiation induces different types of beam-matter interaction in 

metals since ionization and excitation processes depend on both photon energy and the 

number density of photons. At least four domains can be differentiated with respect to 

intensity, which are characterized by heating of matter, the effects of sub- and super-

atomic field strengths as well as the properties of relativistic particles (Fig. 2.7). 
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Fig. 2.7 Mapping of the different physical domains – Heating, Sub- and Super- Atomic 

Field Strength as well as Relativistic Particles – with respect to the corresponding intensity 

for metals. 

 
 

 At intensities lower than 1011 W/cm2 absorption of infrared radiation  in metals 

basically behaves optically linearly and elevated temperatures are established via Joule 

heating of the atoms by collisions with excited electrons from the conduction band. At 

higher intensities above 1011 W/cm2 multi-photon absorption or multi-photon ionization 

(MPI) in the infrared spectrum are observable [42]. 

 Above-threshold ionization (ATI) is a kind of beam-matter interaction in which 

atoms subject to intense laser fields at intensities above 1012 W/cm2 absorb more than the 

minimum number of photons required for ionization. Field ionization (FI) and tunnel 

ionization (TI) come into play at intensities where the laser field E changes the atomic 

structure by ponderomotive forces. At intensities above I > 1016 W/cm2 the electrical field 

strength becomes comparable with typical atomic fields. 

At 1018–1019 W/cm2 the travel distance an electron needs to pick up its own rest energy 

mec
2 is only one wavelength λ of the incident visible light eEλ = mec

2 and the motion of 
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the electron becomes relativistic. The energy of the wave becomes so large that the electron 

“surfs” on the wave. The wave exerts direct light pressure on the electron. The plasma and 

the particles become relativistic,  the mechanisms lead to concepts and realization for 

particle acceleration and to free electron lasers. 

 At intensities I =1024 W/cm2, the same effect occurs not only for electrons - they 

ontinue surfing at the bottom of this wave - but also for heavy protons with mass mp. The 

proton motion becomes relativistic eEλ = mpc2. 

 The LASL method differs from laser ablation in vacuum or gaseous environments 

since the liquid can help to control some of the parameters of fabrication and to obtain the 

desired morphology and microstructure [43]. This technique is promising since the NPs 

formed can be free of both surfactants and other ions that exist during chemical synthesis 

[44]. 

 My doctoral work encompasses studies in effects of pulse length from femto and 

pico to nanoseconds on the ablation process and the variation of the optical, chemical and 

structural properties of the NS formed for a variety of experimental conditions, focusing 

on the effect of both intensity and duration of the pulse when synthesizing molybdenum 

oxide nanoparticles by the LASL method. 
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Chapter 3 Molybdenum nanoparticles generation by picosecond pulse laser ablation 

and effects of oxidation due to aging 

 
 

 Several groups of researchers have investigated the synthesis of different NS 

composed of metal oxides by using the LASL method, some of the most important findings 

will be discuss later in this chapter. However, in the case of MoOx NS  the few reports that 

exist did not investigate systematically the oxidation process due to aging nor discuss the 

possible mechanism, and this was part of the motivation for this chapter, which focuses on 

the synthesis of molybdenum oxide nanoparticles by using picosecond pulses and their 

oxidation process. 

 The so-called LASL technique is an effective method to obtain nanostructures [1]. 

This method is promising since the NPs formed can be free of both surfactants and other 

ions that exist during chemical synthesis [2], and it differs from laser ablation in vacuum 

or gaseous environments since the liquid can help to control some of the parameters of 

fabrication and to obtain the desired morphology and microstructure [3]. In the LASL 

process, material is removed from the surface of a target in the form of plasma by the 

application of a high pulsed laser beam. Usually a target is submerged in a liquid and the 

laser is focused on the target through the transparent medium [4, 5]. 

 When using the LASL method with metals, there are two main formation 

mechanisms proposed for the generation of nanostructures: i) the thermal evaporation with 

liquid interaction, and ii) the explosive ejection of nanodroplets. In the former, the 

formation of nanostructures is associated with the combination of ultrafast quenching of 
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hot plasma and its interaction with surrounding media [6]. In the latter case, it is suggested 

that the laser irradiation could cause a local melting from the metal target, the adjacent 

liquid layer is heated to vapor or plasma state with a high pressure, which splashes the 

molten target into nanodroplets that react with the liquid medium and create the final 

nanostructures [7]. 

 Some of the articles that have reported the formation of metal oxides by the LASL 

method were performed by Dadashi, et al., who generated Bi, Bi(OH)3 and α-β-Bi2O3 by 

irradiating with a ns laser a Bi target in DI water. They claimed oxidation happens mainly 

during ablation, and after ablation slow oxidation and hydroxylation began at the surface 

of NP forming a shell. As a result, the absorbance peak increased in the 200 to 420 nm 

range, and after 21 days after the synthesis the NPs suffer from full oxidation [8]. 

