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Preface

The synthesis of nanomaterials and processing of nanostructures are of great signifi-
cance to a wide range of fields, including chemistry, physics, biology, medicine, elec-
tronics, mechanics, and material science. Tracing the history of the methodological
developments, we realize that the physical and/or chemical transformation of metals
and nonmetals as well as molecules in ultimate reaction environments created by a
focused laser beam, discharges, ion implantations, or microwaves has been increas-
ingly recognized. Although the production of characteristic nano- and submicron-
sized products and functional nanostructures under such extreme conditions has been
extensively studied, it remains to be clarified howmaterials react with highly concen-
trated active species and/or under a very confined high-temperature and high-pressure
condition. Therefore, in this book, the members of a New Area Research Group,
“High-energy Chemistry in Liquid,” of The Chemical Society of Japan decided to
summarize the current status of high-energy chemistry and processing, particularly in
the liquid phase, for a variety of materials, such as metals, semiconductors, insulators
(glasses), carbons, and molecules. Descriptions of a wide range of topics are given
from the perspective of a variety of research methodologies, fundamental physical
and chemical processes, material preparations, and applications, to review how a
high-energy source interacts with materials, and what the key factors are that deter-
mine the quality and quantity of nanoproducts and nanoprocessing. Many leading
researchers in this field contributed to the project; we are confident that the resulting
volume will be of much interest to a broad range of readers.

This book consists of three parts which explore the characteristic chemistry and
processing of different target materials using various energy deposition processes.
Part I describes the high-energy chemistry and processing particularly for metals.
The application and fundamental of photothermal bubble generation triggered by
laser pulses are overviewed. In addition, the preparation of metal and solid solution
alloy nanoparticles by laser-induced nucleation and the production of core–shell
or magnetic metal nanoparticles by plasma-assisted electrolysis are summarized.
Application for the recovery of precious metals from spent nuclear fuel by laser-
induced particle formation and strategies for controlling the nanoparticle surface
by laser ablation in liquids are also described. Part II collects information on the
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vi Preface

high-energy processing of nonmetals. The details of the production mechanisms for
crystalline spherical submicrometer particles by laser melting in liquid followed by
the strategy for mass production using continuous flow system and laser-induced
backside wet etching of hard and brittle transparent materials are reviewed from
the viewpoint of industrial applications, and the preparation of nanodiamonds with
controllable luminescence properties, low-threshold and wavelength tunable random
lasers, and colloidal luminescent silicon quantum dots as well as inorganic nanoma-
terials for optical applications like bioimaging is described. Part III focuses on the
high-energy chemistry of nonmetals. Promotion of various chemical reactions by
microwave irradiation and modification of morphology and electronic structures of
carbon-based electrocatalysts by ion implantation are described, and unique laser
processing and chemical processes such as polymorphism control of amino acid
crystals by optical trapping-induced crystallization, defect engineering of photo-
catalysis for the enhancement of photocurrent or hydroxyl radical generation, and
building up molecules to carbon nanoparticles in laser-induced plasma filaments are
introduced.

Finally, we express our sincere gratitude to all the contributors, whose deep
insights on this field should make this book an invaluable resource.

Tsukuba, Japan
Sendai, Japan
Takasaki, Japan
Tsukuba, Japan
Hsinchu City, Taiwan
Yokohama, Japan
Osaka, Japan

Yoshie Ishikawa
Takahiro Nakamura

Morihisa Saeki
Tadatake Sato

Teruki Sugiyama
Hiroyuki Wada

Tomoyuki Yatsuhashi



Contents

Part I High-Energy Chemistry and Processing of Metals

1 Laser-Induced Bubble Generation on Excitation of Gold
Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Shuichi Hashimoto and Takayuki Uwada

2 Metal and Alloy Nanoparticles Formed by Laser-Induced
Nucleation Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
Takahiro Nakamura

3 Laser-Induced Particle Formation: Its Applications
to Precious Metal Recovery from Spent Nuclear Fuel
and Fundamental Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
Morihisa Saeki

4 Synthesis of Metal Nanoparticles Induced by Plasma-Assisted
Electrolysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
Naoki Shirai and Koichi Sasaki

5 Controllable Surface Modification of Colloidal Nanoparticles
Using Laser Ablation in Liquids and Its Utilization . . . . . . . . . . . . . . . 73
Takeshi Tsuji

Part II High-Energy Processing of Nonmetals

6 Fabrication and Control of Semiconductor Random Lasers
Using Laser Processing Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
Hideki Fujiwara

7 Formation Mechanism of Spherical Submicrometer Particles
by Pulsed Laser Melting in Liquid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
Naoto Koshizaki and Yoshie Ishikawa

vii



viii Contents

8 Mass Production of Spherical Submicrometer Particles
by Pulsed Laser Melting in Liquid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
Yoshie Ishikawa and Naoto Koshizaki

9 Material Processing for Colloidal Silicon Quantum Dot
Formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
Toshihiro Nakamura

10 Processing of Transparent Materials Using Laser-Induced
High-Energy State in Liquid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
Tadatake Sato

11 Functional Nanomaterials Synthesized by Femtosecond Laser
Pulses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
Yasuhiko Shimotsuma and Kiyotaka Miura

12 Preparation of Functional Nanoparticles by Laser Process
in Liquid and Their Optical Applications . . . . . . . . . . . . . . . . . . . . . . . . 237
Hiroyuki Wada

Part III High-Energy Chemistry of Nonmetals

13 Novel Ingenious and High-Quality Utilization of Microwave
High Energy in Chemical Reactions: Heterogeneous
Microscopic Heating, Promoted Electron Transfer
by Electromagnetic Wave Energy, and Generation
of In-Liquid Plasma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263
Satoshi Horikoshi and Nick Serpone

14 Defect Engineering Using the High-Energy Laser-Processing
Techniques and Their Application to Photocatalysis . . . . . . . . . . . . . . 281
Yoshinori Murakami

15 Crystallization and Polymorphism of Amino Acids Controlled
by High-Repetition-Rate Femtosecond Laser Pulses . . . . . . . . . . . . . . 295
Teruki Sugiyama

16 Electrocatalysts Developed from Ion-Implanted Carbon
Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 311
Tetsuya Kimata, Kazutaka Nakamura, and Tetsuya Yamaki

17 Bottom-up Synthetic Approaches to Carbon Nanomaterial
Production in Liquid Phase by Femtosecond Laser Pulses . . . . . . . . . 331
Tomoyuki Yatsuhashi and Takuya Okamoto



Part I
High-Energy Chemistry and Processing

of Metals



Chapter 1
Laser-Induced Bubble Generation
on Excitation of Gold Nanoparticles

Shuichi Hashimoto and Takayuki Uwada

Abstract This chapter focuses on pulsed-laser-induced explosive boiling of the
liquidmediumadjacent to goldnanoparticles that are suspended in solution.Although
the laser-induced cavitation via multiphoton absorption has been known for a long
time, photothermal generation of steam bubbles on irradiating the nanoparticles is
by far efficient because of surface plasmon excitation. Basic properties of pulsed-
laser-induced photothermal bubbles such as threshold laser fluences, bubble lifetimes
and nanoparticle temperatures have been investigated experimentally. Such exper-
iments inspired much interest from theoretical and computational studies, which
accelerated thorough understanding of the fundamental processes of the temperature-
induced phase transition confined to the local area surrounding the nanoparticles.
Furthermore, it has been demonstrated recently that photothermal bubbles have
found unprecedented applications such as promoting microscale lasing, enormously
enhancing the speed of photophoretic movement for nanoparticles and sensitizing
photoporation through cell membranes.Wewill discuss the application point of view
also in this task. Finally, we will refer to underlying challenges and future prospects
of the transient vapor nanobubbles.

Keywords Gold nanoparticles · Pulsed-laser excitation · Localized surface
plasmon resonance · Plasmonic nanobubbles · Photothermal effect

1.1 Introduction

Gold nanoparticles (Au NPs) that represent plasmonic nanoparticles are excellent
light absorbers and light scatterers at the resonance wavelengths in the visible region.
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4 S. Hashimoto and T. Uwada

This is because Au NPs greater than 2–3 nm support localized surface plasmon
resonance (LSPR) that is described by a coherent oscillation of conduction-band
electrons interacting with incoming light [1]. The excitation of LSPR affords an
ultrafast series of events [2]. Photoexcitation of AuNPs and subsequent relaxation
processes are given briefly in Fig. 1.1. Figure 1.1a represents LSPRs or simply
plasmons, and this LSPR collects incident light far more efficiently than the physical
cross section of the Au NP (Fig. 1.1a lower column). LSPRs have incredibly short
lifetime and decay both radiatively and nonradiatively (Fig. 1.1b). The former plays
a key role in the plasmonic enhancement of the electric field in the near-field regime,
whereas the latter decay is responsible for generating hot electrons of very high
kinetic energies (Fig. 1.1b lower column). The hot electrons decay through collisions
with electrons and lattice (Fig. 1.1c): relaxation from a non-Fermi to Fermi electron
distribution through electron–electron (e–e) scattering, cooling of hot-electron gas
through electron–phonon (e–ph) scattering and heat dissipation from Au NPs to the
environment (Fig. 1.1d) through phonon–phonon (ph–ph) scattering.

This chapter focuses on interaction of pulsed lasers with plasmonic nanoparti-
cles suspended in solution, resulting in vapor nanobubble generation. As mentioned
above, thermal conduction from photo-irradiated NPs raises the temperature of the
surrounding medium (Fig. 1.1d). When the medium heating exceeded the threshold
of liquid–gas phase transition, bubbles were generated through boiling of the local
liquid next to the NPs, while liquid bath is at room temperature [3, 4]. In this context,
such vapor nanobubbles are photothermally generated nanobubbles because light-to-
heat conversion by Au NP is the fundamental origin. The photothermal nanobubbles

Fig. 1.1 Sequential events that occur on photoexcitation of AuNPs. a upper: light absorption gener-
ates LSPR that is a coherent oscillation of conduction electrons. Lower: light condensation that is
significantly greater than its physical cross section.b In the first 1–100 fs followingLandau damping,
the non-thermal distribution of electron–hole pairs decays either through re-emission of photons or
through carrier multiplication caused by electron–electron interactions. c Hot carriers will redis-
tribute their energy by electron–electron scattering processes on a timescale ranging from 100 fs
to 1 ps. d Heat conduction to the surroundings on a timescale ranging from 100 ps to 10 ns. EF
represents Fermi energy
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are transient species and have a typical lifetime of a few nanoseconds when the dura-
tion of laser pulses used for generation is shorter than 10 ns. The bubble formation
occurred in water from a superheated liquid state at approximately 550 K, not at
the boiling temperature of 373 K [5]. This phenomenon may deserve commenting,
and we will come back this point later. The bubble lifetimes were largely depen-
dent on the maximum bubble sizes. Further, the threshold laser fluence, the onset of
nanobubble production, depended on the NP diameter [6–8]. The detailed discussion
of the bubble threshold may shed light on the fundamental process of heat transfer
leading to bubble formation [9, 10]. Here, we highlight the photothermalmicro/nano-
bubbles that dynamically grow and collapse on the surface of NPs subject to short
pulsed-laser illumination. Note that the discussion of cavitation bubbles is not within
the scope of our study because the cavitation bubbles have been observed on pulsed-
laser illumination of liquids in the absence of NPs [11]. Cavitation is a phenomenon
in which the static pressure of a liquid reduces to below the liquid’s vapor pressure,
leading to the formation of small vapor-filled cavities in the liquid.

This chapter will not include the description of bubble formation through contin-
uous wave (CW) laser illumination of Au NPs because of a limited space. Due to
long lifetimes up to several seconds, the CW laser-induced bubbles provided rich
physics and chemistry [12]. Readers interested in further information are encour-
aged to refer to the literature [13]. At this moment, we should point out the merit
of transient nanobubbles generated by short pulse excitation over the long-lived
bubbles produced by CW illumination. By outputting a high peak power within a
limited pulse duration, pulsed-laser excitation can provide the means to obtain high
spaciotemporal control for bubbles. Since the heat transfer to the medium completes
within nano- to microseconds, medium heating is insignificant without heat accumu-
lation. As a result, bubble energy can effectively be applied formechanical works and
shock/acoustic waves. On the other hand, CW laser excitation results in significant
heat accumulation that can be inadequate for biological systems.

1.2 Bubble Generation on Short Pulsed-Laser Excitation
of Colloidal Au NPs

Historically speaking, photothermalmicrobubbles havebeenobservedbydiffraction-
limited imaging on pulsed-laser irradiation of blackmicroparticles suspended in solu-
tion [14]. Subsequently, the Plech group pursued picosecond time-resolved studies of
nanobubble dynamics on femtosecond laser excitation of colloidalAuNPs, combined
with monitoring by the picosecond puled X-ray scattering form a synchrotron radi-
ation [3, 4]. The X-ray scattering was not very straightforward to visualize bubble
dynamics such as diameter changewith time.However, it was powerful to observe the
lattice melting of Au NPs on laser illumination [15]. Thus, Au NPs were found to be
heated possibly at least to a liquid state during the bubble formation. Lapotko, on the
other hand, has focused on the single particle measurement of bubbles using a AuNP
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immobilized on a substrate under the optical microscope [16]. Besides imaging, his
group measured the time growth and decay of the light scattering signals associated
with a bubble from a Au NP at a fixed wavelength on 0.5 ns pulsed-laser excitation.
It was not until the picosecond time-resolved measurement by the Hashimoto group
that optical extinction (absorption and scattering) spectra in the visible region were
characterized for colloidal Au NPs during the bubble formation/collapse [8]. Bubble
dynamics were characterized by the time-dependent spectral changes that provided
the direct information of bubbles distinct from the particle heating and cooling.
The three groups: Plech, Lapotko and Hashimoto have investigated experimentally
the fundamental properties of plasmonic nanobubbles such as bubble nucleation
temperature, threshold fluences and bubble lifetimes by taking advantage of their
own methods. We will discuss below these fundamental issues regarding plasmonic
nanobubbles.

Before getting into the details of nanobubble properties, we describe how we
can follow the nanobubble dynamics using the optical spectroscopy. The transient
extinction spectra of colloidal AuNPs exhibited the ultrafast bleaching of the charac-
teristic LSPR band, followed by the recovery of the bleaching signals. A prototypical
example is given in Fig. 1.2a in which 60-nm-diameter Au NPs were excited by a 15
ps laser at an excitation wavelength of 355 nm [8]. The transient bleaching signals
were instantaneously observed with the laser pulse followed the remarkably fast
recovery. The origin of such bleaching/recovery of the transient signals was ascribed
to heating and cooling of the Au NPs [17]. This transient spectral change can be
reproduced by LSPR spectra dependent on temperature, given in Fig. 1.2b, which
is the spectral simulation based upon Mie theory [1]. With increase in temperature,
LSPR undergoes the significant broadening that causes LSPR spectral bleaching in
the transient spectra on laser illumination, the extent ofwhich strongly depends on the
particle temperature. It was found that the lattice temperature of ~1000Kwas reached
at high pump intensities. The time trace of the bleaching/recovery signals completed
after a sufficient time has elapsed because of heat conduction to the surrounding
medium. However, it has been demonstrated that the amplitude of the background
signals increased as the pump laser intensity increased (Fig. 1.2c). The background
signals are an optical signature of bubble formation. The experimental data showed
a threshold laser intensity that produces the particle temperature of 550 ± 50 K [5].

The bubble signals are basically caused by Rayleigh light scattering that largely
depends on the bubble diameter (r6-dependence) [8]. A greater scattering signal
is generated as the bubble diameter increases. From Fig. 1.2c, we note that the
scattering from bubble is superimposed on the LSPR bleaching of Au NPs. The
spectral simulation using a concentric core–shell structure of the bubble/Au NP
is in Fig. 1.2d. The graph reveals that such simulated spectra well-reproduce the
experimental ones and that more positive extinction signals occur for bubbles with
greater diameters. Note, however, that negative extinction is predicted to occur for
bubbles with small diameters in which the bubbles act to reduce the absorption of
Au NP because of the reduced refractive index of the medium surrounding the Au
NP, rather giving an enhanced light scattering that increases total extinction.
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(a) 

(c) 

(b) 

(d) 

Fig. 1.2 Pump-probe measurements of transient extinction (absorption and scattering) spectra of
60-nm-diameter aqueous colloidal Au NPs excited by a 15 ps laser at the excitation wavelength of
355 nm: a transient extinction spectra in the absence of bubbles at 60 MPa hydrostatic pressure;
b simulated temperature-dependent extinction spectra of 60-nm-diameter aqueous Au NP, which
interpret the observation in (a); c experimental bubble spectra at various excitation intensities at a
time delay of 2 ns (at 0.1 MPa); d simulated bubble spectra of various diameters (concentric Au
NP core-bubble shell structures are assumed). Adapted with permission from Katayama et al. [8]
(Copyright 2014 American Chemical Society)

We have stated already the concentric core–shell bubble model that may form
because of an effective heat transfer from the metal surface. Besides the core–shell
structure that was captured by optical microscopy for microbubbles, two other types
have been proposed [18, 19]. Figure 1.3 summarizes the bubble models (upper) and
the scanning electron microscopy (SEM) images (lower) in which bubbles were
trapped using tetraethoxysilane as a trapping agent. In the SEM experiment, the
bubbles were generated by irradiating nanosecond pulsed lasers with a wavelength
of 355 nm in aqueous colloidal Au NPs.

In the transient X-ray scattering and extinction spectral measurements quoted
above [3, 6], such a core–shell model has been successfully employed for estimating
bubble diameters from time-resolved spectroscopicmeasurements [6, 8]. The confetti
(b) can be found in the earliest stage of bubble nucleation, and this structure has been
observed by the transmission electron microscopy (TEM) coupled with femtosecond
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(a) (b) (c) 

Fig. 1.3 Bubble structuremodels;a core–shell,b confetti and c Janus. SEMimages are unpublished
results from Hashimoto laboratory

laser excitation [18]. The Janus structure (c) has been proposed initially without
experimental proof [19]. The bubble trapping experiment suggested indirectly the
existence of all three structures at the nanoscale.