 In the same way Rocha-Mendoza, et al., synthesized ZnO NPs by irradiating a zinc 

target in acetone with a ns pulsed laser at 1,064 nm and showed that after synthesis a small 

ZnO shell starts forming around a Zn core until full oxidation happens after 30 days [9]. In 

contrast, Lee et al., obtained different shapes of NS made of Al(OH)3, ALOOH by 

irradiating an Al target submerged in either water or distilled water with a ns pulsed laser 

at 532 nm. Triangular, rectangular and fiber NS made of boehmite, gibbsite, and bayerite 

were formed, respectively. They claimed NPs absorption decreased for 6 days after 

irradiation, then started increasing 20 days later and even reached the same value than the 

first day. However, their reported that NPs formation process was still ambiguous [10]. 
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In the case of MoOx, despite of all their potential applications, especially in optical and 

electronic systems and even as photothermal (PTT) agents -this will be covered in the next 

chapter- [11-21], we have only found three studies so far which include the generation of 

NPs by using the LASL method, but they lack the explanation of the oxidation process [22-

24]. 

 In one study [22], binary oxides nanoparticles were synthesized by using the LASL 

method, using water or hydrogen peroxide-based coating liquid. Yellow MoO3 and dark 

blue hydrated molybdic pentoxide (Mo2O5.xH2O) nano- suspensions were obtained by 

irradiating with a Nd:YAG laser (1064 nm, 95 mJ per pulse) a Mo target. The average size 

of the MoO3 NPs was about 8 nm, slightly larger than the Mo2O5·xH2O at 6.2 nm. 

 Another study [23] reported the generation of MoOx NPs with average size  of 100 

nm by using a 20 ns laser at 510.6 and 578.2 nm with 9–10 W for 3 hrs at 10-12 kHz. The 

analysis of the structure and the composition of the colloid suspensions with an X-ray 

diffractometer shows evidence of MoO3, MoO2 and Mo NPs. Finally, in [24], oblong and 

spherical MoOx NS sizes 20-100 nm were obtained by using an external field-assisted ps 

laser at 532 nm, 100 kHz for 30 min. Evidence of α-MoO3 was shown and they observed 

that there is no cell toxicity when using MoOx NPs that were synthesized in DI water and 

ambient conditions. 

 However, there are several unanswered questions  concerning the formation of the 

MoOx NPs, especially the ones related to the post laser exposure aging process. For 

instance, the three studies fail to report either the time in which the spectroscopy studies 

were carried out or when the TEM micrographs were taken with respect to the date of NPs 
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synthesis, which clearly plays an important role  on the oxide formation or evolution. 

 The objective of this chapter is to discuss the experiments performed to synthesize 

NPs composed of molybdenum oxide by using the LASL method and study the oxidation 

due to aging. A picosecond Nd:YAG laser was used and the per pulse laser fluence was 

varied. The absorption evolution of the obtained colloids was characterized by optical 

absorption spectroscopy, TEM was used to study the MoOx NPs morphology, size and 

structure and micro-Raman spectroscopy to determine the material chemical composition. 

 
 

3.1 Experimental 

 

 

3.1.1 Synthesis of the Mo NPs colloidal suspensions 

 

 

 We used a ps Nd:YAG (Ekspla, Lithuania) pulsed laser to irradiate a highly pure 

(99.95 %) Mo target disk (Kurt J, Lesker Co) submerged in DI water which forms a 1 cm 

height column, at room temperature with no especial ambient conditions. The laser 

repetition rate, and the ablation time were kept constant. The laser beam was focused by 

using a convex lens (fig. 3.1) of 200 mm focal length. 

 

The Mo target was rotating while irradiating in order to avoid irradiation on the same target 

spot. The laser wavelength was at the fundamental 1064 nm, the pulse duration 30 ps, at a 

10 Hz repetition rate, and per pulse laser fluence of 5, 10, 15 and 20 J/cm2 for an exposure 

time of 5 minutes. 
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Fig 3.1. LASL experimental set up. Picosecond laser pulses were used to ablate a Mo 

target submerged in DI water. 

 

 

3.2 Sample Characterization 

 

 

3.2.1 UV-Vis Characterization 

 

 The optical characterization of the obtained colloidal suspensions was performed 

using a double beam spectrometer (Lambda 650 Perkin-Elmer) in the 200 to 900 nm range. 

For this purpose a quartz cuvette with an optical path length of 10 mm was used. The 

optical absorption spectra were taken on a regular basis right after the NPs synthesis and 

then for several weeks. All the experiments were ‘performed under normal ambient 

conditions. 
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3.2.2 Transmission Electron Microscopy 

 

 TEM studies were carried out using a JEOL 2100 microscope operating at 120 kV 

accelerating voltage with a LaB6 filament. The samples were prepared by placing drops of 

the NPs suspension over carbon-coated Cu grids, it was allow to evaporate, then observed 

in the TEM. In order to obtain information of the particle size, the length of many particles 

were measured employing ImageJ™ software. Particle size diameters were calculated with 

the equation davg =Σ (nidi) / Σ ni, where ni is the number of particles of diameter di. 

 
 

3.2.3 Raman Spectroscopy 

 

 Raman spectroscopy was used to determine the crystalline structure of MoOx NPs. 

Raman spectra were recorded using a micro-Raman Horiba Jobin Yvon system, model 

Xplora plus. A Solid-state laser (λ=532 nm) was used to induce scattering with a nominal 

power of 25 mW. The laser beam was focused using a 100x lens and also it serves to 

recollect scattered light. The laser power on sample’s surface was 1% of nominal power. 

A 1200 lines/mm grating was employed, 100 acquisitions were averaged with an exposure 

time of 1 s each one. 
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3.3 Results and discussion 

 

3.3.1 Absorption spectrum of Mo NPs 
 

 

 
 

 

Fig 3.2. MoOx colloidal suspensions absorbance just after irradiation. 

 

 

 Figure 3.2 shows the absorbance of colloidal suspensions in DI water obtained right 

after irradiation with different energy fluences from 5 to 20 J/cm2. The absorbance of DI 

water is also shown (black squares) as reference. We expected the value of the absorbance 

to be increased as the irradiation fluence was augmented due to fact that the absorbance is 

function of NPs concentration and size, and also the generation of larger NPs when 

irradiating with higher fluences [25]. It can be seen that the absorbance values obtained for 

10 (blue upward triangles), 15 (green downward triangles) and 20 J/cm2 (pink sideward 

triangles) behave as predicted, but is not the case for 5 J/cm2 (red circles), since its value 

is higher than ones obtained for fluences of 10 and 15 J/cm2. This occurs because the 

colloidal suspension obtained is more concentrated than the ones obtained with 10 and 15 

J/cm2. 
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Additionally, the absorbance spectra show a well-defined peak and a shoulder, which can 

clearly be seen in figure 2, at around 210 nm, and 240 nm, respectively. This is the 

characteristic absorbance spectrum for spherical Mo NPs [26]. Noble and transition 

plasmonic metal NPs show similar absorbance spectra [27, 28]. Different sizes of MoOx 

NPs have been synthesized by using different synthesis methods that exhibit surface 

plasmonic resonance peaks in different spectral regions from UV to NIR, [29-31]. 

 

Fig 3.3 MoOx colloidal suspension absorbance evolution at different times. 

 

 Figure 3.3 shows a typical absorbance spectra time evolution of an aging colloidal 

suspension, which was obtained when irradiating the target with per pulse laser fluence of 

5 J/cm2. It shows that the absorbance increases as the colloidal suspension ages. Right after 

the ablation of the target, spherical Mo NPs are formed (red circles) according to its 

absorbance spectrum, which is known in the literature for such kind of Mo NPs with mean 
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diameter tens of nm [26]. Once in the colloidal suspension, the Mo NPs interact with the 

surrounding water molecules of the liquid media, which starts surface oxidation of the NPs. 

 This changes not only the metallic nature of the NPs but also its size and possibly 

its shape, getting as a result absorbance changes in time. At the end of  the second week of 

aging the absorbance spectrum still shows its peak (vertical black line) at the same position, 

it is around 210 nm, the same applies for the shoulder (vertical red line) which remains at 

the 240 nm position, but a subtle shoulder appears around 320 nm. 

 At 4 weeks aging (green downward triangles) the NPs in the colloidal suspension 

are more oxidized and remarkably the peak in the absorbance spectrum shifts to shorter 

wavelength at around 200 nm, while the shoulders at 240 nm and 330 nm are enhanced; 

this spectrum shows features belonging to characteristic spherical MoO3 NPs [26]. The 

inset shows the absorbance values for the peak and the shoulder as the colloidal suspension 

evolves in time. There is a linear increment of the absorbance as the suspension ages. We 

believe this can be explained by a growing layer of oxide around the Mo NP, giving place 

to the formation of a core-shell type structure [32]. 

 
 

3.3.2 TEM images of the MoOx NPs 
 

Figure 3.4 shows typical images of the different types of NPs found three weeks after 

irradiation by using a TEM microscopy. As can be seen three types of nanoparticles are 

present: Mo NPs and MoOx (a), Mo@MoOx (b) and a Mo- MoOx particle. The core of 

the nanoparticle appears darker because it is denser than the oxide layer that covers the Mo 

core, around the core the oxide shell has   a light grey appearance. 4a) shows a large 
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spherical Mo NP with a diameter in the order of 199 nm surrounded by a tiny MoOx layer. 

Two small MoOx NPs, are attached, one to the upper right and a second one at the bottom 

of the Mo NP, with diameters of 65 and 67 nm, respectively. In 4b) a medium size Mo NP 

can be seen with a diameter of 158 nm and a layer of MoOx forming a MoOx@Mo core-

shell type of structure. 