Now, we discuss three important properties of bubbles, bubble generation temper-
ature (~550 K), threshold laser fluence and bubble lifetimes. First, we interpret
how the pulsed-laser-induced plasmonic bubbles have been rationalized to occur
from superheated solvent next to the NPs using the phase diagrams of water [20].
Figure 1.4a upper column compares line shapes of P(V) at different temperatures for
Van der Waals fluid. Notably, the boiling temperature Tb and critical temperature Tc

are of relevance to the phase transitions. At temperatures above Tc, the isotherms are
monotonic, implying that only one state can exist at a given pressure. At tempera-
tures below Tc, phase coexistence of liquid (L) and gas (G) can occur. Liquid-to-gas
transition occurs along the line L to G. A red line shows the coexistence curve, and
the light blue area represents the region of coexistence. Further, the yellow zone
separated by a spinodal curve (red dashed line) predicts unusual behavior. In the
latter area of the diagram, we can see that pressure increase causes volume expan-
sion (∂P/∂V )T > 0, meaning that the system is not stable. Another important point
is that during the volume change from L to G on the isotherm curves molecules expe-
rience an energy barrier because of the concave shape of Helmholtz free energy, F, as
shown in the lower column. The energy barrier we can see for the curve at Tb is the
origin of superheating. Thus, fluid can remain liquid even if the boiling temperature
is exceeded. However, the height of the energy barrier gradually decreases on going
from Tb to Tc. As a result, boiling is more likely to occur for superheated water at
temperatures T > Tb.

Figure 1.4b represents a diagram that expresses pressure as a function of temper-
ature for water. If a Au NP in water is heated by laser illumination from 293 K at a
constant pressure of 1 atm, the water temperature next to the NP increases along the
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Fig. 1.4 a Upper: Series of P-V diagrams of isotherms of increasing temperatures from boiling
temperature (Tb) to critical point (Tc); Lower: correspondingHelmholtz free energy versusVcurves.
b Phase diagram that represents pressure as a function of temperature for water. All the possible
states, gas, liquid and solid, are shown

horizontal line, reaching first a boiling temperature of 373K. If theNP is suspended in
cleanwater contained in a chamberwith smooth surfaces, it is likely that superheating
occurs until the spinodal temperature of 550 K is reached. The spinodal represents
the intrinsic stability limit of the liquid

(
(∂T/∂S)P = 0; (∂P/∂V )T = 0

)
. At the

spinodal, the superheated liquid phase is no longer stable with respect to the random
density fluctuations [21]. As a result, an explosive boiling occurs, generating a steam
bubble. This is a situation that is predicted for isolated Au NPs.

Although the heating of isolated Au NPs results in bubble generation at a particle
temperature T ~ 550 K, the CW laser heating of Au NP aggregates formed in water
induced formation of micrometric bubbles at a temperature that coincides with the
boiling point of water under atmospheric pressure [22]. This result was interpreted
by the collective heating effect [13]. If many NPs closely located are heated, water
molecules undergo heating from many NPs simultaneously. As a result, the heating
of the solvent is no longer limited to a nanoscale local space around a Au NP, but a
certain volume of water can be heated, resulting in a situation similar to bulk heating.
Further, if the CW laser is used instead of the pulse, heat accumulation takes place
with time. These are the explanations for the working principle of collective heating.

Second, we look into the threshold laser fluence versus Au NP radius/diameter
for bubble formation.

Figure 1.5 gives both experimental and computational curves from different
laboratories.

Siems et al. observed monotonous decrease with increasing diameter (filled red
squares in Fig. 1.5a) [6], whereas Katayama et al. observed a bathtub shape with
a minimum at 60-nm-diameter (Fig. 1.5b) [8]. The monotonous decrease has also



10 S. Hashimoto and T. Uwada

(a) (b)

(c) (d)

Fig. 1.5 Bubble formation threshold as a functionofAuNP radius/diameter.aComparisonbetween
the simulation for nanosecond pulses (Lombard et al. [10]) and the experiments by Siems et al. [6]
(red squares; nanosecondpulses at thewavelength of 355nm) andLukianova et al. [7] (blue triangles;
0.5 ns pulses at the wavelength of 532 nm). b Transient extinction spectroscopy measurement with
15 ps laser excitation at a wavelength [8]. c Computational results by Baffou et al. [9] both for fs-
and ns-pulses at the wavelengths of 355 nm (dashed line) and 532 nm (solid line). d Comparison
between the simulation by Lombard et al. [10] and the experiments by Siems et al. [6] (red squares)
and Katayama et al. [8] (blue triangles). a and dAdapted with permission from Lombard et al. [10].
(Copyright 2017 American Chemical Society). b Adapted with permission from Katayama et al.
[8] (Copyright 2014 American Chemical Society). c Adapted with permission fromMetwally et al.
[9]. (Copyright 2015 American Chemical Society)

been observed by Lukianova et al. by using a single particle light scattering measure-
ment [7]. Note, however, that their threshold values (filled blue triangles in Fig. 1.5a)
were much higher than the values obtained by Siems et al. The monotonous decrease
observed is intuitively understandable because the particle cooling depends on the
surface-to-volume ratio and cooling is faster for smaller diameters [23]. Indeed, with
the rigorous computational method using a hydrodynamic model and thermal model,
the Marebia group obtained a monotonous decrease curve [10]. Their hydrodynamic
model used in-depth treatment of bubble generation in terms of density change of
water. The previous thermal model calculated spaciotemporal distribution of temper-
atures in the medium surrounding a Au NP [24]. By contrast to the result of Merabia,
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numerical calculations using the thermal model by Baffou shown in Fig. 1.5c have
displayed that the dependence of the fluence threshold with respect to the nanopar-
ticle diameter features a bathtub profile [18], with a minimum fluence threshold at
around 60 nm in diameter, in good agreement with the experimental observation by
the Hashimoto group given in Fig. 1.5b. The points of discussion by Baffou are as
in the following.

(i) The threshold fluence increase for small NPs is due to fast energy release to
the surroundings.

(ii) The threshold fluence increase for large NPs arises from the nonlinear absorp-
tion cross section with respect to the NP volume. For small diameters below
60 nm, the absorption cross section is proportional to the NP volume but
saturates.

(iii) Under fs-pulsed illumination, andunder the assumptionof no interface thermal
resistivity, the maximum temperature increase δTNP can simply be calcu-
lated using δTN P = σabs F/Vcm (σ abs: absorption cross section of the NP, F:
fluence of the pulse, V: NP volume and cm: volumetric heat capacity of gold),
without conducting numerical simulations, except for NP diameters smaller
than 40 nm.

(iv) A NP interface thermal resistivity has no effect under ns-pulsed illumination,
except for large NPs and large values of the interface thermal resistivity.

(v) A NP interface thermal resistivity has a strong effect in the fs-pulsed regime,
irrespective of the nanoparticle diameter.

With respect the curve shape, computational curve by the Merabia group and that by
the Baffou group is somewhat contradictory. Although the Merabia group was aware
of the previous result by Baffou et al., the former did not comment on this point. The
Merabia’s group were much concerned about the difference of their computational
result from the experimental threshold values. They argued that the threshold values
by hydrodynamic calculation may have remarkable improvement if they consider the
melting Au NPs during the bubble formation (Fig. 1.5d). With bubble generation,
melting and evaporation of AuNPs have been postulated previously since the particle
temperatures can go somewhat uncontrollably high inside the bubble [24].

At this point, we highlight the issue that the single particle study gave at least an
order of magnitude greater threshold fluences of colloidal experiment (Fig. 1.5a). To
account for their greater values, the Lapotko group ascribed to the Laplace pressure,
the effect of surface tension, on the threshold of a bubble generation by optical
heating. The Laplace pressure is given by PLaplace = 2γ /Rbubble (γ: surface tension,
RBubble: bubble radius) and acts to collapse a bubble to a greater extent as the radius
is smaller. However, the calculation by the Merabia group revealed that the effect
of the Laplace pressure is minor [10]. From the experimental point of view, we can
point out that measuring an accurate fluence is challenging because of uncertainties
in measuring beam diameters and intensities under the microscope.

Finally, we describe bubble lifetimes on pulsed-laser excitation. Ensemble studies
on 100 fs excitation of bubble dynamics using time-resolved X-ray measurements
revealed that the lifetime of a bubble surrounding a 9-nm-diameter Au NP was
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400 ps (max. bubble diameter: 20 nm) at 40 mJ cm−2, and the lifetime of a bubble
surrounding a 36-nm-diameter Au NP was 1.7 ns (max. bubble diameter: 75 nm)
at 13.8 mJ cm−2 that is a threshold fluence [3, 4]. The bubble dynamics were well
modeled using the Rayleigh–Plesset equation [25]. The Hashimoto group observed
the bubble lifetime of 10 ns for 60-nm-diameter colloidal Au NPs irradiated with 15
ps lasers at a wavelength of 355 nm and a fluence f 5.2 mJ cm−2 (threshold fluence),
using a transient extinction spectroscopy [8]. The maximum diameter observed was
260 ± 40 nm. In this case, the bubble decay time was much longer than the rise
time, which is inconsistent with the Rayleigh–Plesset equation. The Lapotko group
measured the bubble lifetime by observing the optical scattering response of a single
Au NP that was excited by a 532 nm laser with a pulse width of 0.5 ns. They obtained
bubble lifetimes of 18± 3.5 ns for a 30-nm-diameterAuNP and 9± 1 ns for single 90
and 250-nm-diameter Au NPs [7, 12]. They found that the lifetime of NP-generated
bubbles increased with increasing incident fluence and that the vapor bubble lifetime
was proportional to the maximum bubble diameter. Although the proportionality
of bubble lifetime and maximum diameter is a rule of sum that well-describes the
plasmonic nanobubbles, systematic studies are still lacking to describe precisely the
pulse width-, fluence- and particle size-dependent lifetimes.

1.3 Recent Applications

The vapor nanobubbles photothermally generated using Au NPs have been demon-
strated for potential applications in cancer therapy using bubble-induced shockwaves
[26], photoacoustic imaging using photoacoustic signals from bubbles [27] or solar
energy conversion exploiting photothermal boiling of water [28]. These areas are still
in progress to producemeaningful outcomes. Of particular interest is the solar bubble
generation that has a potential application to sterilizing water in developing coun-
tries [29].Recently,wehave seenunprecedented applications of pulsed-laser-induced
plasmonic bubbles in various fields. Here overview a few examples.

1.3.1 High-Speed Movement of Au NPs Encapsulated
in a Nanoscale Bubble

Light canmove objects through optical forces, enabling optical delivery of micropar-
ticles and NPs [30]. The optical manipulation is applicable to optical sorting, i.e.,
separation of particles exploiting particle size andmaterial properties such as a refrac-
tive index. Previously, it was not feasible to give control over the velocities of moving
particles. The achieved moving speed was 10–100 μm s−1 so far [31, 32]. Here,
we show an example of bubble-induced high-speed motions realized by irradiating
femtosecond laser pulses at a high repetition rate.
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Fig. 1.6 a Optical forces
acting on Au NPs along the
laser beam propagation
direction. S represents the
scattering force, while G
represents the gradient force.
The direction and the
magnitude of the forces are
dependent on the location
relative to the laser focus. b
Bubble-induced propulsion.
c Acceleration due to
heating-induced emission of
small particles

In this case, directedmotions of silica-coreAu-shell NPs (100-nm-diameter silica-
core 10-nm-thickAu shell) suspended inwater were activated by irradiating a 800 nm
(centerwavelength) laser beamwith a repetition rate of 80.7MHz (the pulsedduration
is 94 fs, and the time interval between pulses is 12.4 ns) [33]. The fs laser was focused
by passing through a 20 × objective lens (numerical aperture: 0.4). The power of
690 mW exceeded the bubble formation threshold, and the bubble encapsulated
the NPs. As a result, some NPs were found to move along the beam propagation
direction (positive motion), and some in the opposite direction (negative motion).
Au NPs moved with unprecedented speeds both for the positive (maximum speed:
336,000μm s−1) and for the negative (maximum speed: 245,000μm s−1) directions.
The forward and backward movements were produced by not only optical pushing
but also pulling forces froma singleGaussian beam.Optical forces thatmay act on the
NP can depend on the location relative to the laser focus as illustrated in Fig. 1.6. The
two major forces are gradient force (G) and scattering force (S). The gradient force,
G heads to the laser focus where the magnitude of G is zero because it depends on the
intensity gradient. On the contrary, S is always in the direction of beam propagation,
and its magnitude is proportional to the laser intensity. It is reasonable to assume that
the optical force at the initial position determines the particle movement.

The enormously high speeds observed were interpreted as the following: While
the laser-excited NP encapsulated in a bubble moves forward, it keeps evaporating
water, maintaining a vapor cushion in front of it, and extends the bubble boundary
forward.

Although not described in the study above, we suspect a potential effect of laser-
induced evaporation that can accelerate the Au NPs. Without a continuous boosting
mechanism, it seems difficult to maintain such a high speed that was originally real-
ized by initial optical forces. As already mentioned, Au NPs can melt and evaporate
inside the bubble [24] because of high-intensity laser heating. It has been demon-
strated that ~40 μm-sized spherical stainless particles were accelerated in air caused
by an evaporative propulsion force in the direction of laser beam propagation when
irradiated with a 1070 nm CW laser with an output of 1–2 MW cm−2 [34]. In this
case, an approximate speed of 12,500,000 μm s−1 was achieved. Additionally, it
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has been demonstrated that micrometer-sized platinum and other metal particles
migrated inside melt borosilicate glass at a speed of 10,000 μm s−1 in the counter
direction of the laser beam when illuminated by 514 nm CW laser at a power of
1MW cm−2 [35]. These results suggest that evaporative propulsion can significantly
accelerate the movement of particle under laser heating.

1.3.2 Micro- and Nano-Lasers Encapsulated in Bubble

Plasmonic bubbles have been applied to optical enhancer for laser oscillation at
small scales. In one approach, photoexcitation of a single plasmonic NP in solution
enabled a whispering-gallery-mode (WGM) droplet resonator associated with small
micro/nanobubbles, formed by laser-induced heating [36]. Droplets containing dye-
generated lasingmodes with wavelengths depend on the size of the droplet, refractive
index of themediumand surrounding environment. Itwas demonstrated that colloidal
suspension of 20-nm-diameter Au NPs gave cavity diameters of 4.8 μm with a free
spectral range (FSR) of 12 nm when excited with a 130 fs pulse with a central
wavelength of 400 nm and at a repetition rate of 1 kHz (Fig. 1.7a). The droplets
containing Coumarin 500 and plasmonic NPs showed sharp emission peaks in the
wavelength range of 475–515 nm. WGM resonators are usually fabricated from
solid-state materials. Soft cavities created with liquids or gels permit direct sensing
where an optical cavity is both the sensing unit and the sample under analysis. In
addition, soft cavities enable strong interactions of a plasmonic NP with the WGMs
because of its location inside the cavity mode.

Another example is a solid-type laser named spaser (surface plasmon
amplification by stimulated emission of radiation). The spaser consists of a plas-
monic NP surrounded by a nanoshell of the gain medium (Fig. 1.7b, left). The
spaser can generate a single mode emission that is a spectrally tunable bright light

Fig. 1.7 Schematic of bubble-enhanced surface plasmon lasers; a single plasmonic NP in
solution realizing a whispering-gallery-mode (WGM) droplet resonator associated with small
micro/nanobubbles, b left: so-called spaser consisting of a Au NP core and a silica-shell embedded
with laser dye molecules; right: a spaser encapsulated in a photothermal nanobubble
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without saturation. The properties originate from stimulated emission amplifica-
tion effects. Specifically, the plasmonic nanolaser was constructed by a core–shell
structure consisting of a Au NP surrounded by a silica-shell doped with a uranine
(disodium fluorescein) dye [37]. In this example, the excitation was provided by an
OPO laser at a wavelength of 488 nm with 5–7 ns pulses. Using a 22 nm spaser
with a 10 ± 1.9-nm-diameter Au NP core and a 6 ± 2.2 nm-thick shell, the lasing
threshold was observed at a laser energy fluence of 26 ± 6.3 mJ cm−2. For a lager
60 nm spaser, the threshold was reduced to 1.9± 0.6 mJ cm−2. Above the threshold,
the light output—pump in dependence demonstrated a straight line with emission
spectral narrowing from 30–40 nm to 8–10 nm. Further increase in pump fluence
led to the formation of vapor nanobubbles around spasers due to laser heating of the
spaser particle leading to evaporation of the liquid medium surrounding the particle
(Fig. 1.7b right). The appearance of bubbles is accompanied by nonlinear enhance-
ment of stimulated emission intensity and further width narrowing. The maximum
ratio of the stimulated emission intensity to the spontaneous emission background
was 740 ± 95. The narrowest emission peak observed was 0.8 ± 0.2 nm. Both
parameter levels were significant improvements over the previous results.

The origin of enhancement of spasing due to nanobubble formation has been
ascribed to strong refractive, scattering and thermal lens effects in highly localized
heated areas, especially in the associated bubbles that can be responsible for the
light concentrating and redirecting. The original (without a nanobubble) spaser is a
nanoshell with a Au core covered with dielectric shell containing dye molecules to
produce the gain, embedded in water (the uniform medium). When a nanobubble
is formed, another nanoshell appears between the gain shell and the embedding
medium that contains water vapor. According to the authors, the main effect of the
formation of a vapor nanobubble around the spaser is that dielectric screening of
the surface plasmon-induced charge is reduced. This leads to an increase in the
surface plasmon frequency, ωn. In fact, the spaser frequency increases from the
initial value of ωn = 2.5 eV in the absence of the nanobubble to ωn = 2.6 eV for
a 30 nm radius nanobubble. If the gain medium working frequency, ωn, exceeds
the plasmon frequency, then the nanobubble formation brings the spaser closer to
a perfect resonant condition. Consequently, the stimulated radiation of the surface
plasmons becomes more efficient, which has been shown by this article. Presumably,
the nanobubbles can provide dynamic optical feedback from its “wall” boundary, as
well as refraction effects that can also lead directional emission.