 Finally, in 4c) there is quasi-spherical NP that seems to be formed by an 

agglomerate of several small nanoparticles, its diameter is around 135 nm and it has the 

thickest layer of MoOx out of the three NPs shown. Notice a small MoOx NP in the upper 

right, with a diameter of 35 nm. 

 

 
Fig 3.4 TEM images of the MoOx NPs 

 

 With the help of the images obtained with the TEM microscope, we were able to 

identify three types of generated MoOx NPs. Large (141 ± 12 nm) Mo NPs which are 

covered by a tiny molybdenum oxide layer, medium (97 ± 7 nm) sized NPs with a thicker 

layer of molybdenum oxide around a smaller core, and finally small (48 ± 4 nm) Mo NPs 

which form large quasi-spherical agglomerates. In the last case one can see abundant 

molybdenum oxide covering the agglomerate. In all three cases presented in figure 3.4, the 
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core-shell type of structure is evident. Similar structures have been reported forming 

MoC@grafite NPs by using ps laser pulses [33]. 

 By utilizing the TEM images, we measure the NPs diameter and plot the size 

distribution, figure 3.5. In 3.5 a), b) and c), it can be seen as expected that the average of 

the diameter of the MoOx NPs increase as the energy of laser irradiation rises for 5, 10 and 

15 J/cm2 [25]. Actually, the average diameter of the NPs obtained with 10 and 15 J/cm2 is 

almost twice and three times the size of the NPs generated with 5 J/cm2, just like the 

augmentation of energy, respectively. 

 A Gaussian size distribution is appreciated in figure 3.5 b) and c), similar curve 

shapes have been reported for Ge [34] and Si [35] NPs synthesized with ps laser pulses. 

For d) 20 J/cm2 the averaged diameter of the NPs does not follow the linear relation seen 

for lower energies and size. The average diameter of the NPs formed at this energy is 

smaller than the one obtained for 15 J/cm2. This may occur because of the interaction of 

the beam with the large NPs, which causes its fragmentation [35]. 

 

Fig 3.5 Size distribution of the NPs obtained with a) 5 J/cm2, b) 10 J/cm2, 

c) 15 J/cm2 and d) 20 J/cm2. 
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3.3.3 Proposed mechanism of the Mo@MoOx NPs formation (aging effect) 

 

 A schematic hypothesis of the molybdenum oxidation process is shown in figure 

3.6 Right after the formation of the Mo NPs, they interact with the liquid media. The water 

molecules oxidize the surface of the Mo NPs that have been created, as time passes the 

surface of the NPs keeps oxidizing since they are still submerged in the aqueous 

suspension; after several weeks the initial NPs evolve into either pure MoOx or Mo@MoOx 

in core-shell type NPs, this may depend on the initial size of the NP. 

 

 

 
 

Fig 3.6 MoOx NPs colloidal suspension aging process hypothesis. 

 

 

 The NPs generated have diameters from tens to a few hundreds of nm. Figure 3.5a) 

illustrates the aging process for large NPs; since large NPs are chemically more stable than 

medium and small ones due to the surface to volume ratio [36], they experience less 

oxidation and the average thickness of the oxide layer is smaller as compared to the one 

formed on medium and small NPs. For medium size NPs (figure 3.5b) the oxide layer is 
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considerable thicker than the one found  in large NPs. In the case of small NPs (figure 3.5c) 

right after been formed, two scenarios may take place due to their chemical instability. 

Some of the small NPs get attached to the surface of larger NPs, where they undergo 

oxidation; some others tend to form big agglomerates in order to achieve a more stable 

structure, still this agglomerate sees a considerable oxide layer formation. 

 

3.3.4 Raman spectroscopy 

 

 

 The Raman spectrum in figure 3.7 shows different bands which are associated with 

molybdenum oxide hydrates (MoO3 · xH2O) (x = 1, 2) [37]. These compounds structure 

come from the presence of MoO5 (OH2) octahedral sharing either corner equatorial 

oxygens or edges that exhibit different vibration modes.   It can be seen two strong and 

broad bands, one at 245 cm−1 and another at 974 cm−1 that can be assigned to stretching 

vibrations of OMo3 units that correspond  to MoO3 · H2O. A weak signal at 350 cm−1, 

which is associated with MoO3 · 2H2O described as the νMo-OH2 stretching vibrations. 

The band at 620 cm−1 is assigned to stretching vibrations of OMo3 units that correspond to 

MoO3 · H2O. Finally, at 865 cm−1 there is a small band that may be related to the bridging 

oxygens linked to two metal atoms in two dimensional arrangements corresponding to 

MoO3 · 2H2O [37]. 
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Fig 3.7. Raman spectra of the hydrated molybdenum trioxide obtained. 

 

 
 

3.4 Conclusions 

 

  

 This work presents the generation of spherical Mo@MoOx NPs by using the LASL 

technique with potential application in energy systems or as photonic material. The 

average sizes are 48, 97, 141 and 132 nm obtained with laser fluences of 5, 10, 15 and 20 

J/cm2, respectively. The UV-Vis spectroscopy analysis showed that the colloidal 

suspension evolves in time, as a result of aging the absorbance increases. TEM images 

show the formation of three different types of NPs. Raman spectra shows that the NPs are 

composed of MoO3 · xH2O, with x= 1, 2. Further studies are being conducted to synthesize 

MoOx NPs that exhibit absorbance in the optical biological window in order to use them as 

potential photothermal agents. 
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Chapter 4 Synthesis of Molybdenum Oxide Nanoparticles by Nanosecond Laser 

Ablation 

 
 

4.1 Introduction 

 

 PTT has shown remarkable results for selective tumor ablation, some of the 

advantages of this therapy are that it is noninvasive and relatively easy to perform [1-4]. 

Finding the most suitable PTT agent is essential for the progress and possible 

implementation of this therapy in clinical trials, nevertheless it has been and still a 

challenge for researchers because of the peculiar properties a PTT agent must possess. 

Noble nanomaterials have been the most explored so far, especially the ones made of Au 

[5-8]. However, its practical application is limited by their high cost, and other materials 

are being considered [9-11]. 

 In recent years one of the most attractive materials for a wide range of potential 

applications, ranging from optical and electronic to energy and bio devices is MoOx [12-24]. 

Some of these oxides exhibit surface plasmon resonance (SPR) across different spectral 

regions; this enables optical tunability, which permits the synthesis of nanostructures (NS) 

that absorb light in the near infrared (NIR), where light has the deepest penetration in 

biotissue [17- 24]. In fact, different MoOx NS have been used as PTT agents with very 

promising results, since these materials have shown low toxicity, strong NIR absorption 

and photothermal conversion efficiency [20-24]. 

 Different groups have synthesized MoOx NS using chemical synthesis methods. For 

instance, Yin, et al., reported PEG-MoOx NPs that exhibit broad absorption in the NIR 
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region and strong photothermal conversion ability, they showed these NPs can be used to 

treat tumors by synergetic PTT and photodynamic therapy (PDT) in in vitro experiments 

[21]. Liu, et al., obtained chemical highly stable MoO2 bow tie-like NPs by using a 

hydrothermal method as well, and showed they could withstand high temperature heating 

without oxidation and have a SPR effect from visible to NIR [22]. 

 Furthermore, Zhan, et al., synthesized low cost and stable MoO2 NPs with tunable 

phase by using a solvothermal method and found that the photothermal conversion 

efficiency as high as 61.3%, this was attributed to the large amount of free electrons 

provided by the sufficient concentration of oxygen vacancies [23]. Besides, Song, et al., 

generated hydrophilic molybdenum trioxide MoO3-Poly- ethylene-glycol (PEG) 

nanospheres and nanoribbons by using a hydrothermal method and reported these NS to 

have a strong SPR in the NIR region and can be used in hyperthermia therapy [24]. 

 On the other hand, the LASL method has shown to be successful for synthesizing a 

big variety of NS [25-33] including MoOx NS [30-33]. Some of the advantages of this 

technique are that it is a straightforward, one-step and clean synthesis method, since it 

produces reduced or nonexistent byproducts and there is no need for catalyst. These NS 

are generated in ambient conditions, not extreme temperature or pressure are needed and 

some properties of the synthesized NS (shape, size distribution) can be conveniently 

controlled upon LASL by conveniently adjusting the laser parameters or changing the type 

of liquid medium. [35-36] In [30], core shell-type MoOx NS with average sizes from 48 to 

141 nm were synthesized by picosecond LASL. The absorption spectra of the colloidal 

solution showed a peak around 210 nm and a shoulder around 240 nm. An oxidation process 
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of the NS due to aging was proposed. In [31], nickel-molybdenum alloys were generated 

by ns LASL. An absorption peak at about 215 nm and a shoulder at 240 nm, which 

correspond to MoO3 NPs was found. It was also reported that after few weeks two 

absorption bands appeared from 500 to 900 nm. 

 However, in spite of the great potential application of the MoOx NS as PTT agents 

in one hand, and the versatility and popularity of LASL one the other, this type of NS have 

never been synthesized with these properties with ns pulses as far as we know. This is the 

motivation of our present work, where we report on the generation of core-shell type MoOx 

by the LASL method. 