1.3.3 Plasmonic Nanobubble Can Disrupt Cell Membrane
and Biofilm

There is a great interest in delivering macromolecular agents into living cells for
therapeutic purpose. Physicalmethods including electroporation using electric pulses
and sonoporation using ultrasounds have been developed but they still suffer from
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limited success in throughput and cell viability.Most importantly, translocation of the
therapeuticmacromolecules from the endosomes after endocytosis into the cytoplasm
remains a major bottleneck. To overcome the difficulty, plasmonic nanobubble was
used as a promising candidate for a physical approach to permeate the cell membrane
[38].

First, Au NPs were adsorbed onto HeLa cells’ surface from solution. Subse-
quently, positively charged Au NPs (70 nm) were used to facilitate interaction with
the negatively charged cell membrane. Following the incubation of cells, Au NPs
were adsorbed. A pulsed-laser irradiation was performed (pulse duration: 7 ns; wave-
length: 561nmfromOPO laser).A lowenergy led to the heatingof the cellmembrane,
while vapor nanobubbles were formed at high laser intensities above the threshold,
1.02 J cm−2. The threshold observed is much higher than those observed previously
in aqueous solution. Confocal microscopy images were acquired to test the viability
of the cells labeled with calcein red-orange AM and the intracellular delivery of fluo-
rescein isothiocyanate (FITC)-dextran (10 kDa). There was no noticeable decrease
in cell viability up to 2.04 J cm−2. Further increasing the laser fluence to 4.08 J cm−2

reduced the number of positive cells, likely due to the onset of cytotoxic effect
of vapor nanobubbles that can damage cells when they grow large. FITC-dextran
loading was much more efficient when mediated by plasmonic nanobubbles than by
direct heating of the plasmamembrane. For instance, the loading efficiency of 10 kDa
FITC-dextran increased 2.5 fold by heating at 0.38 J cm−2 from the control, whereas
it increased 12.5 fold of control by irradiation at nanobubble-forming 4.08 J cm−2.

The conceptual scheme of photoporation on cell membrane to introduce poly-
mers into cells is shown in Fig. 1.8. In this scheme, direct laser-induced photopo-

Fig. 1.8 Schematic overview of laser-induced photoporation on cell membrane, followed by the
introductionof polymers into cells.aDirect laser-inducedphotoporation,bAuNP-assisted photopo-
ration due to heating of the cell membrane at relatively small laser intensities, and c Au NP-assisted
photoporation assisted by heating-induced bubble formation around the Au NPs
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ration without Au NPs (a), Au NP-assisted photoporation due to heating of the cell
membrane (b) and Au NP-assisted photoporation assisted by laser-induced bubble
formation around the AuNPs (c) is compared. The direct photoporation (a) can cause
damages or kill the cells because of focused laser illumination, whereas the focused
illumination can be avoided in the presence of Au NPs (b, c) because of efficient heat
generation local to the membranes even with low intensities. There is little damage
to the cells because of unfocused illumination. In (b), the resultant pores are small
in sizes, and the number of pores is small because of weak intensities. By contrast,
in (c), both the sizes of pore diameters and the numbers of pores will be increased
compared with (b). As a result, more polymers can be incorporated into the cells.
Still, the cell viability is maintained up to at a certain laser intensity.

The other application is to destroy biofilms exploiting plasmonic nanobubbles
[39]. Biofilm forms when bacteria adhere to surfaces in moist environments by
excreting a slimy, glue-like substance. Sites for biofilm formation include all kinds of
surfaces. The biofilms serve to the decreased sensitivity of bacteria toward antibiotics.
Thus, it is important to disturb biofilm integrity to improve antibiotics diffusion. The
experimental result has shown that bacteria were loaded with cationic 70 nmAu NPs
and that subsequent laser illumination of 7 ns pulses at 561 nm (fluence: 1.69 J cm−2)
resulted in plasmonic bubble formation inside the biofilms. Such nanobubble forma-
tion has led to substantial biofilm disruption, increasing antibiotic tobramycin effi-
cacy up to 1–3 orders ofmagnitude. Enhancing antibiotic penetration through biofilm
via laser-induced plasmonic nanobubble is a promising rout to solve the problem of
biofilm-related infections.

1.4 Summary and Future Outlook

This chapter overviewed pulsed-laser-induced explosive bubble formation from
solvent next to plasmonicAuNPs.Themechanism is regarded as purely photothermal
boiling and not ascribable to cavitation, when the excitation wavelengths corre-
sponding to the LSPR of Au NPs are employed. Although fundamental physics
behind the transient plasmonic bubbles has been revealed in every detail using
rigorous simulations [9, 10], still both experimental and computational efforts are
needed to precisely characterize threshold fluences and state of materials inside the
bubbles. For instance, experimental improvement such as single particle/single shot
measurement is needed to avoid ensemble averaging effect. The dynamics governing
particle melting/evaporation during bubble formation has not been fully character-
ized theoretically. We should point out that bubble generation using pulsed lasers
has its own merit over CW laser-induced bubble generation. Since pulsed lasers
have the advantage of outputting a high peak power within a limited pulse duration,
they can provide means to obtain high spaciotemporal control for bubbles [40]. On
the contrary, CW laser excitation results in severe medium heating for long period
of time, which results in collective medium heating [13]. Such a heating can be
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harmful to biological systems. As future prospects, the transient plasmonic nanobub-
bles can contribute to chemistry as photothermal nanoreactors for promising use. In
the past, we saw the enhanced photothermal evaporation and size reduction ofAuNPs
inside the bubbles [24]. We expect that catalytic reactions of molecules concentrated
on the outer surface of Au NPs can proceed triggered by bubble generation. Most
importantly, the chemical reactions can be confined only at Au surfaces in a steam
environment, while outer liquid space is kept at room temperature. Thus, we may
see an impressive development of various nanochemisry in such an unconventional
environment in the years to come.

References

1. U. Kreibig, M. Vollmer, Optical Properties of Metal Clusters (Springer, Berlin, 1995). https://
doi.org/10.1007/978-3-662-09109-8

2. M.L. Brongersma, N.J. Halas, P. Nordlander, Plasmon-induced hot carrier science and
technology. Nat. Nanotech. 10, 25−34 (2015). https://www.nature.com/articles/nnano.201
4.311

3. V. Kotaidis, A. Plech, Cavitation dynamics on the nanoscale. Appl. Phys. Lett. 87, 213102.
(2005). https://doi.org/10.1063/1.2132086

4. V. Kotaidis, C. Dahmen, G. von Plessen, F. Springer, A. Plech, Excitation of nanoscale vapor
bubbles at the surface of gold nanoparticles in water. J. Chem. Phys. 124(2006). https://doi.
org/10.1063/1.2187476

5. M. Hu, H. Petrova, G.V. Hartland, Investigation of the properties of gold nanoparticles in
aqueous solution at extremely high lattice temperatures. Chem. Phys. Lett. 391, 220–225
(2004). https://doi.org/10.1016/j.cplett.2004.05.016

6. A. Siems, S.A.L. Weber, J. Boneberg, A. Plech, Thermodynamics of nanosecond nanobubble
formation at laser-excited metal nanoparticles. New J. Phys. 13, 043018 (2011). https://doi.
org/10.1088/1367-2630/13/4/043018

7. E. Lukianova-Hleb, L.Y. Hu, L. Latterini, L. Tarpani, S. Lee, R.A. Drezek, J.H. Hafner, D.O.
Lapotko, Plasmonic nanobubbles as transient vapor nanobubbles generated around plasmonic
nanoparticles. ACS Nano 4, 2109 (2010). https://doi.org/10.1021/nn1000222

8. T. Katayama, K. Setoura, D. Werner, H. Miyasaka, S. Hashimoto, Picosecond-to-nanosecond
dynamics of plasmonic nanobubbles from pump–probe spectral measurements of aqueous
colloidal gold nanoparticles. Langmuir 30, 9504−9513 (2014) https://pubs.acs.org/doi/abs/
https://doi.org/10.1021/la500663x.

9. K. Metwally, S. Mensah, G. Baffou, Fluence threshold for photothermal bubble generation
using plasmonic nanoparticles. J. Phys. Chem. C 119, 28586−28596 (2015). https://doi.org/
10.1021/acs.jpcc.5b09903

10. J. Lombard,T.Biben, S.Merabia, Threshold for vapor nanobubble generation aroundplasmonic
nanoparticles. J. Phys. Chem. C 121(28), 15402–15415 (2017). https://doi.org/10.1021/acs.
jpcc.7b01854

11. A. Vogel, S. Busch, U. Parlitz, Shock wave emission and cavitation bubble generation by
picosecond and nanosecond optical breakdown in water. J. Acoust. Soc. Am. 100, 148−165
(1996). https://doi.org/10.1121/1.415878

12. G. Baffou, J. Polleux, H. Rigneault, S. Monneret, Super-heating and micro-bubble generation
around plasmonic nanoparticles under cw illumination. J. Phys. Chem. C 118, 4890–4898
(2014). https://doi.org/10.1021/jp411519k

13. G. Baffou, Thermoplasmonics Heating Metal Nanoparticles Using Light (Cambridge Univer-
sity Press, Cambridge, England, 2017). https://doi.org/10.1017/9781108289801

https://doi.org/10.1007/978-3-662-09109-8
https://www.nature.com/articles/nnano.2014.311
https://doi.org/10.1063/1.2132086
https://doi.org/10.1063/1.2187476
https://doi.org/10.1016/j.cplett.2004.05.016
https://doi.org/10.1088/1367-2630/13/4/043018
https://doi.org/10.1021/nn1000222
https://doi.org/10.1021/la500663x
https://doi.org/10.1021/acs.jpcc.5b09903
https://doi.org/10.1021/acs.jpcc.7b01854
https://doi.org/10.1121/1.415878
https://doi.org/10.1021/jp411519k
https://doi.org/10.1017/9781108289801


1 Laser-Induced Bubble Generation on Excitation … 19

14. C.P. Lin, M.W. Kelly, Cavitation and acoustic emission around laser-heated microparticles.
Appl. Phys. Lett. 72, 2800−2802 (1998). https://doi.org/10.1063/1.121462

15. A. Plech, V. Kotaidis, S. Gresillon, C. Dahmen, G. von Plessen, Laser-induced heating and
melting of gold nanoparticles studied by time-resolved x-ray scattering. Phys. Rev.B70, 195423
(2004). https://doi.org/10.1103/PhysRevB.70.195423

16. E.Y. Lukianova-Hleb, D.O. Lapotko, Influence of transient environmental photothermal effects
on optical scattering by gold nanoparticles. Nano. Lett. 9, 2160−2166 (2009). https://doi.org/
10.1021/nl9007425

17. C. Burda, X. Chen, X.R. Narayanan, R.M.A. El-Sayed, Chemistry and properties of nanocrys-
tals of different shapes. Chem. Rev. 105, 1025–1102 (2005). https://doi.org/10.1021/cr0
30063a

18. X. Fu, B. Chen, J. Tang, A.H. Zewail, Photoinduced nanobubble-driven superfast diffusion of
nanoparticles imaged by 4D electron microscopy. Sci. Adv. 3, e1701160 (2017). https://adv
ances.sciencemag.org/content/3/8/e1701160

19. E. Acosta, M.G. Gonz´alez, P.A. Sorichetti, G.D. Santiago, Laser-induced bubble generation
on a gold nanoparticle: A nonsymmetrical description. Phys. Rev. E 92, 062301 (2015). https://
doi.org/10.1103/PhysRevE.92.062301

20. S. aus der Wiesche, C. Rembe, E.P. Hofer, Boiling of superheated liquids near the spinodal: I
General theory. Heat Mass Transf. 35, 25−31 (1999). https://doi.org/10.1007/s002310050294

21. A. Vogel, V. Venugopalan, Mechanisms of pulsed laser ablation of biological tissues. Chem.
Rev. 103, 577–644 (2003). https://doi.org/10.1021/cr010379n

22. Z. Liu, W.H. Hung, M. Aykol, D. Valley, S.B. Cronin, Optical manipulation of plasmonic
nanoparticles, bubble formation and patterning of SERSaggregates.Nanotechnology 21(2010).
https://doi.org/10.1088/0957-4484/21/10/105304

23. M. Hu, G.V. Hartland, Heat dissipation for Au particles in aqueous solution: Relaxation time
versus size. J. Phys. Chem. B 106, 7029–7033 (2002). https://doi.org/10.1021/jp020581+

24. S. Hashimoto, D. Werner, T. Uwada, Studies on the interaction of pulsed lasers with plas-
monic gold nanoparticles toward light manipulation, heat management, and nanofabrication.
J. Photochem. Photobiol. C 13, 28–54 (2012). https://doi.org/10.1016/j.jphotochemrev.2012.
01.001

25. M.S. Plesset, M. Prosperetti, Bubble dynamics and cavitation. Ann. Rev. Fluid Mech. 9, 145–
185 (1977). https://doi.org/10.1146/annurev.fl.09.010177.001045

26. D. Lapotko, Plasmonic nanobubbles as tunable cellular probes for cancer theranostics. Cancers
3, 802–840 (2011). https://doi.org/10.3390/cancers3010802

27. T. Yin, P. Wang, R. Zheng et al., Nanobubbles for enhanced ultrasound imaging of tumors. Int.
J. Nanomed. 7, 895–904 (2012). https://doi.org/10.2147/IJN.S28830

28. O. Neumann, A.S. Urban, J. Day et al., Solar vapor generation enabled by nanoparticles. ACS
Nano 7, 42–49 (2013). https://doi.org/10.1021/nn304948h

29. Li. Wang, Y. Feng, K. Wang et al., Solar water sterilization enabled by photothermal
nanomaterials. Nano Energy 87 (2021) 106158. https://doi.org/10.1016/j.nanoen.2021.106158

30. P. Zemanker, G. Volpe, A. Jonas et al., Perspective on light-induced transport of particles: From
optical forces to phoretic motion. Adv. Opt. Photon. 11, 577–678 (2019). https://doi.org/10.
1364/AOP.11.000577

31. A. Königer, W. Köhler, Optical Funneling and trapping of gold colloids in convergent laser
beams. ACS Nano 6, 4400–4409 (2012). https://doi.org/10.1021/nn301080a

32. V. Kajorndejnukul, W. Ding, S. Sukhov et al., Linear momentum increase and negative optical
forces at dielectric interface. Nature Photon. 7, 787–790 (2013). https://www.nature.com/art
icles/nphoton.2013.192

33. E. Lee, D. Huang, T. Luo, Ballistic supercavitating nanoparticles driven by single Gaussian
beam optical pushing and pulling forces. Nat. Commun. 11, 2404 (2020). https://www.nature.
com/articles/s41467-020-16267-9

34. T. Mitra, A.K. Brown, D.M. Bernot et al., Laser acceleration of absorbing particles. Opt.
Express 26, 6639–6652 (2018). https://doi.org/10.1364/OE.26.006639

https://doi.org/10.1063/1.121462
https://doi.org/10.1103/PhysRevB.70.195423
https://doi.org/10.1021/nl9007425
https://doi.org/10.1021/cr030063a
https://advances.sciencemag.org/content/3/8/e1701160
https://doi.org/10.1103/PhysRevE.92.062301
https://doi.org/10.1007/s002310050294
https://doi.org/10.1021/cr010379n
https://doi.org/10.1088/0957-4484/21/10/105304
https://doi.org/10.1021/jp020581+
https://doi.org/10.1016/j.jphotochemrev.2012.01.001
https://doi.org/10.1146/annurev.fl.09.010177.001045
https://doi.org/10.3390/cancers3010802
https://doi.org/10.2147/IJN.S28830
https://doi.org/10.1021/nn304948h
https://doi.org/10.1016/j.nanoen.2021.106158
https://doi.org/10.1364/AOP.11.000577
https://doi.org/10.1021/nn301080a
https://www.nature.com/articles/nphoton.2013.192
https://www.nature.com/articles/s41467-020-16267-9
https://doi.org/10.1364/OE.26.006639


20 S. Hashimoto and T. Uwada

35. Metal particle manipulation by laser irradiation in borosilicate glass. Opt. Express 18, 20313–
20320 (2010). https://doi.org/10.1364/OE.18.020313

36. R. Sato, J. Henzie, S. Ishii, K. Takazawa, Y. Takeda, Plasmonic-induced self-assembly of
WGM cavities via laser cavitation. Opt. Express 28, 31923–31931 (2020). https://doi.org/10.
1364/OE.401662

37. E. Galanzha, R. Weingold, D. Nedosekin et al., Spaser as a biological probe. Nat. Commun. 8,
15528 (2017). https://doi.org/10.1038/ncomms15528

38. R. Xiong, K. Raemdonck, K. Peynshaert et al., Comparison of gold nanoparticle mediated
photoporation: Vapor nanobubbles outperform direct heating for delivering macromolecules
in live cells. ACS Nano 8, 6288–6296 (2014). https://doi.org/10.1021/nn5017742

39. E. Teirlinck, R. Xiong, T. Brans et al., Laser-induced vapour nanobubbles improve drug diffu-
sion and efficiency in bacterial biofilms. Nat. Commun. 9, 4518 (2018). https://www.nature.
com/articles/s41467-018-06884-w

40. C.J. Trout, J.A. Clapp, J.C. Griepenburg, Plasmonic carriers responsive to pulsed laser irradia-
tion: a review of mechanisms, design, and applications. New J. Chem. (2021). https://doi.org/
10.1039/D1NJ02062E

https://doi.org/10.1364/OE.18.020313
https://doi.org/10.1364/OE.401662
https://doi.org/10.1038/ncomms15528
https://doi.org/10.1021/nn5017742
https://www.nature.com/articles/s41467-018-06884-w
https://doi.org/10.1039/D1NJ02062E


Chapter 2
Metal and Alloy Nanoparticles Formed
by Laser-Induced Nucleation Method

Takahiro Nakamura

Abstract Tightly focused high-energy femtosecond pulsed laser can create an
intense optical field near the focal point. When this intense optical field is formed in
the aqueous solution, solvated electrons and radicals are generated by laser-induced
photochemical decomposition of water molecules. Due to the strong reducing power
of solvated electrons, metal ions in the solution are reduced to form nanoparticles
(NPs). In addition, sequential pulsed-laser irradiation causes fragmentation of the
formed NPs similar to a scheme of pulsed-laser ablation in liquid, in which the
surface of the NPs is negatively charged, resulting in a stable colloidal suspension
of NPs without the addition of dispersants. We named this laser-induced physico-
chemical NP synthesis method as laser-induced nucleation method. By utilizing this
technique, we have succeeded in fabricating not only various noble metal NPs but
also solid-solution alloy NPs, which are difficult to fabricate by conventional thermal
equilibriummethods due to their immiscible nature. The constituent elements in alloy
NPs are the uniformly distributed, and the elemental composition reflects the mixing
ratio of the ions in the solution. In this chapter, the reactions in the laser-induced NP
formation and some examples for metal and solid-solution alloy NPs produced by
the laser-induced nucleation method are introduced.

Keywords Femtosecond laser · Nanoparticles · Solid-solution alloy · Colloidal
suspension

2.1 Introduction

Laser processing, which is the application of laser light to materials science, has
expanded to not only heating and welding using laser light as a heat source, but
also cutting, drilling, surface modification, and marking using ablation reactions,
and particle and thin film formation using pulsed-laser ablation (PLA). In addition,
it is applying to additive manufacturing, such as powder-bed fusion [1] and laser
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cladding [2]. The laser processing using an unfocused beam needs that the laser
wavelength corresponds to absorption band of the material. Meanwhile, a focused
beam of high-energy pulsed laser allows to process materials that do not absorb the
laser beam by nonlinear optical effects near the focal point. In this case, the laser
light source can be selected according to physical properties of the target material
and content of the process, because the laser wavelength is free from the absorption
of the target material.

Most of laser processing is carried out under atmospheric conditions or in a
vacuum, and at the same time, it has recently been reported for a laser processing
that utilizes the unique reaction field of a solid material in liquid by irradiating it with
laser light. For example, in the pulsed-laser ablation in liquid (PLAL), a pulsed laser
beam is focused and irradiated on a solid material immersed or dispersed in a liquid
that is transparent to the laser beam. In the PLAL, the energy of the laser beam is
absorbed only by the solid material in the liquid, and the resulting ablation reaction
produces fine particles “smaller” than the raw material. The formation of various
metal nanoparticles (NPs) [3] and organic NPs [4] has been reported. In contrast,
in the pulsed-laser melting in liquid (PLML) method [5–8], the aggregates of NPs
dispersed in the liquid absorb the energy of the unfocused pulsed laser beam andmelt
and solidify to produce submicron spherical particles “larger” than the raw material.
The submicron spherical particles obtained by this method are relatively uniform in
size due to the fact that the average particle size is determined by the energy density
of the irradiated laser in relation to the absorption cross section for the laser beam
and the heat capacity of the particle [8]. In addition, they have a crystalline structure
despite their spherical shape. As described above, the laser processing is widely used
in both top-down and bottom-up methods. And in most cases, the laser processing
is used to change the shape of the material with maintaining its crystalline structure
and properties. Therefore, the laser fluence (energy density, J/cm2) is controlled to a
certain level in order to minimize the heat-affected zone (HAZ) as much as possible
in laser cutting and drilling, to suppress the generation of large particles called debris
or fragments in particle and thin film formation, or to prevent phase transformation
of materials.

On the other hand, with the markedly progress of ultrashort pulse laser tech-
nology, current laser is capable of forming unexplored ultra-dense energy fields
due to its high peak power characteristics. The irradiation of an ultrashort laser
pulse with a very short duration to the target material generates ultra-dense energy
field. It induces nonlinear and non-equilibrium reactions, which are different from
thermal equilibrium reactions of heat, photolysis, and ionization in conventional laser
processes.

We have studied the fabrication of metal and alloy NPs in the high energetic field
produced by focused femtosecond laser pulses which is named as “laser-induced
nucleation method”. In this chapter, we introduce the reactions in laser-induced
nucleation method and the fabrication of metal and solid-solution alloy NPs with
controlled compositions.
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2.2 Formation Mechanism of NPs by Laser-Induced
Nucleation Method

For the formation of metal NPs, the chemical reduction in liquid is widely used.
In the method, metal ions are reduced to zero-valent atoms by adding a reducing
agent into a solution containing various metal ions (nucleation), and the subsequent
ripening process (nuclear growth) is controlled by the reaction conditions such as
pH and temperature to produce NPs with the desired size and shape. In addition,
NPs are usually prepared by adding dispersants to the solution or by coexisting with
supporting materials, because NPs are active due to the large specific surface area,
and need to be stabilized by coating their surface with dispersants or by fixing them
to supporting materials.

On the other hand, it has been reported that Au NPs are formed through photo-
chemical reduction in the strong light field generated by focusing an ultrashort pulsed
laser beam into an aqueous solution containing gold ions [9–18]. Formation of Au
NPs in the laser-excited field in our study is introduced as an example [10]. Figure 12.
shows laser irradiation of an aqueous solution of gold ion (a) just after starting and
(b) after 15 min irradiation. An aqueous solution of tetrachloroauric (III) acid trihy-
drate (HAuCl4 · 3H2O) with a concentration of 2.5 × 10–4 mol dm−3 was held in a
synthetic fused silica cuvette. A femtosecond pulsed laser beam with a wavelength
of 800 nm, a pulse width of 100 fs, and an average pulse energy of 5.5 mJ was
tightly focused through an aspheric lens with a focal length of 8 mm and a numer-
ical aperture of 0.5 for a fixed period of time at a specified repetition rate. Bright
plasma was observed near the focal point by the laser irradiation, white light emis-
sion through the nonlinear optical effect was confirmed behind the focal point along
the direction of laser incidence, and oxygen and hydrogen gas were generated near
the focal point (Fig. 2.1a). These phenomena suggest the decomposition of water

Fig. 2.1 Laser irradiation of
an aqueous gold chloride
solution a just after starting
and b after 15 min irradiation
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molecules by a high-intensity field near the focal point. The aqueous solution, which
was colorless and transparent before laser irradiation, turned red after a certain period
of laser irradiation (Fig. 2.1b). The UV-visible absorption spectrum of the aqueous
solution after laser irradiation showed an absorption peak around 520 nm, which
was attributed to the localized surface plasmon resonance (SPR) of the Au NPs. The
particles formed in the solution were observed by transmission electron microscopy,
and it was confirmed that spherical Au NPs with an average diameter of less than
5 nm were formed.

The formation mechanism of the NPs is presumed to be based on the following
reaction [19–24],

H2O (nhv) → e− + H+ + OH (2.1)

e− → e−
aq (2.2)

H2O (nhv) → H· + OH· (2.3)

2OH· → H2O2 (2.4)

H· + H2O → H3O
+ + e−

aq (2.5)

M+ + e−
aq → M0 (2.6)

M0 → M0
2 → · · · → M0

n (2.7)

Nonlinear optical effects such as multiphoton absorption and avalanche photoion-
ization occur, and the energy of the laser light is absorbed by water molecules. In
the process, water molecules are decomposed (2.1), and solvated electrons (e−

aq),
hydrogen radicals (H·), and hydroxyl radicals (OH·) are produced (2.2 and 2.3). The
hydrogen radicals are consumed on the order of picoseconds (2.5) and are not consid-
ered to contribute to the reduction reaction [21].On the other hand, the redox potential
of solvated electrons is−2.77VSHE, and their lifetime in purewater is several hundred
nanoseconds [20]. Therefore, gold ions in aqueous solution are reduced by solvated
electrons to zero-valent gold atoms (2.6), which grow to form Au NPs (7). At the
same time, the hydroxyl radicals oxidize water to form hydrogen peroxide (2.4).
Formation mechanism of Au NPs by the laser-induced method has been intensively
studied by Tibbets group [14, 15]. According to their dedicated effort, size and size
distribution of Au NPs could be tuned by manipulating the nucleation and growth
rate by controlling solution pH and addition of hydroxyl radical scavengers.

The zeta potential of Au NPs prepared under specific conditions was −35 mV
(the pH of the aqueous solution is about 3.0), and dispersion state of formed colloidal
suspension was stable over several months without the addition of dispersants.
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Figure 2.2 shows (a) real-time UV-visible absorption spectra of the colloidal suspen-
sion of Au NPs and (b) variation of peak absorbance as a function of irradiation
period [25]. The absorption peak originated from SPR of Au NPs increased with
irradiation period (Fig. 2.2a), and when the repetition rate of the laser pulse was
100 Hz, the absorption peak reached its maximum in about 14 min (Fig. 2.2b). This
is thought to be due to the reduction of all the gold ions in the aqueous solution.

Figure 2.3 shows the UV-visible absorption spectra of the colloidal dispersions in
which the laser irradiation was stopped after 9 min, while the gold chloride ions in
the aqueous solution were being reduced, and the colloidal dispersions in which the
laser irradiation was continued for 20 min after all the gold ions in the solution were
reduced. In the colloidal suspension of AuNPs prepared with a short laser irradiation

Fig. 2.2 a Real-time UV-visible absorption spectra of the colloidal suspension of Au NPs and b
variation of peak absorbance as a function of irradiation period. Reproduced fromRef. [25] under the
terms of the CC-BY 4.0 license. Copyright: (2022) The Authors, published by Hosokawa Powder
Technology Foundation

Fig. 2.3 Time evolution of colloidal suspensions of Au NPs prepared by a 9 min and b 20 min
laser irradiation
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time (9 min) (Fig. 2.3a), the autocatalytic reaction of the Au NPs formed by the
laser irradiation reduced the remaining gold ions in the aqueous solution, causing
crystal growth of the formed Au NPs and subsequent aggregation and precipitation.
Therefore, the dispersion state of the colloidal suspension was not sustained. On
the other hand, in the colloidal Au NPs dispersion (20 min, Fig. 2.3b), which was
continuously irradiated even after all the gold chloride ions had been reduced, there
was no change in the color and absorption spectrum of the colloidal suspension after
one month. This is thought to be due to the fragmentation of the formed NPs by
sequential laser irradiation, in a scheme similar to pulsed-laser ablation in liquid
(PLAL), and Au NPs are stabilized by bonding with oxygen [26]. According to the
study on Au NPs formation by PLAL, the surface state of Au NPs depends on the pH
of the solution and is reported to be Au-O− at pH > 5.8 and Au-OH at pH < 5.8. The
pH of the colloidal suspension of AuNPs prepared by themethod was approximately
3.0, so the surface structure of the Au NPs was assumed to be Au-OH. The Au NPs
prepared in this way can be fixed simply by dropping a colloidal suspension onto
a substrate, and it is easy to form composite materials in combination with various
carriers while maintaining the excellent surface properties of the NPs. By using this
technique, platinum (Pt) [27] and silver (Ag) NPs [28] can be also fabricated.

2.3 Formation of Solid-Solution Alloy Nanoparticles
from Mixed Solutions by Laser-Induced Nucleation
Method

In the laser-induced nucleation method, since the target of laser irradiation is an
aqueous solution, it is easy to form alloy NPs by laser irradiation of aqueous solu-
tions containing multiple metallic ions. As mentioned above, we have successfully
prepared colloidal suspension of Au and Ag NPs by the method. The synthesis of
these NPs involved aqueous solutions prepared by dissolving gold (III) chloride
trihydrate (HAuCl4·3H2O) or silver (I) nitrate (AgNO3, both from Fujifilm Wako
Pure Chemicals) in ultrapure water (18.2 M�, arium® pro UV, Sartorius). When
these solutions were mixed, silver chloride (AgCl) insoluble in water was produced
above a certain ionic concentration. Therefore, to prepare a mixed aqueous solution,
we separately prepared each aqueous solution of metal ions with a concentration of
2.5 × 10–4 mol dm−3, added 0.1 vol% ammonia water to them, and then mixed them
with desired molar concentration of metal ions in each prepared aqueous solution
to suppress the formation of silver chloride. Figure 2.4 shows the colloidal suspen-
sion of NPs prepared by laser irradiation of mixed aqueous solutions of Au and Ag
ions with different mixing ratios and corresponding UV-visible absorption spectra of
the colloidal suspensions. The aqueous solutions before laser irradiation were color-
less and transparent in all cases, but the colloidal suspensions after laser irradiation
showed a systematic change from yellow to reddish purple depending on the mixing
ratio of metallic ions (Fig. 2.4a). The absorption spectra of the colloidal suspensions
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Fig. 2.4 a Colloidal
suspensions prepared by
laser irradiation of mixed
aqueous solutions of Au and
Ag ions with different
mixing ratios, b
corresponding UV-visible
absorption spectra

of Ag and Au NPs showed absorption peaks of SPR near 400 and 520 nm, respec-
tively, while those shifted to the longer wavelength side as the molar ratio of gold
ions in the mixture increased (Fig. 2.4b). The absorption peak positions in the spectra
as a function of the molar ratio of Au in the aqueous solutions are shown in Fig. 2.5.
The absorption peak position in the absorption spectrum showed a proportional rela-
tionship to the molar ratio of Au in the aqueous solution, suggesting the formation of
composition-controlled Au-Ag alloy NPs by laser irradiation of mixture solutions.

Fig. 2.5 Relationship
between SPR peak positions
in the absorption spectra and
the molar ratio of Au in the
mixed aqueous solutions
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Fig. 2.6 Relationshipbetween aX-raydiffractionpatterns of alloyNPspreparedby laser irradiation
of mixed aqueous solutions of Rh and Pd ions and b lattice constants determined from X-ray peak
positions and the molar ratio of Pd in the mixed aqueous solutions

Since Au and Ag have redox potentials of +0.93 VSHE and +0.7996 VSHE, respec-
tively, co-reduction with a relatively strong reducing agent is necessary to produce
Au-Ag alloy NPs by chemical reduction. The formation of Au-Ag alloy NPs in the
laser-induced nucleation method can be attributed to the high reducing power of the
hydrated electrons described above.

While Au-Ag binary alloys are considered to be easy to form in terms of thermal
energy because they form solid-solution alloy in bulk, the laser-induced nucleation
method can also produce non-equilibrium alloy NPs which are difficult to fabri-
cate by conventional methods [29–34]. As an example, we show the formation of
rhodium (Rh)–palladium (Pd) binary alloy NPs. Rhodium (III) chloride trihydrate
(RhCl3·3H2O) and palladium (II) chloride (PdCl2, both from Fujifilm Wako Pure
Chemicals) were dissolved in extra pure water to prepare aqueous solutions with a
concentration of 2.5 × 10–4 mol dm−3. The laser irradiation was performed on the
mixed aqueous solutions. Figure 2.6 shows the results of X-ray diffraction measure-
ments of the fabricated NPs and the relationship between the molar ratio of Pd in the
solution and the interplanar spacings determined from the peak positions. The X-ray
diffraction peak exhibited a singleGaussian pattern characteristic of the face-centered
cubic structure, and the peak positions were systematically shifted according to the
metal ion mixing ratio in the aqueous solution. The interplanar spacings of the NPs
calculated from the positions of the X-ray diffraction peaks and the mixing ratio of
metallic ion in the aqueous solution were proportional according to the Vegard’s law,
indicating the formation of Rh-Pd alloy NPs with a tunable composition. In addi-
tion, elemental mapping of the alloy NPs obtained by scanning transmission electron
microscopy–energy dispersive X-ray analysis (STEM–EDS) (Fig. 2.7) showed that
rhodium and palladium are uniformly distributed in the particles, confirming the
formation of solid-solution alloy NPs. Because of the wide immiscibility gap in the
Rh-Pd binary phase diagram, solid-solution alloy NPs are difficult to fabricate in
thermal equilibrium. The laser-induced nucleation method allows the co-reduction
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Fig. 2.7 STEM-EDS mappings of alloy NPs prepared by laser irradiation of Rh and Pd mixed
aqueous solutions. a HAADF-STEM image, two-dimensional mapping image of b Rh and c Pd,
and d superimposed two-dimensional image of Rh and Pd

of multiple ions by radicals with strong reducing power. In addition, it also induces
the non-equilibrium reactions, where the reduction occurs repeatedly in a very short
time during the radical lifetime formed by each irradiated laser pulse. As the result
of this, an alloy structure was formed before the atoms diffuse in thermal equilib-
rium condition. This is different from conventional chemical reduction or reduction
by radicals caused by continuous high-energy irradiation such as electron beams or
gamma rays.

2.4 Summary

In this chapter, we report on the fabrication of multigrid all-solid-solution alloy
NPs by a laser-induced nucleation method using an intense reaction field created by
ultrashort laser pulses and the reaction field as a novel physicochemical nanoparticle
synthesis method. The works showed that this method enables us to control the
composition of alloys with combinations that are normally difficult to fabricate in
the full rate solid-solution state. We are currently working on the construction of a
mass synthesis system and the preparation of surface-modified nanoparticle colloids,
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which are stable in water and modified with desired modifiers, for a wide range of
applications of the prepared NPs.
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Chapter 3
Laser-Induced Particle Formation: Its
Applications to Precious Metal Recovery
from Spent Nuclear Fuel
and Fundamental Studies

Morihisa Saeki

Abstract Separation of precious metals (PMs) from industrial waste is a crucial
technique, because they are used in industrial materials and for decorations. Over
the past decade, we have developed the technique of PM separation using laser-
induced particle formation (LIPF), where PMn+ ions in waste solutions are selec-
tively converted into PM nanoparticles by nanosecond pulsed UV laser irradiation.
Since LIPF separates PMs via the laser irradiation and is a contactless method, it
offers PM recovery from toxic and radioactive waste solutions. Thus, we show that
LIPF can be used for PM recovery from the solution of spent nuclear fuel (SNF),
which contains more than 20 types of metals and radioactive actinides. Moreover,
fundamental studies on the LIPF mechanism suggest that the multiphoton absorp-
tion of the intense pulsed light by the PMn+ ion promotes the autocatalytic growth of
PM nanoparticles. This phenomenon is a characteristic of high-energy processing.
In this chapter, the basic principles, background, and applications of LIPF-based PM
separation, as well as fundamental studies on LIPF process, are introduced.