 The NPs obtained are free of surfactants or additives and exhibit absorbance in the 

so called optical biological window around 840 nm, which makes them suitable as PTT 

agents. They were obtained by ablating a Mo target submerged in deionized water, with a 

ns laser for either 30 minutes or 20 minutes plus 10 more of colloidal irradiation; the last 

was performed with the purpose of studying NPs fragmentation. TEM-EDX scans show a 

core-shell type NS formation, the band gaps were calculated by using Tauc’s rule with 

values of 4.1 eV and 4.2 eV and micro-Raman studies indicate these NPs are composed of 

molybdenum trioxide hydrates (MoO3 · xH2O). 
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4.2 Experimental 

 

4.2.1 Synthesis of the Mo NPs colloidal suspensions 

 

 

          A nanosecond (ns) Nd:YAG (continuum minilite) pulsed laser and a highly pure 

(99.95 %) Mo target disk (Kurt J, Lesker Co) with a 7 mm depth were used to synthesize 

the NPs. The target was submerged in 6 ml of DI water, forming a 1 cm height column 

from the surface.Then it was irradiated with a beam of 25 mJ, focused with a 200 mm focal 

lens forming a 27.5 mm diameter beam on the material surface. The per pulse laser fluence 

and laser repetition rate frequency were kept constant. The experiments were performed at 

room temperature with not external extreme tempearature or pressure were needed. (fig. 

1). 

 To study the effect of fragmentation on the NPs properties, two experiments were 

carried out. The idea was to keep all parameters constant but the time of target irradiation. 

In the first one, the target was continuously ablated for 30 minutes. In the second one, the 

same target was ablated for 20 minutes, then it was taken out of the container and the 

generated colloidal solution was irradiated for 10 minutes to induce fragmentation. The 

pulse length was 7 ns and its fluence was 4.2 mJ/cm2, the laser pulses were delivered at 10 

Hz and a wavelength of 1,064 nm. The Mo target was rotating while ablating in order to 

avoid irradiation of the same target spot. 
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Fig 4.1. Shows a schematic of the LASL experimental set up used to synthesize the 

MoOX NPs. 

 

4.3 Sample characterization 

 

4.3.1 UV-Vis characterization 

 

  

 A double beam spectrometer (Lambda 650 Perkin-Elmer) with range spanning from 

200 to 900 nm was utilized to carry out the optical characterization of the obtained colloidal 

suspensions. A quartz cuvette with an optical path length of 10 mm was used, the optical 

absorption spectra measurements were taken three days after the NPs synthesis. 

 
 

4.3.2 Transmission electron microscopy-Energy-dispersive X-ray 

 

 The morphology, size and structure studies of the Mo NPs were performed on a 

Transmission Electron Microscope-EDX (JEM 2100 from JEOL) operated at 120 kV 

accelerating voltage equipped with a LaB6 filament. For ample preparation, a drop of the 

NPs suspension was placed on a lacey-carbon Cu grid, it was allow to evaporate at room 
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conditions and then was observed in the TEM. In order to obtain information of the particle 

size and distribution, the dimensions of many particles were measured employing the 

ImageJ™ software. 

 
 

4.3.3 Raman micro-spectroscopy 

 

 Raman spectra were recorded by using a micro-Raman Horiba Jobin Yvon system, 

model Xplora plus. A solid-state laser at 532 nm with a nominal power of 25 mW was used 

to generate the Raman signal. A 100x objective lens was used to focus the laser beam and 

also served the purpose of collecting the scattered light. The delivered laser power on the 

sample surface was 1% of the nominal power. A 1200 lines/mm grating was employed, 

100 acquisitions were averaged with an exposure time of 1 s each one. 

 
 

4.4 Results and discussion 

 

4.4.1 Optical properties of Mo NPs colloidal suspensions 
 
 

 

Figure 4.2. MoOx NPs colloidal suspension absorbance spectra. 
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 Figure 4.2 shows the absorbance of the colloidal solutions in DI water obtained by 

ablating the target with 4.2 J/cm2 for 30 min and 20 min plus 10 min of irradiation. It can 

be seen on both spectra that the value of the absorbance is relatively high for wavelengths 

below 400 nm, this is related to metallic Mo NPs [37]. There is a peak at around 840 nm, 

which is attributed to the formation of MoOx NPs in this size range -tenths of nanometers- 

similar spectra have been obtained for MoOx NPs with similar diameters by chemical 

methods [21]. 

 Moreover, even though both spectra look very similar, there are two subtle but 

important differences. On the one hand, the value of the absorbance is clearly higher for 

the colloidal solution obtained with 30 minutes of constant ablation (black squares), this is 

due to the fact that the solution is more concentrated since longer times of ablation produce 

a larger amount of NPs [34-36]. 

 On the other hand, the absorbance peak for the colloidal solution obtained with 20 

minutes of ablation plus 10 minutes of irradiation (red triangles) is slightly red shifted, it is 

located at around 845 nm, marked with a black arrow. The last is explained by NPs 

fragmentation produced by the extra irradiation time of the colloidal solution. It is well-

known from the Mie scattering theory that the optical properties of nanostructures are 

directly related to its size [38]. 