Keywords Laser-induced particle formation · LIPF-based separation · Precious
metals · Nanosecond pulsed laser · Autocatalytic growth · Multi-photon process

3.1 Introduction

Preciousmetals (PMs) are raremetals with a high economic value, such as gold (Au),
silver (Ag), palladium (Pd), platinum (Pt), rhodium (Rh), iridium (Ir), ruthenium
(Ru), and osmium (Os). They possess a high melting temperature, high corrosion
resistance, and excellent mechanical properties. Thus, pure PMs and their alloys are
used in many industrial materials, such as exhaust gas catalysts, electronic compo-
nents, crucibles, and so on [1, 2]. In addition, Au, Ag, Pt, Pd, and their alloys are
valuable for decoration. Despite the large demand for PMs, their world production
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is limited (25,000 tons of Ag, 3,200 tons of Au, 210 tons of Pd, and 170 tons of Pt in
2020) [3]. In addition, the supply and price of PMs can be easily influenced as their
production is restricted to certain countries.

Therefore, recycling from industrial waste is essential for a stable PM supply.
Wet separation methods have been developed for PM recovery, such as electrolytic
reduction, ion exchange, solvent extraction, and precipitation [1, 2, 4]. The separa-
tion methods are generally selected depending on the PMn+ ion concentration [1].
Although the existing separation techniques enable us to effectively separate PMs
from industrial waste, the electrolytic reduction and the ion exchange have a tech-
nical difficulty in the recovery of PMs, which is strongly adsorbed on electrode metal
plates and ion-exchange resins in the separation. Moreover, because the waste solu-
tion is harmful to the human body, the existing separation techniques pose health
risks for the operators.

To separate PMs from toxic and radioactive waste solutions, we have developed
PM separation based on laser-induced particle formation (LIPF) process over the
past decade [5–12]. In LIPF-based PM separation, PM ions are separated fromwaste
solutions in the formofPMnanoparticles,which are generatedbyUVlaser irradiation
(a detailed explanation is presented in Sect. 3.2). In particular, LIPF-based separation
is advantageous in PM recovery from toxic and radioactive waste solutions, because
it separates PMs through a contactless process without any separation substance
(electrode plates and ion-exchange resins) and reduces health risks to the operators.

Prior to our studies on the applications and fundamentals of LIPF-based PM
separation, LIPF had beenmainly considered for the preparation of PMnanoparticles
[13, 14] rather than PM recovery, whereas the LIPFmechanism had been overlooked.
However, LIPF can be used for the separation of even a single PM from more than
20 types of metals [7]. Moreover, fundamental study on the LIPF process shows that
the reaction rate is promoted by multiphoton absorption of the intense pulsed light
by the PMn+ ion [9], which is characteristic of high-energy processing. This chapter
introduces the basic principles (Sect. 3.2), background (Sect. 3.3), and applications
of LIPF-based PM separation (Sect. 3.4) and the fundamentals of the LIPF process
in a Pd solution (Sect. 3.5).

3.2 Basic Principles of LIPF-Based PM Separation

Figure 3.1a illustrates the concept of LIPF-based PM separation from a solution
of spent nuclear fuel (SNF), which is discharged from nuclear power plants, as an
example of industrial wastewater. The application of LIPF-based PM separation from
an SNF solution is described in Sect. 3.4.3. SNF contains PMs (Pd, Rh, and Ru) along
with actinides (Ac), lanthanides (Ln), molybdenum (Mo), and zirconium (Zr) [15].
PMn+ ions in the SNF solution are complexed with counterpart anions (NO3

–, Cl–,
and so on) and H2O. PMn+ ion complexes possess charge transfer (CT) bands in the
UV region, and their optical excitation results in electron transfer from the complex
ligand to the PMn+ ion.
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Fig. 3.1 aConcept of LIPF-based PMseparation.bOptical excitations ofCTbands by theUV laser
and the UV lamp. Adapted from Ref. [12] with permission from The Japan Society for Analytical
Chemistry (Copyright 2018)

The LIPF process involves the reaction mechanism as follows [6, 12]: The irra-
diation of the UV laser to the SNF solution, where alcohol is added as a reduction
aid, generates an electronically excited PMn+ ion, (PMn+)*:

PMn+ + hν → (
PMn+)∗

(3.1)

The (PMn+)* ion reacts with the alcohol, reducing it to the PM0 neutral by

(
PMn+)∗ + n

2
RCH2OH → PM0 + n

2
RCHO + nH+ (3.2)

while the alcohol is oxidized into aldehydes. The generated PM0 neutrals form PM
nanoparticles by spontaneous aggregation,

kPM0 → (
PM0

)
k, (3.3)

due to the lack of repulsion forces between the ions. When the (PM0)k nanoparticles
grow up to a given size, which is assumed to be below a few nanometers, they
commence to behave as catalysts. The PM nanocatalysts promote the photoreduction
of the PMn+ ion by repeating the reaction:

(
PM0

)
m + PMn+ + n

2
RCH2OH + hν → (

PM0
)
m+1 + n

2
RCHO + nH+. (3.4)

This reduction process (Eq. 3.4) is called autocatalytic growth, the kinetics of
which has been analyzed based on the reaction models proposed by Finke et al.
[16–18]. Autocatalytic growth plays a significant role in the formation of PM
nanoparticles, as described in Sect. 3.5.2.
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While the absorption of the UV photon by PMn+ leads to the formation of PM
nanoparticles, the irradiation of the UV laser to the coexisting Mk+ ions (M = Ac,
Ln, Mo, Zr) hardly result in the formation of nanoparticles, because most Mk+ ions
do not absorb UV photons due to the absence of the CT band in the UV region.
Although some Mk+ ion complexes have CT bands in the UV region, they are not
reduced to M0 neutrals due to the large potential barrier in the reduction path. For
these reasons, PMs are separated from coexisting metals in the form of nanoparticles
and recovered by filtration and centrifugation. Notably, PM recovery from the SNF
solution is used as an example, and the LIPF-based PM separation can be applied to
other waste solutions, such as a plating solution.

LIPF-based PM separation is often performed by the irradiation of the UV laser
to the waste solution, whereas the UV lamp is also available in LIPF-based PM sepa-
ration [19]. Figure 3.1b presents the comparison of UV laser and lamp irradiations
to a mixture of PMn+ and Mk+ ions, where the CT bands of ion complexes energeti-
cally neighbor each other. UV laser irradiation is preferable to lamp irradiation in the
selective photo excitation of the PMn+ ion, because the UV laser generates a narrow-
wavelength light. Here, the laser wavelength is adjusted to the CT band wavelength
of the PMn+ ion complex, in order to enhance the photoexcitation efficiency by the
UV laser irradiation. Contrarily, the UV lamp emits a broad-wavelength light, the
irradiation of which excites the CT bands of ion complexes in a wide-wavelength
region. Thus, the irradiation of the UV lamp leads to the simultaneous excitation of
the CT bands of PMn+ and Mk+ ions. The simultaneous excitation of both ions may
decrease LIPF-based PM separation efficiency. The UV laser is more appropriate as
a UV light source than the UV lamp for LIPF-based PM separation.

3.3 Background of LIPF-Based PM Separation

LIPF is used for not only metal separation but also nanoparticle preparation. Several
reviews have already summarized the applications of LIPF to PM nanoparticle
formation [13, 14]. Here, we focus on LIPF-based PM separation.

The application of laser-induced reduction (Eqs. 3.1 and 3.2) to metal separation
was first reported by Donohue in the 1970s. He applied laser-induced reduction to
metal separation in a dilute H2SO4 solution containing Fe3+ and Co3+ ion complexes
[20]. By irradiating a nitrogen laser (337 nm) or Ar ion lasers (351–515 nm) to the
sample solution, the CT bands of Fe3+ and Co3+ ion complexes were excited. The
photoexcited Fe3+ and Co3+ ions were easily reduced to Fe2+ and Co2+ ions due to
the largely positive standard electrode potential (E°) values of Fe3+ + e– → Fe2+

(0.77 eV) and Co3+ + e– → Co2+ (1.9 eV) [21]. Meanwhile, UV laser irradiation
failed to reduce Fe2+ and Co2+ ions to Fe0 and Co0 neutrals due to the large potential
barrier in the reduction path, although the detailed mechanism has remained unclear.
Therefore, the reduction of Fe3+ and Co3+ ions stops with the formation of Fe2+

and Co2+. This situation is different from the laser-induced reduction of PMn+ ions,
where PMn+ ions are reduced into PM0 neutrals. In this report, Fe2+ and Co2+ ions
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were recovered by the precipitation reaction:

2
[
MIII

(
C2O

2−
4

)
3

]3− + hν → 2
[
MII(C2O4)

] ↓ + 3C2O
2−
4 + 2CO2 (M = Fe and Co) .

(3.5)

Here, oxalate ion (C2O4
2–) was added in the sample solution as a complex ligand.

FeII(C2O4) andCoII(C2O4) precipitates were recovered via centrifugation. Figure 3.2
presents the dependence of the separation factor β, whichwas themolar concentration
ratio of Fe to Co in the precipitations, on the laser wavelength. The β values of the
lower curve were less than 1 in the entire wavelength range because the Co3+ ion is
more reduced than the Fe3+ ion due to the larger E° of Co3+ + e– → Co2+. The β

value is maximized around 355 nm. It indicates that the separation efficiency can be
optimized by adjusting the irradiation laser wavelength.

Donohue further applied laser-induced reduction to an H2O/alcohol solution
containing Lnk+ ions and demonstrated the successful separation of Eu [22] and
Ce [23] from other Ln species. Nakashima et al. also reported the laser-induced
reduction of Lnk+ ions, such as Eu3+ [24–26], Sm3+ [27, 28], and Yb3+ [29]. One of
their research aims was to apply laser-induced reduction to the separation of Ln and
Acmetals from high-level wastes [24]. The most distinguished point of Nakashima’s
works was the demonstration of a resonant two-photon reduction in Lnk+ ions using
femtosecond-, picosecond-, and nanosecond-pulsed lasers. Figure 3.3 summarizes
the photoreduction schemes of the CT band by one-photon and two-photon processes

Fig. 3.2 Dependence of the
separation factor β on the
irradiation laser wavelength
using laser-induced
reduction (lower curve). The
upper and center curves are
the β values estimated based
on the absorption coefficient
and quantum yields for the
reduction (Eq. 3.5). Adapted
from Ref. [20], Copyright
1977, with permission from
Elsevier
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Fig. 3.3 Photoreduction schemes of the CT band by one-photon and two-photon processes
employed in Eu [22, 24–26], Sm [27, 28], and Yb [29] by Donohue and Nakashima

employed in Donohue and Nakashima’s works. Lnk+ ions have sharp absorption
bands in the UV–Vis–IR regions, which are attributed to 4f–4f transitions. The exci-
tation of the CT band by two-photon reduction via 4f–4f transitions reduces Lnk+

ions with high selectivity because 4f–4f transition energies depend on the lanthanide
ion type (394 nm in Eu3+, 403 nm in Sm3+, and 976 nm in Yb3+). Based on the
scheme in Fig. 3.3, Nakashima has successfully reduced Eu3+, Sm3+, and Yb3+ ions
to Eu2+, Sm2+, and Yb2+ ions, respectively. Donohue’s and Nakashima’s works gave
fundamental idea about the metal recovery using the laser-induced reduction, though
strictly speaking they were not the LIPF process.

Donohue has demonstrated that laser irradiation reduces Ln3+ ions into Ln2+ ions,
which are recovered as compounds involvingC2O4

2– and SO4
2– [22, 23]. Conversely,

Ln3+ ions are not recovered by laser irradiation in the HNO3 and HCl solutions.
Moreover, the LIPF studies of PMs have shown that UV laser irradiation to PMn+ ions
generates PM nanoparticles in the HNO3 and HCl solutions containing the alcohol
[13, 14]. These results motivated us to apply LIPF-based PM separation to a mixture
of PMn+ and Lnk+ ions. The separation of PMn+ from Lnk+ was first demonstrated
by Song et al. in 2001 [30]. In their work, a nanosecond-pulsed 355-nm laser was
irradiated to an H2O/EtOH solution involving PdCl2 and DyCl3 for 4 h. Figure 3.4
presents the change in the transmission spectra before and after laser irradiation. It
shows that the transmittance of the Pd2+ ion increases with the precipitation of Pd
particles generated by LIPF, whereas the transmittance of the Dy3+ ion remained the
same during laser irradiation. This result indicated that the Pdmetal was successfully
separated from Dy via LIPF-based PM separation.

Before we introduced LIPF-based PM separation in 2012 [5], the LIPF research
had been stagnant because of the lack of appropriate applications and insights into the



3 Laser-Induced Particle Formation … 39

Fig. 3.4 Transmission spectra of the PdCl2 and DyCl3 mixture in the H2O/EtOH solution: a before
laser irradiation and b after laser irradiation for 4 h. Reprinted from Ref. [30], Copyright 2001, with
permission from Elsevier

LIPF mechanism. As suggested by Song [30], LIPF-based separation is an adequate
technique for PM recovery from the SNF, which contains a few kilograms of Pd,
Rh, and Ru in 1-ton SNF (Fig. 3.5). However, there was no report on the LIPF-
based PM separation from a real SNF solution. We firstly investigated the recovery
efficiency of Pd, Rh, andRu in the LIPF-based PMseparation from amixture solution
with Ln [5]. Then, the experimental parameters to maximize the recovery efficiency
were investigated in the LIPF-based PM separation of Pd from a simulated solution
containing 14 metals (Rb, Sr, Zr, Mo, Ru, Rh, Pd, Cs, Ba, La, Ce, Pr, Nd, and Sm)
[8]. Finally, using the optimized parameters in the 14-metal solution, we verified the
applicability ofLIPF-basedPMseparation toPd recovery froma real SNF solution [7,

Fig. 3.5 Weights of the
fission products other than
actinides in 1 ton of SNF.
The graph was made based
on Table data in Ref. [15]
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10]. Moreover, in the development of LIPF-based PM separation, we found that size
of the metal particle generated by LIPF depends on the laser irradiation conditions
[6]. To reveal the relationship between the laser irradiation conditions and particle
size, the LIPF mechanism was studied by in situ time-resolved X-ray absorption
spectroscopy (XAS) [9]. The details of these studies are described in the following
sections.

3.4 Application of LIPF-Based PM Separation to SNF
Solution

3.4.1 LIPF-Based Separation of Pd, Rh, and Ru
from a Mixture Solution with Nd

Although Song et al. showed the LIPF-based separation of Pd from Ln based on
the transmission increase in the Pd2+ absorption band [30], they did not quantita-
tively analyze the recovery efficiency of the Pd metal. In addition, LIPF-based PM
separation had not been applied to Rh and Ru metals. We investigated the LIPF-
based separation of Pd, Rh, and Ru from Nd, which are abundantly included in SNF
(Fig. 3.5) [5].

The sample solution was prepared by dissolving PdCl2, RhCl3, RuCl3, and NdCl3
solids in an H2O/EtOH solution (v/v = 1/1). The fourth harmonic of an Nd:YAG
laser (266 nm) was employed as the UV light source because the 266-nm photon is
absorbed by the Pd2+, Rh3+, and Ru3+ ions but not by the Nd3+ ion (Fig. 3.6). The
266-nm pulsed laser (intensity, 20 mJ/pulse) was irradiated to the sample solution
containing Pd2+, Rh3+, Ru3+, and Nd3+ (0.5 mM each) for 40 min. The PM particles
were recovered using a 0.2 μm filter.

Fig. 3.6 Examples of
UV–Vis absorption spectra
of the H2O/EtOH solutions
of PdCl2, RhCl3, RuCl3, and
NdCl3. Note that spectral
shapes are changed by the
addition of the Cl– ion. In
this condition, some Ru3+

ions may exist as RuCl3
particles with low solubility
in the solution
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Fig. 3.7 a Photographs of sample solutions during laser irradiation. b UV–Vis spectrum of the
sample solution before and after LIPF. c TEM image of the recovered PM particles. Adapted from
Ref. [5]

Figure 3.7a presents the photographs of sample solutions during laser irradiation.
The color of the sample solution was light brown at 0 min, changed to gray at 7 min,
and then became transparent at 30 min because of the precipitation of the generated
PM particles. Figure 3.7b presents the UV–Vis spectrum of the sample solution
before and after LIPF. It shows the disappearance of the CT band of the Pd2+, Rh3+,
and Ru3+ mixture after LIPF-based separation. Figure 3.7c shows a scanning electron
microscope (SEM) image of the recovered PM particles, which were spherical with
a size of 0.1–0.5 μm.

To determine the recovery efficiency, we measured the concentration of metal
ions in the original and filtrate solutions, [M]orig and [M]fil, via inductively coupled
plasma atomic emission spectroscopy (ICP-AES). The recovery efficiencies of Pd,
Rh, Ru, and Nd were determined using the following equation:

Recovery (%) = [M]orig − [M]fil
[M]orig

. (3.6)
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The ICP-AES measurement determined that the recovery efficiency was 100% for
Pd, 99% for Rh, 69% for Ru, and <1% for Nd. Here, we note the possibility that
some Ru samples may have been recovered as the RhCl3 compound, which had low
solubility in the solution. Based on the recovery efficiencies, we concluded that the
LIPF method separated the Rh and Ru metals as well as the Pd from the Ln metals
[5].

3.4.2 Recovery of Pd from a Simulated SNF Solution
Containing 14 Metals

SNF contains artificial radioactive nuclides with long half-life periods, such as 90Sr,
99Tc, 107Pd, and 137Cs [15, 31]. The abundance ratio of artificial radioactive nuclides
in SNF is a fingerprint of the nuclear power plant because it depends on the burnup
and operating time of the reactor. The 107Pd nuclide, the half-life of which is 6.5
million years, is one of the artificial radioactive nuclides used to track the source of
SNF [7, 10, 31]. The abundance ratio of 107Pd against stable Pd isotopes (104Pd, 105Pd,
106Pd, 108Pd, and 110Pd) is essential for the safety assessment of the environmental
radioactivity of SNF.