 Having NPs that exhibit an absorption peak in the NIR range is mandatory for the 

purpose of using them as PTT agents. NIR light penetrates deep in biotissue, this is why 

finding an absorbance peak at around 840 nm in this work is remarkable, especially because 

it has never been reported when synthesizing MoOx NPs with suitable sizes for PTT by 
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𝑔 

LASL with ns pulses. Another significant result is demonstrating the NPs synthesis free of 

surfactants, additives or any chemical pollutant as opposite to most chemical methods [21-

24]. 

 
 

4.4.2 Band Gap estimation 

 

 In order to estimate the energy band gap of the NS synthesized, the data from UV-

Vis absorption and Tauc’s rule were used [39, 40]. 

(αhν)
1⁄𝑛 ≈ (ℎ𝜈 − 𝐸 ) 

 

 Where α is the absorption coefficient, h is Plank’s constant, ν is the frequency of 

photon, Eg is the energy band gap and the n = ½ for a direct band gap [41-43]. 

 

 
Figure 4.3. Energy band gap calculation for the colloidal solutions by using Tauc’s method 

for a) 30 minutes ablation and b) 20 minutes ablation + 10 minutes of colloidal irradiation. 

 

 The band gap energy results are shown in figure 3. The estimated value obtained is 

3.1 eV for both colloidal solutions generated either a) with 30 minutes of continuous ablation 

or b) 20 minutes ablation + 10 minutes colloidal irradiation, respectively, which correspond 

to the semiconductor MoO3 [12]. 
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4.4.3 TEM images of the Mo NPs 

 

 Representative TEM micrographs of the MoOx NPs obtained and corresponding 

size distribution graphs for the two experiments are shown in figure 4. Figure 4a), b) and 

c)shows images corresponding to the continuous ablation of the Mo target for 30 minutes. 

Figure a) shows core-shell type NPs with sizes from 20 and up to 100 nm; particularly in 

the largest one, marked with arrows it can be seen that the Mo core looks darker, since it 

is denser than the MoOx shell that surrounds it, which looks light grey [29]. In figure b) 

semi spherical NPs with various sizes are seen in a different scale, these NPs were obtained 

under the same laser irradiation parameters. The graph in figure 4c) shows that the size 

range spans from 6.5 to 100.3 nm and it has a bimodal size distribution with peaks at 25 nm 

and 90 nm. 

 

 
 

 

Fig 4.4. TEM images of MoOX NPs obtained and their corresponding size distribution 

graphs when ablating the Mo target for 30 minutes continuously in figure a), b) and c), 

and for 20 minutes plus 10 minutes of irradiation of the colloidal solution in d), e) and f). 
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 Figure 4d) show representative images of the MoOx NPs obtained with 20 minutes 

of ablation plus 10 minutes of colloidal solution irradiation.In figure 4d), we can see 

semispherical core-shell type NPs of various sizes in a different scale, obtained under the 

same laser irradiation parameters. Finally, the graph in figure 4f) shows that the size range 

spans from 7 to 52 nm andit also has a bimodal size distribution with peaks at 16 and 28 

nm. 

 During laser irradiation of the colloidal solution, NPs absorbed energy and their 

temperature promptly approaches the melting point, which causes them to fragment 

[44].The effect of inducing NPs fragmentation, by irradiating the colloidal solution after 

removing the target, is clearly seen when comparing the size distribution of the two 

samples. For instance, it can be seen that the size peak of 4c) is 25 nm compared to 16 nm 

in the figure 4f), correspondly the second peak is around 90 nm whereas in the latter is 

reduced to 28 nm. A plausible explanation for this is that the absorption coefficient is larger 

for larger NPs [44]. These size reduction was expected and it is in agreement with other 

reports for other materials synthesized by LASL with similar irradiation parameters. 

Obtaining a bimodal size distribution is common when synthesizing NS with ns pulses and 

the two possible responsible explanations for this are thermal vaporization and explosive 

intensity boiling [26, 35, 36]. 
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4.4.4 TEM- EDX images of the Mo NPs 

 

The elemental distribution of the NS generated was studied by using TEM- EDX images 

and two elements were found. 

 
Fig 4.5. TEM-EDX images of MoOX NPs obtained with 30 minutes of continues ablation. 

 

Figure 5 shows representative EDX line scans images, it can be seen in both NPs scanned 

that they are composed mainly of molybdenum and some oxygen, and the elemental 

distribution correspond to a core-shell type NS [45, 46], in which the core is made of 

metallic molybdenum shown with a blue line in the spectra, and it is surrounded by 

molybdenum oxide which corresponds to the superposition of blue and green lines in the 

spectra, as proposed in [30]. 
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4.4.5 Raman spectroscopy 
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Fig 4.6. Raman spectrum of the obtained hydrated molybdenum trioxide. 