When the artificial radioactive nuclides emit γ rays, they can be easily identified
and quantified by γ-ray spectrometry. However, the 107Pd isotope is difficult to be
quantified via γ-ray spectrometry as it scarcely emits γ rays duringβ decay [7, 31]. In
this case, ICPmass spectrometry (ICP-MS) is appropriate for the quantitative analysis
of 107Pd. The ICP-MS analysis of 107Pd in SNF needs pretreatment, in which the Pd
metal is separated from dozens of metals to avoid spectral interference in the mass
spectrum.The pretreatment should be performedby a rapid and contactless operation,
because the operator is exposed to radiation during the separation. To develop a safe
operation for SNF pretreatment, we investigated the LIPF-based separation of Pd
from the simulated SNF solution [8].

The recovery efficiency in LIPF-based PM separation depends on the EtOH
concentration in the sample solution (H2O/EtOH mixture), laser irradiation time,
and laser irradiation intensity. The parameters should be adjusted for the effective
separation of Pd from SNF. First, we optimized these parameters to maximize the
recovery efficiency (Eq. 3.6) of Pd from a simulated SNF solution, which contained
14 nonradioactive metals (Rb, Sr, Zr, Mo, Ru, Rh, Pd, Cs, Ba, La, Ce, Pr, Nd, and
Sm). The concentrations of the metal ions were determined based on the database of
the real SNF [15]. LIPFwas performed by irradiating the nanosecond-pulsed 355-nm
laser to the HNO3 solution of the 14 metals containing EtOH.

Figure 3.8a demonstrates the dependence of Pd recovery on the EtOH concentra-
tion in the region of 0–50 v/v% (EtOH/H2O+EtOH). The Pd recovery, which was
0% in the absence of EtOH (0 v/v%), increased from 1 to 40 v/v% and decreased
beyond 40 v/v%. The addition of EtOH not only aids in the reduction of the Pd2+

ion but also stabilizes the Pd2+ ion by solvation. The balance between the former
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Fig. 3.8 a Dependence of Pd recovery on ethanol concentration, b irradiation time, and c pulse
energy. d Recovery of 14 elements by LIPF-based PM separation using optimized parameters.
Reprinted and adapted from Ref. [8] with permission from The Japan Society for Analytical
Chemistry (Copyright 2017)

and latter effects is assumed to determine the optimum EtOH concentration in LIPF-
based PM separation. Figures 3.8b and c present the dependence of the recovery
efficiency of Pd on the laser irradiation time and the laser pluse energy in 40 v/v%
EtOH. The Pd recovery increased with the irradiation time and remained constant
after 20 min of laser irradiation. The Pd recovery showed a positive correlation with
the laser intensity in the region of 0–50 mJ/pulse and no dependence beyond a laser
intensity of 50 mJ/pulse. We applied the optimum parameters (EtOH concentration,
40 v/v%; irradiation time, 20 min; and intensity, 100 mJ/pulse) to Pd separation and
recovered ~60% of Pd while reducing the percentage of other 13 metals to below
1%, as presented in Fig. 3.8d.

3.4.3 Recovery of Pd from Real SNF Solution

In the next step, LIPF-based separation was applied to Pd recovery from the real SNF
solution using the parameters determined from the simulated solution [7]. The SNF
solution was prepared by dissolving a single fuel pellet in the HNO3 solution. The
fuel pellet was irradiated in a Japanese pressurized water reactor with a burnup of
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44.9 GWd/t and a cooling period of 10,257 days. Figure 3.9 presents the procedure
of LIPF-based separation for the ICP-MS analysis of 107Pd. Sample solutions were
prepared by adding natural Pd samples (comparison standard) to SNF solutions and
adjusting the HNO3 concentration to 0.5 M and the EtOH concentration to 40 v/v%.
LIPF-based separation was performed by irradiating the nanosecond-pulsed 355-nm
laser (intensity, 100 mJ/pulse) to the sample solutions for 20 min. The Pd particles
generated by LIPF were recovered using a 0.1 μm filter.

Table 3.1 lists the recoveries for each component in Pd precipitates obtained from
two sample solutions. In both sample solutions, LIPF-based separation successfully
recovered Pd with an efficiency of ~90% while suppressing the contamination of Ac
to an undetectable level and that of Ln to below 0.1%.

Fig. 3.9 Procedure of LIPF-based PM separation for the ICP-MS analysis of 107Pd. Reprinted
with permission from Ref. [7] (Copyright 2016 American Chemical Society)

Table. 3.1 Recoveries (%) for each component in Pd precipitates obtained from two SNF solutions.

Element SP–1 SP–2 Element SP–1 SP–2

PM Others

Pd 91.4 ± 0.5 88.0 ± 0.5 Rb 0.07 0.21

Ru 0.03 0.04 Sr 0.26 0.32

Rh 0.05 0.29 Zr 0.02 0.03

Ln Mo <0.01 0.02

La 0.05 0.07 Tc 0.45 1.02

Ce 0.08 0.10 Cs 0.03 0.02

Pr 0.05 0.07 Ba 0.10 0.07

Nd 0.03 0.04

Sm <0.01 0.01

Ac

U <0.01 <0.01

Np <0.01 <0.01

Pu <0.01 <0.01

Am <0.01 <0.01

Cm <0.01 <0.01

Reprinted with permission from Ref. [7] (Copyright 2016 American Chemical Society)
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Finally, the ratio of the 107Pd isotope to the 238U isotope in the SNF solution was
determined by the ICP-MSmeasurement of the acid solution involving the recovered
Pd particles. The ICP-MS measurement elucidated that the SNF solution contains
239 ± 9 ng of 107Pd per 1 mg of 238U. This is the first report on the quantitative
analysis of 107Pd in SNF [7].

3.5 Fundamentals of the LIPF Process in a Pd Solution

3.5.1 Dependence of LIPF Efficiency on Laser Pulse
Conditions

As described in Sect. 3.4.2, the laser irradiation time and laser intensity are important
parameters in the LIPF process. Previous works on LIPF-based PM separation had
used pulsed laser as a UV light source [5–8, 30]. In the pulsed laser, the pulse
conditions (pulse repetition rate and pulse fluence) may be important parameters
other than the irradiation time and intensity, although their contribution to the LIPF
process was not investigated until recently. The pulsed laser stores the flashlamp
energy in the optical cavity by activating a variable attenuator (Q-switch) and can
change the pulse repetition rate by controlling the Q-switch. By using a Q-switched
device, we compared the recovery efficiencies in LIPF-based PM separation at low
and high repetition rates. The averaged irradiation fluences were made the same by
increasing pulse fluences for the low repetition rate and decreasing pulse fluences for
the high repetition rate (averaged fluence= pulse repetition rate× pulse fluence).We
investigated the metal recovery efficiency and the recovered particle size in changing
the pulse repetition rate and the pulse fluence under constant averaged fluence and
discussed the influence of them on the LIPF process [6].

A 0.5-M HNO3 solution of 5-mM PdIICl2 and 20-mM Na2MoVIO4 containing
1-v/v% EtOH was prepared and used as the sample solution. It is regarded as a
simple simulated solution of SNF because the Pd and Mo metals are abundantly
contained in SNF (Fig. 3.5). LIPF-based PM separation was performed by the irradi-
ation of nanosecond-pulsed 355-nm lasers with a low repetition rate and high fluence
(10 Hz and 64 mJ/cm2) and with a high repetition rate and low fluence (30 kHz and
22 μJ/cm2). The averaged irradiation fluence was set to 0.64 W/cm2 in both laser
irradiation scenarios. The generated Pd particles were recovered using a 0.2μmfilter.

Figure 3.10a presents the temporal changes in the Pd and Mo concentrations
during the laser irradiations with the low (10 Hz) and high (30 kHz) repetition rates.
Both irradiations showed that the recovery efficiencies of Pd increased immediately
after the laser irradiation and became constant after 15 min, whereas the recovery
efficiencies ofMo remained at 0% for 20min. These results indicate that the Pdmetal
was successfully separated fromMo using the LIPFmethod. Further, the Pd recovery
after the laser irradiation for 20 min was 84% for the 10 Hz repetition rate and 72%
for the 30-kHz repetition rate. This result indicates that the recovery efficiency in
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Fig. 3.10 a Temporal
changes in the Pd and Mo
recovery efficiencies at 10
and 30 kHz repetition rates. b
TEM images of Pd particles
recovered after irradiation at
10 and 30 kHz repetition
rates. Adapted from Ref.
[6], Copyright 2014, with
permission from Elsevier

LIPF is influenced by the pulse repetition rate and fluence in the presence of the same
input energy.

To find the reason why the recovery efficiency changed depending on the pulse
repetition rate and fluence, we observed the shape of the recovered Pd particles
using a transmission electron microscope (TEM). As presented in Fig. 3.10b, the
TEM images showed the formation of submicron particles (0.1–0.5 μm) in the LIPF
using the 10-Hz laser and the formation of only nanoparticles (<10 nm) using the
30-kHz laser. The submicron particles were not observed in the TEM images in the
30 kHz laser. In the recovery, a 0.2 μm filter caught the submicron particles and the
nanoparticle aggregates, while it missed the isolated nanoparticles. We concluded
that the laser pulse conditions (pulse repetition rate and fluence) drastically change
size of the particles generated by the LIPF, and that the formation of submicron Pd
particle in the 10-Hz laser contributes to increase of the recovery efficiency [6].

3.5.2 LIPF Process in Pd Solution Using in Situ
Time-Resolved XAS

As described in Sect. 3.2, the LIPF process involves a series of elementary reactions
(Eqs. 3.1–3.4), which was constructed by the analogy with the lamp-induced particle
formation in the presence of a photoactivator (PA) [32, 33]. In the lamp-induced
particle formation, the PMn+ ion is reduced by a photoexcited photoactivator (PA)*
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Fig. 3.11 Experimental setup for the dispersive XAFS measurements of LIPF in the Pd solution

or a photoactivator radical PA• as follows:

PA + hν → (PA)∗ or PA·

PMn+ + (PA)∗ or PA· → PM0 + PA products . (3.7)

However, the reaction model (Eqs. 3.1–3.4) for the LIPF process had not been
discussed until we conducted a reaction study on the Pd solution. The reaction studies
on lamp-induced particle formation suggest that the time-resolved X-ray absorption
fine structure (XAFS) spectroscopy is a powerful tool for investigating the photoin-
duced reduction of PMn+ followed by particle formation [32, 33]. The XAFS data
give information on the oxidation state of Pd species in the reduction of Pd2+ to
Pd0 and the geometries of Pd2+ ion complexes and Pd particles. Thus, we investi-
gated the LIPF process in the H2O/EtOH solution of Pd2+ using time-resolved XAFS
spectroscopy [9].

Figure 3.11 presents the experimental setup for the time-resolved XAFSmeasure-
ment in the dispersive mode. In the dispersive XAFS measurement, a white X-ray
from the synchrotron enters the curved silicon crystal Si(422) to disperse X-ray
energy. We focused the dispersed X-ray on the sample solution, which was placed
on the beamline, and detected the transmitted X-ray using a position-sensitive CCD
camera. The dispersive mode enables us to obtain one absorption spectrum via one
X-ray irradiation. The XAFS spectra were measured around Pd K-edge (24.4 keV).
In situ observation of LIPF was performed by synchronizing the opening of the
laser shutter with the start of the dispersive XAFS measurement. The sample solu-
tion was prepared by mixing 30-mM PdCl2 in 100-mM NaCl solution and 2-g/L
poly(vinylpyrrolidone) in EtOH in the ratio of 1:1 (v/v). The pulse fluence of the
nanosecond-pulsed UV laser (wavelength, 266 nm; repetition rate, 10 Hz) was
adjusted in the region of 0–59.7 mJ/cm2.

Figure 3.12 presents the typical spectra of time-resolved XAFS in the region
of 24.30–24.85 keV at a laser fluence of 59.7 mJ/cm2. The spectral shape in the
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Fig. 3.12 Time-resolved XAFS spectra at a laser fluence of 59.7 mJmJ/cm2 from 0 to 70 min.
The inset shows the temporal change in Fourier-transformed EXAFS oscillations. Adapted with
permission from Ref. [9] ( Copyright 2019 American Chemical Society)

energy region beyond the absorption edge is called extended X-ray absorption fine
structure (EXAFS). The EXAFS shows the oscillation created by the interference
of waves between the outgoing photoelectron and the electron being backscattered
by neighboring atoms. The analysis of the EXAFS oscillation provides structural
information on the Pd–ligand bonds in the Pd2+ ion complex and the Pd–Pd bonds
in the Pd particle. The inset spectra in Fig. 3.12 present Fourier transforms (FTs) of
the EXAFS oscillation. The FTs showed two bands in the R regions of 1.2−2.2 and
2.2−3.1 Å. The Pd2+ ion complex is dissolved in the concentrated NaCl solution
as [PdIICl4]2– and [PdIICl3(H2O)]– [34]. The band in the range of 1.2−2.2 Å is
attributed to the Pd−Cl and Pd–O bonds in [PdCl4]2– and [PdCl3(H2O)]–, which
are indistinguishable owing to their similar bond lengths. The band in the range of
2.2−3.1 Å is attributed to the Pd−Pd bond in the Pd nanoparticle. The increase
in irradiation time leads to the decrease in the Pd–Cl band and the increase in the
Pd–Pd band. These changes reflect the dissociation of Pd–Cl and Pd–O bonds by
the reduction of [PdCl4]2– and [PdCl3(H2O)]– ions to Pd0 neutral and the formation
of Pd–Pd bonds in the Pd nanoparticle. A more detailed analysis of the EXAFS
oscillations was described in Ref. [9].

The spectral shape around the Pd absorption edge is called X-ray absorption near
edge structure (XANES). The XANES reflects the averaged oxidation state of Pd
species during the LIPF process. Figure 3.13 presents the enlarged spectra of the
XANES in Fig. 3.12. The increase in the irradiation time led to a decrease in the
band intensity in the region of 24.38–24.41 keV, an increase in the band intensity
in the region of 24.41–24.43 keV, and broadening of the edge width in the region
of 24.36–24.40 keV. The band intensity and the edge width changed for 40 min and
remain unchanged after 40 min. This suggests that the LIPF reaction was completed
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Fig. 3.13 Temporal changes
in the XANES spectra at a
laser fluence of
59.7 mJmJ/cm2. The inset
shows the enlarged spectra
around the isosbestic point at
24.41 keV. Adapted with
permission from Ref. [9] (
Copyright 2019 American
Chemical Society)

in 40 min. Further, the normalized μ(E) values were kept constant at 24.38, 24.41,
and 24.43 keV during laser irradiation (inset of Fig. 3.13). The appearance of several
isosbestic points indicated that the XANES spectra are dominated by two Pd species,
Pd2+ and Pd0, without any intermediates.

As discussed in Ref. [9], the edge width and the band intensity of the XANES
are correlated with the Pd2+ concentration, [Pd2+]. Figure 3.14 presents the temporal
change in [Pd2+] in LIPF with a fluence range of 0–59.7 mJ/cm2, which was obtained
from the analysis of the edge width. The temporal change at 0 mJ/cm2 shows that
[Pd2+] was kept constant at 15 mM during the dispersive XAFS measurement. Thus,
the Pd2+ ion was not reduced only by X-ray irradiation. The temporal changes in
[Pd2+] in the fluence range of 19.9–59.7 mJ/cm2 clearly indicate that the increase in
the laser fluence promotes the laser-induced reduction of Pd2+.

Fig. 3.14 Temporal changes
in [Pd2+] obtained from the
edge width of XANES at a
fluence of 0–59.7 mJmJ/cm2.
The red lines indicate the
simulated curves based on
Eq. 3.13. Adapted with
permission from Ref. [9] (
Copyright 2019 American
Chemical Society)
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To extract the information on the chemical kinetics of LIPF, the temporal changes
in [Pd2+] were analyzed using a two-step reduction model, considering the autocat-
alytic growth described in Sect. 3.2. Based on Eqs. 3.1–3.4, the authors assumed the
following elementary reactions:

Pd2+ + CH3CH2OH + hν
k1−→ Pd0 + CH3CHO + nH+, (3.8)

kPd0 → (
Pd0

)
k, (3.9)

and

(
Pd0

)
m + Pd2+ + CH3CH2OH + hν

k2−→ (
Pd0

)
m+1 + CH3CHO + nH+.

(3.10)

k1 and k2 denote the reaction coefficients of Eqs. 3.8 and 3.10. Based on the
elementary reactions 3.8 and 3.10, the rate equation of [Pd2+] is

d
[
Pd2+

]

dt
= −k1 · [

Pd2+
] · [CH3CH2OH]−k2·[

(
Pd0

)
m]·[Pd2+]·[CH3CH2OH] .

(3.11)

[CH3CH2OH] was assumed to be constant during the LIPF reaction because a large
amount of EtOH was supplied in the sample solution. Thus, Eq. 3.11 is modified as.

d
[
Pd2+

]

dt
= −k′

1 · [
Pd2+

] −k′
2 · [(Pd0)m]·[Pd2+] . (3.12)

The temporal change in [Pd2+] is described as.

[
Pd2+

] =
k′
1

k′
2
+[

Pd2+
]
0

1+ k′
1

k′
2[Pd2+]0

exp
{(
k′
1 + k′

2

[
Pd2+

]
0

)
t
} . (3.13)

Here, [Pd2+]0 was 15 mM. By optimizing the k1’ and k2’ values in Eq. 3.13, we
simulated the temporal changes in [Pd2+] at various fluences, as presented inFig. 3.14.
The good agreement between experimental and simulated curves suggests that the
LIPF mechanism in the Pd solution can be explained by a two-step reaction model,
considering the autocatalytic growth (Eqs. 3.8–3.10).

Figure 3.15 presents the log–log plot of the k1’ and k2’ values, whichwas obtained
from the simulation of the temporal change in [Pd2+] (Fig. 3.14), against the laser
fluence. The slopes of the plots, which reflect the number of UV photons that
contribute to the reactions (Eqs. 3.8 and 3.10), are 1.03 for k1’ and 3.37 for k2’.
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Fig. 3.15 Log—log plots of the rate constants k1’ and k2’ (Eqs. 3.8 and 3.10) obtained from
the simulation of the temporal changes in [Pd2+] (Fig. 3.14) against laser fluence. Adapted with
permission from Ref. [9] ( Copyright 2019 American Chemical Society)

The k1’ and k2’ values indicate that the reduction of Pd2+ proceeds via one UV
photon absorption in Eq. 3.8 and via three-to-four UV photons in Eq. 3.10. Based on
these results, we conclude that the nanosecond-pulsed UV laser contributes to not
only the direct reduction of Pd2+ by the one-photon process but also the autocatalytic
reduction by the multiphoton process.

Figure 3.16 summarizes elementary reactions in the LIPF process in the Pd solu-
tion, which is speculated from the time-resolved XAFS results. Firstly, the Pd2+ ion
complexes are reduced to the Pd0 neutrals by one-photon absorption. Spontaneous
aggregation of the Pd0 neutrals results in formation of the Pd nanoparticle, which
grows up to be the Pd nanocatalyst by coalescence of the small Pd nanoparticles
and so on. The Pd nanocatalyst promotes the photoreduction of the Pd2+ ion by the
multiphoton process and generates large Pd particle. The multiphoton process is a

Fig. 3.16 Summary of elementary reactions in the LIPF process in the Pd solution, which is spec-
ulated from the time-resolved XAFS study. NP and NC indicate nanoparticle and nanocrystal,
respectively.
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characteristic photochemical phenomenon observed when using an intense pulsed
laser. It indicates that LIPF is effectively promoted by the irradiation of the pulsedUV
laser. Note that Fig. 3.16 does not refer to the formation mechanism of the submicron
Pd particle. To elucidate overall mechanism of the LIPF process, further research is
necessary.

3.6 Summary

The basic principles, background, and applications of LIPF-based PM separation, as
well as the fundamentals of the LIPF process, were described. It was demonstrated
that the LIPF-based PM separation selectively recovered the Pd metal from the SNF
solution, which contained more than 20 types of metals and radioactive actinides,
and PMs other than Pd can be recovered by LIPF. In addition, pulsed laser conditions
(pulse repetition rate and pulse fluence) changed the size of PM particles generated
by LIPF even when the averaged laser fluence was kept constant. The autocatalytic
growth in the LIPF process was promoted by the multiphoton process, which is
typically observed when using an intense pulsed laser.

Finally, I refer to next development of the LIPF-based PM separation from the
viewpoint of the applications and the fundamentals. Previous studies on LIPF-based
PM separation have been conducted in batch-type reaction cells, which contain only
several milliliters of the sample solution. When LIPF-based separation is imple-
mented to the PM recycling process in the plant, it is applied to at least several
liters of a waste solution per day. It means that the capabilities of the separation and
recovery of PMs should be scaled up by at least 1,000 times for the implementa-
tion of LIPF-based PM separation. The LIPF-based PM separation parameters, such
as the processing type (batch or flow), laser repetition rate, laser pulse fluence, and
number of laser units, must be optimized. In particular, the selection of the processing
type is important because flow processing has never been tested in LIPF-based PM
separation. The most important development in LIPF-based PM separation would
be the construction of flow processing and the comparison of the capabilities of flow
processing and batch processing.

The fundamental study showed that the dependence of the reaction coefficients
on the laser fluence is different between the reduction of Pd2+ and the autocatalytic
growth of the Pd particle, although this conclusion should be verified in comparison
with other PM ions. Thus, dispersive XAFS measurements of PMs other than Pd2+

are currently in progress. Moreover, we are also investigating the photoreduction
mechanism of the Pd2+ ion complex using ab initio multireference configuration
interaction (MRCI) calculations [35, 36]. These works will elucidate overall mech-
anism of the LIPF process, paving the way for the development of LIPF-based PM
separation in practical applications.
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Chapter 4
Synthesis of Metal Nanoparticles
Induced by Plasma-Assisted Electrolysis

Naoki Shirai and Koichi Sasaki

Abstract Plasma-assisted electrolysis was used to synthesize nanoparticles.
Plasma-assisted electrolysis is a reaction that differs from conventional electrolysis
due to plasma–liquid interaction. The synthesis of gold, silver, andmagnetic particles
was investigated as nanoparticle synthesis. For the synthesis of metal nanoparticles,
aqueous solutions of AgNO3, HAuCl4, and their mixtures were used. In the plasma-
assisted electrolysis using AgNO3, Ag nanoparticles were synthesized only on the
plasma cathode side. This means that the Ag nanoparticles were produced via the
reduction ofAg+ by electrons. In theHAuCl4 solution,Au nanoparticleswere synthe-
sized at both the plasma anode and plasma cathode sides. Ion irradiation at the plasma
anode ismore effective than electron irradiation for the synthesis ofAu nanoparticles.
This result suggests that positive ions from the plasma cause dissociation reaction
of AuCl4− at the plasma–liquid interface. In the case of AgNO3-HAuCl4 mixture,
the synthesized nanoparticles have the structure of Au core covered by Ag shell.
Magnetic NPs were synthesized using an aqueous solution of FeCl2 and an iron
electrode immersed in the liquid, which supplied iron ions to the liquid. Magnetic
NPs are synthesized at the interface between the plasma and the liquid by irradiating
the surface of the liquid with an electron; in the case of the aqueous solution of FeCl2,
the synthesis conditions of magnetic NPs depend on the gas species of the plasma
and the chemical agent in the liquid to control the oxidation.

Keywords Nanoparticle · Plasma–liquid interaction · Atmospheric pressure
plasma · Plasma-assisted electrolysis

4.1 Introduction

Atmospheric pressure non-thermal plasmas can easily irradiate various materials
such as liquids and living organisms in addition to conventional solids, and their appli-
cations in material processing, pollution control technology, biological and medical
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fields have been widely studied [1, 2]. Research on the interaction between plasmas
and liquids is expected to develop into a variety of applications [3–5]. In this chapter,
we introduce the synthesis of metal nanoparticles using plasma-induced electrolysis.
There are various methods of plasma generation using liquids, but here we describe a
plasma process using a liquid as an electrode by DC voltage. An effective method for
generating atmospheric pressure DC glow discharge using a liquid as an electrode is
to introduce a miniature helium flow between the electrodes [6–8]. By using a minia-
ture helium flow in open air, we were able to generate a stable DC glow discharge
along the helium flow by cooling the electrodes and reducing the breakdown voltage.

Focusing on the reaction of the liquid, the discharge system can be considered as
electrolysis using plasma electrodes. Plasma electrodes supply electrons and ions to
the liquid, causing a reaction different from that of conventional electrolysis using
metal electrodes [9, 10].

When a solution containing dissolved metal cations is irradiated with electrons
and positive ions from the plasma, metal nanoparticles are synthesized on the surface
of the liquid. Kaneko et al. reported the formation of Au nanoparticles by electron
and positive ion irradiation using a low-pressure DC plasma with an ionic liquid
containing HAuCl4 as the liquid electrode [11, 12]. They suggest that Au cations are
reduced byH atoms produced by energetic ions from the plasma in the ion irradiation
mode and by electrons in the electron irradiation mode. Sankaran et al. also reported
that Ag and Au nanoparticles can be synthesized in an atmospheric pressure DC
microplasma with Ar flow using a dilute acid solution and a metal foil [13–16].
They mainly used electron irradiation from the plasma to reduce the metal cations
in solution. In processes using liquid electrode discharges, such as the synthesis of
metal nanoparticles, not only the reaction between the plasma and the liquid but
also the electrolytic reaction in the liquid must be taken into account. Recently,
Witzke et al. have confirmed that hydrogen gas is produced in the electrolysis of
water using liquid anode discharge [17]. Although several synthesis processes of
nanomaterials using plasma–liquid interactions have been reported, the details of
the mechanisms are still not well understood due to the lack of understanding of
plasma–liquid interactions. We will introduce the electrolysis reaction generated
by the plasma–liquid interaction and the nanoparticle synthesis process using it. The
experimental results are presented mainly based on the results of our previous papers
[9, 10, 18–20]. Details of the experimental conditions are given in these references.

4.2 Plasma-Assisted Electrolysis

Figure 4.1 shows an example of an experimental setup for plasma-assisted electrol-
ysis. When plasma is generated, an electrolytic reaction occurs in the liquid. Both
discharges are in contact with the liquid and are stable. Without the helium flow, the
discharges become unstable, and dual plasma electrolysis does not occur. For stable
plasma electrolysis in air, the use of a small helium flow is effective. To verify that
the typical characteristics of plasma electrolysis occurred, Na2SO4 solution with a
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Fig. 4.1 Experimental setup of plasma-assisted electrolysis

small amount of BTB solution was used as a chemical indicator. Figure 4.2 shows
images of plasma electrolysis. The pH value of the solution, initially measured with a
pHmeter, was almost neutral. The solution in contact with the plasma cathode where
electrons are irradiated onto the solution surface becomes alkaline, as indicated by the
blue color of BTB. On the other hand, the solution in contact with the plasma anode,
where positive ions are irradiated on the solution surface, becomes acidic, as shown
by the yellow color. The change in pH value was similar when compared to conven-
tional electrolysis under the same current conditions. The amount of gas bubbles (O2

and H2) generated in plasma electrolysis is less than that in conventional electrolysis.
Using a commercially available vapor detector tube, we confirmed that the amount of
gas generated by plasma electrolysis is small. The gas generation was also confirmed
by using NaCl solution containing a small amount of BTB. In conventional electrol-
ysis, Cl2 gas is generated at the anode. This Cl2 gas partially dissolves in water to
produce HClO (hypochlorous acid). HClO, with its strong oxidizing power, readily
decomposes BTB, so the solution around the anode is decolorized. We confirmed
the gas generation of Cl2 and HCl using a commercially available vapor detector
tube. On the other hand, in plasma electrolysis, decolorization of the BTB solution
could not be observed. The amount of Cl2 gas generated in plasma electrolysis was
lower than that in the case of using a commercial vapor detector tube. Although
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Fig. 4.2 Images of plasma
electrolysis using Na2SO4
solution with the addition of
BTB (bromothymol blue) as
a chemical pH indicator

this measurement of gas generation is not very accurate, it indicates the possibility
that gas generation in plasma electrolysis is lower than in conventional electrolysis.
In fact, Witzke et al. have confirmed hydrogen generation by plasma electrolysis
by mass spectrometry [17]. In plasma electrolysis, the macroscopic change in pH
appears to be the same as in conventional electrolysis, but the reactions are different
from conventional electrolysis because the irradiation of electrons and positive ions
on the surface of the liquid leads to dissociation, ionization, charge transfer, and
evaporation. Electron irradiation from the plasma contributes to the formation of
OH−, while positive ion irradiation contributes to the formation of H+.

4.3 Synthesis of Ag Nanoparticles

Figure 4.3 shows the time evolution of Ag nanoparticle synthesis using AgNO3 solu-
tion. The color of the liquid on the plasma cathode side is yellowish. We confirmed
that this yellow color comes from the surface plasmon resonance of the Ag nanopar-
ticles which has an absorption spectrum around 400 nm. In other words, the Ag
nanoparticles are synthesized at the interface between the plasma and the liquid by
the electron irradiation from the plasma. On the other hand, the color of the liquid on
the plasma anode side does not change. Therefore, Ag nanoparticles are not produced
by the positive ion irradiation. When the solution surface is irradiated with electrons
from the DC glow discharge, a significant number of hydrated electrons are gener-
ated near the interface between the plasma and the liquid. These hydrated electrons
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Fig. 4.3 Time evolution ofAg nanoparticle synthesis by plasma electrolysis using aqueous solution
of AgNO3. Adapted with permission from [10]. Copyright 2014 The Japan Society of Applied
Physics

then reduce Ag+ to Ag and contribute to the formation of Ag nanoparticle nuclei.

Ag+ + e−
aq → Ag k = 3.3 × 1010 M−1s−1

Since this reactionhas a fast rate coefficient [21], the formationofAgnanoparticles
by electron irradiation from plasma is reasonable. H radicals can also reduce Ag+,
and H radicals are obtained from the dissociation of H2O.

Ag+ + H → Ag + H+ k = 2.2 × 1010 M−1s−1

This reaction also has a fast rate coefficient [22]. Kaneko et al. suggest that H radi-
cals are the dominant reducing agents in the synthesis of Au nanoparticles. H radicals
are effectively produced by high-energy positive ions accelerated in the cathode fall
region through the dissociation of liquid molecules in a low-pressure glow discharge
in contact with the liquid [11]. However, in this case, an atmospheric pressure DC
glow discharge was used, and even though the discharge current was increased, the
energy of the positive ions impacting the liquid surface is not sufficient to dissociate
H2O [23]. Therefore, the plasma anode does not contribute to the synthesis of Ag
nanoparticles.

4.4 Synthesis of Au Nanoparticles

Figure 4.4 shows the time variation of nanoparticle synthesis using HAuCl4 solu-
tion. The color of the liquid on both the anode and cathode sides of the plasma is
red. This red color is due to the surface plasmon resonance of Au nanoparticles,
indicating that Au nanoparticles are being produced. The red color on the plasma
anode side is darker than that on the plasma cathode side; using HAuCl4 solution, Au
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Fig. 4.4 Time evolution ofAg nanoparticle synthesis by plasma electrolysis using aqueous solution
of HAuCl4 Adapted with permission from [10]. Copyright 2014 The Japan Society of Applied
Physics

nanoparticles are produced not only by electron irradiation but also by positive ion
irradiation. Figure 4.4 is a TEM image of the Au nanoparticles. It was confirmed by
EDX that the nanoparticles were Au particles. The nanoparticles produced by elec-
tron irradiation at the plasma cathode have only a spherical structure with a diameter
of about 10–30 nm, as shown in Fig. 4.5a. However, the nanoparticles produced
by irradiating positive ions at the plasma anode have not only a spherical structure
but also rod-like and triangular structures with a size of about 100 nm, as shown in
Fig. 4.5b. The structure and size of the nanoparticles were found to be dependent on
the reaction rate. From these results, it was found that the synthesis rate of nanopar-
ticles by positive ion irradiation was higher than that by electron irradiation. The

Fig. 4.5 TEM images of Au nanoparticles synthesized by plasma electrode using aqueous solution
of HAuCl4: a plasma cathode and b plasma anode



4 Synthesis of Metal Nanoparticles Induced by Plasma … 63

reason why Au nanoparticles can be produced by both electron irradiation and posi-
tive ion irradiation is not clear. In most cases, the plasma-assisted synthesis process
of Au nanoparticles in liquids has been discussed in terms of the reduction of Au3+,
Au2+, and Au+. Therefore, as in the case of Ag nanoparticle synthesis using AgNO3

solution, hydrated electrons and H radicals are considered as promising candidates
for the reducing agents. However, to the best of our knowledge, the reaction rates
of “Au+e” and “Au+H” have not been reported. In previous section, we explained
that Ag nanoparticles are not generated in AgNO3 solution if the generation of H
radicals by plasma anode is low. The same is true for HAuCl4 solution when the
generation of H− radicals by the plasma anode is low. Therefore, a different process
is needed: HAuCl4 dissociates into H+ and AuCl4− in solution. Our hypothesis for
these phenomena is as follows. In electrolysis using a plasma electrode, an electro-
static double layer is formed in contact with the plasma electrode, and the density of
AuCl4− increases in the double layer facing the plasma anode. Therefore, when posi-
tive ions are irradiated from the plasma anode toward the liquid surface, even if the
kinetic energy of the positive ions is small, the dissociation reaction of AuCl4− can
be triggered. This explains why positive ion irradiation is more effective than elec-
tron irradiation in the synthesis of Au nanoparticles in HAuCl4 aqueous solution by
electrolysis using plasma electrodes. Not all the plasma current goes to nanoparticle
production, but some goes to other redox processes. The pH value is also an impor-
tant factor in gold nanoparticle synthesis because it is a redox process; Bratescu et al.
reported the pH dependence of Au nanoparticle size distribution in a solution plasma
process [24]. Therefore, the hypothesis of gas generation, aqueous byproducts, and
pH dependence needs to be confirmed.

4.5 Synthesis of Core–Shell Nanoparticles

Core–shell particles can also be synthesized by plasma-assisted electrolysis. As an
example, we show the results using a mixture of AgNO3 aqueous solution and
HAuCl4 aqueous solution with concentration 10–5 mol/l. Figure 4.6 shows the time
evolution of nanoparticle synthesis using this mixture. First, the color of the liquid in
contact with both plasma electrodes turns red. With the passage of time, the color of
the liquid on the plasma cathode side changes from red to yellow, while the color of
the liquid on the plasma anode side does not change. The nanoparticles synthesized
on the plasma cathode side were examined by TEM observation and EDX mapping,
and it was found that the structure consisted of a gold core covered with a silver
shell, as shown in Fig. 4.7. Since the color of the liquid in Fig. 4.6 changes from
red to yellow, it is presumed that the Au nanoparticles are first synthesized, and then
Ag nanoparticles are synthesized around the Au nanoparticles. In general, the redox
potential of Au (+1.52V) is higher than that of Ag (+0.799V), soAu is easily reduced
first. This order depends on the redox potential of the metal cations. The ratio of Au
to Ag is also an important factor in the synthesis of core–shell nanoparticles. The
addition of a large amount of SDS to the liquid did not produce nanoparticles with
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Fig. 4.6 Time evolution of nanoparticle synthesis by plasma electrolysis using mixed aqueous
solution of AgNO3 and HAuCl4. Adapted with permission from [10]. Copyright 2014 The Japan
Society of Applied Physics

Fig. 4.7 TEM image of nanoparticles with core–shell structure synthesized by plasma cathode of
plasma electrolysis using AgNO3-HAuCl4 mixture

core–shell structure. Therefore, the use of surfactant is also an important factor to
control the structure of core–shell nanoparticles. Although the detailed mechanism
of nanoparticle synthesis is not yet fully understood, electrolysis using plasma elec-
trodes has the potential to synthesize a wide variety of nanoparticles by controlling
the plasma parameters and aqueous solution components.
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4.6 Synthesis of Magnetic Nanoparticles

Plasma electrolysis can also be used to synthesize magnetic nanoparticles. Detailed
experimental conditions are shown in the literature [18, 19].MagneticNPs arewidely
used for many applications in the fields of biotechnology, biomedical science, mate-
rial science, engineering, and environmental science [25–27]. Magnetite NPs are one
of the popular magnetic NPs, and they are typically synthesized by a coprecipitation
method inwhich an alkali solution is added to an iron salt aqueous solution containing
both Fe2+ and Fe3+. There are only a few papers about magnetic NP synthesis by
plasma-assisted electrolysis.