 

 

 The formation of oxides may be generated when ablated species react with 

dissolved molecular or water bound oxygen deliberated simultaneously by the 

photothermal decomposition of the water when plasma is cooling [31]. The obtained 

Raman spectrum for the samples irradiated for 30 minutes is shown in figure 6, the one 

obtained for 20 minutes ablation plus 10 minutes of colloidal irradiation was almost 

identical and for space reasons it is not shown. 

 The different bands are associated with molybdenum oxide hydrates (MoO3 · H2O) 

[47-49]. These compounds structure comes from the presence of MoO5 (OH2) octahedral, 

sharing either corner equatorial oxygens or edges that exhibit different vibration modes. A 

broad band can be seen in the left part of the spectrum from 297 to 460 cm−1, which might 

correspond to several νMo-OH2 vibrations, coming from several Mo-H2O distances and/or 

dipolar coupling between several of such oscillations. A weak signal at 520 cm−1 can be 

identified, which is related to the stretching vibration of O-Mo3 units. 
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 In the right part of the spectrum, there are two strong signals. The first peak at 810 

cm−1 might come from the stretching vibrations of Mo3-O-Mo3 units, which is related to 

α-MoO3. The second peak at 854 cm−1 is located in a spectral range where stretching 

vibrations are associated to Mo-O bonds corresponding to β- MoO3. Finally, there is a broad 

peak at 940 cm−1 which is described as the νOH=Mo stretching vibration unit [47-49]. 

 
4.5 Conclusions 

 

 This work reports the generation of MoOx NPs by using the LASL method with ns 

laser pulses. The produced NPs show potential as PTT agents. The synthesis of these NPs 

is surfactants/additives free. Remarkably, these MoOx NPs possess an absorption peak in 

the optical biological window, this peak is located at around 840 nm and size peaks from 

16 to 90 nm, which makes them suitable for PTT. The TEM-EDX images demonstrate 

core-shell type NPs with elemental composition of molybdenum and molybdenum oxide, 

and bimodal sizes with peaks at 25 and 90 nm, and 16 and 28 nm for ablation of 30 minutes 

and 20 minutes ablation + 10 minutes of colloidal irradiation, respectively. 

 As a result of the NPs laser-induced fragmentation the NPs size decreases. As a 

consequence the absorption peak is slightly red shifted. The generated and are composed 

of a metallic Mo core, and the micro-Raman study shows that the shells are constituted of 

amorphous molybdenum oxide hydrates (MoO3 · xH2O). The calculated energy band gap 

is 3.1 eV which corresponds to MoO3. Future research is being conducted to set the 

irradiation parameters for optimizing the NPs absorbance in the NIR range and carry out 

hyperthermia studies with cw irradiation. 
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Chapter 5 Conclusions and Future Directions 

 

 As shown in this work and the references within, LASL is an effective, 

straightforward and simple method to produce a big variety of NS, from noble metals and 

semiconductors, to carbon-based and oxides [1]. Some of the advantages of this technique 

over laser ablation synthesis in air is that is liquid medium is a relatively safer medium, 

since it confines the resulting NS, avoiding workplace contamination with aerosols [2]. 

Contrary to chemical synthesis, this method does not require extra purification procedures 

to eliminate excess of surfactants and/or reactants [3,4]. 

 However, there are a lot challenges that remain to be solved, some have to do with 

the technical complexity to study the physical phenomena that involves the L-M 

interaction, such as plasma, cavitation bubble and shock wave generation, since these 

phenomena coexist at a given time and space, therefore it is very complex to differentiate 

how each of them affects the NS formation, composition and structure [5,6]. 

 Another important challenge unsolved is the fact that one cannot have much control 

over their size of the NS when synthesizing with LASL. Monodisperse NS without 

compromising colloidal purity has not been achieved [7,8]. Even though, there have been 

important progress regarding the control of the average size and reduction of the size range 

by inducing fragmentation and melting with post irradiation of the formed colloids [9]. 

 Furthermore, NS with a broad size range can be synthesized from 1 nm [10] to 10 

um [11]. Usually, high intensity pulses generate larger NS [12], but increasing the 

repetition rate always induces NS fragmentation. Conversely, a relative low laser pulse 

fluence, induces NS melting and agglomeration, causing merging of agglomerate into 
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submicron structures [13]. Therefore, it is very difficult to correlate the effects of each 

mechanism on the NS size [14]. 

 Future work should solve the challenges mention above. For instance, 

differentiating the effect of plasma, cavitation bubble and shock waves on the NS size and 

composition, achieving more NS size control, and better understanding of the laser-

induced fragmentation and melting process on the post irradiation colloidal solution. 

 There is a lot of research remaining no only to improve the results of NS 

synthesized by LASL, but also to expand the understanding of the technique. Some of 

the investigations I find very interesting for future work are: i) Exploring the potential 

of the generated NS as PTT agents in in vitro studies. ii) Simulating the plasmonic 

properties of these NS and compare them with the experimental result obtained and iii) 

Performing LASL with single or few pulses to better understand the influence of the 

intensity on the NS size and size distribution. 
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