Magnetite, a magnetic nanoparticle, is synthesized when plasma is irradiated to
an aqueous solution of iron (II) chloride with ethanol. In this case, it is necessary
to control the gas surrounding the plasma. When the surrounding gas is nitrogen,
magnetite (Fe3O4) is synthesized, but when the surrounding gas is oxygen, hematite
(Fe2O3) is synthesized. Both Fe3+ and Fe2+ are necessary for the synthesis of
magnetite, but when the surrounding gas is oxygen, most of the Fe2+ in the liquid is
oxidized to Fe3+, so hematite is synthesized. On the other hand, when the surrounding
gas is nitrogen gas, some of the Fe2+ in the solution is oxidized to Fe3+, which is
considered to be the synthesis of magnetite. To avoid excessive oxidation in the solu-
tion, the addition of ethanol is effective. Ethanol scavenges OH radicals as follows
[28].

OH + C2H5OH → H2O + CH3CHOH k = 2.29 M−1s−1

As an example, adding 10ml of ethanol to 50ml of 0.01MFeCl2 aqueous solution
is an appropriate amount. Under these conditions, the amount of ethanol should not
be too much or too little. If the amount of ethanol is too small, the number of NPs
synthesizedwill be small. If the amount of ethanol is too large, the discharge operation
becomes unstable, and the number of NPs synthesized decreases. The diameter of the
magnetic NPs was 200–300 nm, and some of them were agglomerated. In general,
both Fe2+ and Fe3+ are required to synthesize Fe3O4 by conventional methods such as
coprecipitation. In the present experiment, only Fe2+ is present in the FeCl2 solution.
When the solution is shielded with N2 gas, some of the Fe2+ are oxidized to Fe3+

in the aqueous solution, and Fe3O4 is synthesized at the plasma–liquid interface
with the appropriate molar ratio of Fe2+ and Fe3+ with or without O2 shielding
flow. The excess oxidation of Fe2+ to Fe3+ at the plasma–liquid interface does not
result in the generation of ferromagnetic particles. These results indicate that the
chemical reaction in the liquid can be controlled by adjusting the parameters of
plasma generation such as gas composition.

A simpler method for synthesizing magnetite is plasma electrolysis, in which
an iron electrode is submerged in a solution, as shown in Fig. 4.8. When plasma-
assisted electrolysis is initiated, an electric current flows through the electrical circuit,
dissolving the iron electrode and supplying Fe2+ to the liquid, eliminating the need
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Fig. 4.8 Experimental setup for synthesis of magnetite using plasma-assisted electrolysis plasma-
assisted electrolysis with metal electrode dissolution

for additional chemicals. To control the conductivity of the liquid, NaCl is added to
deionized water.

This technique can be applied not only to the synthesis of magnetite, but also to
the synthesis of copper oxide [20]. When plasma electrolysis is generated by this
method, a large amount of magnetite is synthesized more quickly than when using
iron chloride solution. Themagnetic susceptibility of particles synthesized using iron
electrodes is higher than that using FeCl2 aqueous solution, and the particle size is
also smaller. It was shown that this method is a promising particle synthesis method.

Figure 4.9 shows a schematic of themechanismofmagnetiteNP synthesis. Firstly,
the Fe anode dissolves in the aqueous solution by electrolysis to supply Fe2+. Subse-
quently, some of Fe2+ are oxidized to Fe3+. Fe2+ is easily oxidized to Fe3+ by reacting
with oxygen. Using oxygen gas, a portion of oxygen might dissolve in liquid.

The amount of magnetite synthesized depends on the concentration of NaCl.
When the concentration of NaCl solution is 1%, not much magnetite is synthesized.
On the other hand, a lot ofmagnetite was synthesizedwhen the concentration ofNaCl
solution was extremely high, 15%. In general, the concentration of NaCl solution
depends on the amount of dissolved oxygen. In other words, the amount of dissolved
oxygen in the solution affects the amount of Fe2+ that is oxidized to Fe3+. In fact,
by adjusting the amount of dissolved oxygen in the solution, we have confirmed
that magnetite can be synthesized even when the concentration of NaCl is not high
[19]. Therefore, the rate of oxidation to Fe3+ might decrease. At the plasma–liquid
interface,OH− is generatedby the reactionbetween electrons andH2O [9]. Therefore,
magnetite is synthesized by the following reaction similar to the coprecipitation
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Fig. 4.9 Schematic of the mechanism of magnetite NP synthesis by plasma-assisted electrolysis
with Fe electrode dissolution. Adapted with permission from [18]. Copyright 2017 The Japan
Society of Applied Physics

method:

Fe2+ + 2Fe3+ + 8OH− → Fe3O4 + 4H2O

In conventional electrolysis, ferrous hydroxide Fe(OH)2 or ferric hydroxide
Fe(OH)3 is generally synthesized as follows:

Fe2+ + 2OH → Fe(OH)2

Fe3+ + 3OH− → Fe(OH)3

Blackmaterials including a small amount ofmagnetite are synthesized by conven-
tional electrolysis using Fe electrodes immersed in a liquid. These materials might
be mainly Fe(OH)2 or Fe(OH)3. Therefore, the reaction involved in plasma-assisted
electrolysis is different from that involved in conventional electrolysis. It is reported
that some reactions in plasma-assisted electrolysis differ from those in conventional
electrolysis [9]. Although the detailedmechanism ofmagnetite NP synthesis induced
by plasma–liquid interactions is not yet understood completely, this study provides
insight into the synthesis of magnetite NPs by plasma-assisted electrolysis.
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4.7 Synthesis of Copper Oxide Nanoparticles

It is also possible to synthesize copper oxide (Cu2O) using the same technique as
the magnetite synthesis method using plasma-assisted electrolysis. Detailed experi-
mental results are shown in reference [20]. Cu2O is a widely studied semiconductor
material with a narrow band gap energy of 2.17 eV. Due to its unique optical, elec-
tronic, and magnetic properties, Cu2O is a promising material for many applications
[29, 30].

Cu2O was synthesized when NaCl solution was used, but not when NaNO3 solu-
tion was used. As in the case of magnetite synthesis, we considered the dissolved
oxygen concentration to be important and conducted experiments by varying the
dissolved oxygen content, but Cu2O was synthesized only when NaCl solution was
used. Therefore, it became clear that NaCl solution was necessary for the synthesis
of Cu2O. The Cl− concentration and pH value of the electrolyte are dominant for the
synthesis of Cu2O nanoparticles. The reaction between CuCl2− produced by anodic
dissolution of Cu and OH− produced by plasma irradiation is also involved in the
formation of Cu2O.

Based on the experimental results, we propose the synthesis mechanism of Cu2O
nanoparticles as shown in Fig. 4.10. This synthesis mechanism consists of two steps.
The first step is the formation of CuCl2− [31]. When electrolysis is initiated, the Cu
plate (anode) releases Cu+ ions via anodic dissolution.

Cu0 → Cu+ + e−

Fig. 4.10 Schematic of possible synthesis mechanism of Cu2O nanoparticles
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If the concentration of Cl- (i.e., the concentration of NaCl) is sufficiently high,
Cu+ will combine with Cl− immediately after formation to form CuCl2−.

Cu0 + 2Cl− → CuCl−2

It should be noted that this reaction avoids the oxidation of Cu+ to Cu2+. Another
way to produce CuCl2− is directly from the electrode.

Cu+ + 2Cl− → CuCl−2

and partial chlorination

Cu0 + Cl− → CuCl + e−

followed by

CuCl + Cl− → CuCl−2

High Cl− concentration is important in all production steps of CuCl2−.
The second step is the reaction of OH− with CuCl2−. OH− is generated under the

irradiated point of the plasma. The formation of OH− is due to the reaction of OH
radicals and solvated electrons at the interface between the plasma and the liquid.
OH− ions are transported toward the copper anode. The OH− are transported toward
the copper anode, and when the OH− reaches the anode, Cu2O is formed by the
following reaction,

2CuCl−2 + 2OH− → Cu2O + H2O + 4Cl−

The importance of this reaction is that when OH− reaches the anode, Cu2O
nanoparticles are produced; if the OH− concentration is insufficient, Cu+ is oxidized
to Cu2+ by the following equation

CuCl−2 → Cu2+ + 2Cl− + e−

The formation of Cu2+ results in the formation of Cu2(OH)3Cl and CuO.

2Cu2+ + 3OH− + Cl− → Cu2(OH)3Cl

and

Cu2+ + 2OH− → CuO + H2O (4.1)
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These are the mechanisms by which the formation of Cu2(OH)3Cl and CuO is
promoted at low pH.

The anodic dissolution of Cu plates and the formation of OH- were also observed
in conventional electrolysis, and the synthesis of Cu2O nanoparticles was also
confirmed without plasma. However, there are differences between plasma and
conventional electrolysis in the synthesis rate, minimum NaCl concentration, and
the size and shape of the synthesized nanoparticles [20].

4.8 Conclusion

We have shown that metal nanoparticles can be synthesized by plasma-assisted elec-
trolysis. Plasma-assisted electrolysis is a different reaction process from conven-
tional electrolysis and has the potential to be used in a variety of material processes,
including.

On the other hand, the synthesis of metal nanoparticles is almost an established
technology in the field of chemistry; for example, gold nanoparticles have been
commercialized and sold through chemical synthesis methods. Therefore, the mere
synthesis of nanoparticles by plasma is of little value from the viewpoint of different
fields, and it is necessary to show the superiority of high value-added particles that
can be synthesized only by plasma, or high selectivity. At present, it is unclear
whether this advantage exists, but first we need to fully understand the mechanism
of nanoparticle synthesis and plasma–liquid interaction. Plasma is characterized by
its ability to control reactions electrically, and this may be an advantage in particle
synthesis.
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Chapter 5
Controllable Surface Modification
of Colloidal Nanoparticles Using Laser
Ablation in Liquids and Its Utilization

Takeshi Tsuji

Abstract Laser ablation in liquids (LAL) is a powerful tool to prepare colloidal
nanoparticles (NPs). LAL has attracted attention not only because of its simplicity
and versatility, but also the unique characteristics of the colloidal NPs produced by
the method. When we carried out LAL using a pure solvent, colloidal NPs adsorbing
no chemical reagent can be obtained. Alternatively, whenwe carried out LAL using a
solvent into which some protective reagents are added, NPs adsorbing these reagents
very efficiently during the formation process can be obtained. In other words, surface
modification of colloidal NPs can be carried out in a simple and controllable manner
using LAL with protective reagents. Such a method is difficult to be applied for
colloidal NPs prepared by chemical methods because various reagents necessary for
the synthesis reaction are contained in the solution. In this chapter, some examples of
surfacemodification of NPs using LAL for investigation of a photochemical property
of NPs and for functionalizing NPs are introduced.

Keywords Laser ablation · Colloids · Nanoparticles · Agglomeration · Protective
reagents

5.1 Introduction

As reported in comprehensive reviews [1–4], laser ablation in liquids (LAL) is well
known as an alternative colloid processing technique, particularly because of the
simplicity and versatility of the procedure. When a short pulsed (<nanosecond) laser
is applied for a material in a liquid (Fig. 5.1a), a part of the material is ablated from
the target and forms nanosized colloidal nanoparticles (NPs) in liquid (Fig. 5.1b).

In addition to its simplicity and versatility, a remarkable feature of LAL is that
colloids obtainedbyLAL includeno chemicals other thanNPs and solvent (Fig. 5.2a).
Such a condition of colloidal NPs prepared using LAL is markedly different from
that of colloids obtained using chemical methods, with various substances such as
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Fig. 5.1 a Nanosecond-resolved shadowgraph observed for laser ablation of a gold plate in water.
Plasma emissions are observed on the gold plate. b Gold NPs formed in water

Fig. 5.2 Surface conditions of nanoparticles obtained by LAL (a) in a pure solvent and (b) in a
solution containing a protective reagent (ligands)

ions originating from the source compounds and protective reagents that are neces-
sary to prevent NP agglomeration caused by these ions (salting out). Moreover, this
beneficial feature of colloidal NPs is useful for biological and medical applications
for which side effects derived from the supplemental reagents in colloidal solutions
must be reduced.

When the amount and species of reagents are controlled properly, reagents can
be useful to increase the usage of colloidal NPs. For example, protective reagents
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improve the preservation property of colloids. In such cases, LAL becomes prefer-
able to other methods. Protective reagents are adsorbed onto the NP surface, where
they provide electric repulsion or special repulsion between NPs. Therefore, to use
protective reagents efficiently, i.e., to minimize the reagent amount, adsorption of
the protective agent onto NP surface must occur efficiently. Such efficient adsorp-
tion can be achieved using LAL because no other substance that can interfere with
adsorption of the protective reagent is contained in the colloidal solution (Fig. 5.2b)
[5, 6]. Furthermore, efficient adsorption presents interesting phenomena. An impor-
tant example is that when LAL of a gold plate immersed in an aqueous solution
containing NaCl, a typical compound that causes salting out acts as a protective
agent [7, 8]. Figure 5.3 depicts temporal changes of relative adsorption intensity at
400 nm in UV–Vis spectra of gold NP colloids prepared using LAL in pure water
and aqueous solutions of NaCl with different concentrations. The decrease in the
absorption intensity is attributable to sedimentation of gold NPs. This figure shows
that the gold colloid stability increases with increasing NaCl concentration. In this
case, Cl− ions are adsorbed onto the gold NP surface, where they provide electric
repulsive interaction among gold NPs [6].

This chapter explains some properties of the surface-modified NPs and introduces
some examples of surface modification of NPs to functionalize NPs.

Fig. 5.3 Temporal changes
of relative adsorption
intensity at 400 nm in
UV–Vis spectra of gold NP
colloids prepared using LAL
in pure water and aqueous
solutions of NaCl
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5.2 Utilization of Colloidal Silver NPs Prepared Using LAL
for Investigating Photo-Induced Shape Conversion

Shape control of metallic NPs has been a hot topic of NP synthesis because the
optical property ofmetallic NPs depends strongly on theNP shape [9, 10]. In general,
with chemical synthesis methods, NP shape control is achieved by adjusting various
synthesis conditions such as temperature, reagents, and stabilizing agents. Mirkin’s
group reported a markedly different approach. They showed that room light irradia-
tion for colloidal spherical silver NPs for about 100 h results in shape conversion to
nanoprisms [11, 12].

The shape conversion mechanism is rather complex. It has been reported that
dissolved oxygen, citrate ions used in the synthesis of silver NPs, and localized
surface plasmon resonance (LSPR) caused by photoirradiation are crucially impor-
tant factors [13–15]. However, because these colloids were prepared using a chem-
ical synthesis method, the colloids used for these experiments reflected other factors
such as ions and surfactants, which can affect shape conversion. Furthermore, only
limited methods are available for preparation silver NP colloids in which photo-
induced shape conversion occurs [11]. For that reason, we have investigated silver
NP shape conversion using silver NPs prepared using LAL to clarify the important
factors. As a result, we were able to reproduce similar shape conversion in silver NPs
prepared using the experimental procedures shown in Fig. 5.4.

Procedure 1 is a basic procedure. In this procedure, the silver NP source was
prepared using LAL in an aqueous solution containing sodium citrate, followed by
pulsed laser irradiation (PLI) of those colloids to reduce the particle size. Using
these treatments, silver NPs of less than 10 nm adsorbing citrate ions were prepared
(Fig. 5.5a). After xenon lamp irradiation for 12 h with oxygen bubbling, the color of
the colloids changed to green, and nanoprisms were formed (Fig. 5.5b). This result
clarified the importance of the citrate ions and oxygen. Additionally, results indicated
particle size (<10 nm) as another crucially important factor.

Procedures 2 and 3 in Fig. 5.4 were followed to investigate the role of citrate
more precisely. Colloids prepared using these procedures contain sodium citrate
and polyvinylpyrrolidone (PVP), although the order of the addition was different.
Based on the discussion presented in Sect. 1, it is expected that silver NPs prepared
using procedure 2 adsorbed citrate ions preferentially. Silver NPs prepared using
procedure 3 were modified by PVP. Adsorption of citrate ions to the silver NPs
was inhibited by PVP. Figure 5.6 portrays temporal changes of UV–Vis absorption
spectra during photoirradiation for colloids prepared using procedures 2, 3. Bands of
around 400 nm were attributed to spherical silver NPs, and those appearing around
600 nm were attributed to silver nanoprisms. These results demonstrate that citrate
ion adsorption on the silver NP surface is important for shape conversion.

Based on these results, we propose the following factors as important for shape
conversion.

(1) Size reduction of the source NPs: The stability of the atoms in the surface part
of anNP decreases with decreasing particle size. Consequently, when the silver
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Fig. 5.4 Preparation of silver NP colloids to observe photo-induced shape conversion using LAL.
Oxygen bubbling was carried out during photoirradiation

Fig. 5.5 Silver NPs prepared using procedure 1 in Fig. 4: a before photoirradiation and b after
photoirradiation for 12 h
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Fig. 5.6 Temporal changes of UV–Vis spectra during photoirradiation of silver NP colloids
prepared by a procedure 2 and b procedure 3 in Fig. 5.4. Absorption bands around 400 nm and those
around 600 nm are assigned, respectively, to spherical NPs (Fig. 5.5a) and nanoprisms (Fig. 5.5b).
For simplicity, only spectra in which the evolution of nanoprisms was observed are shown

NP size is reduced by laser irradiation, release of the silver atoms or ions from
the surface of silver NPs is promoted.

(2) Oxygen: Oxygen can also promote the silver atom release from the NP surface
by oxidation. Additionally, results suggest that silver ions (not atomic form)
would be released.

(3) Photoirradiation: The role of the photoirradiation could not be clarified from the
experiments described above. However, an earlier investigation of the relation
between the illumination light wavelength and the result absorption spectra of
the nanoprisms [16] indicated that photoirradiation promotes the oxidation of
silver NPs, the release of silver ions, because the silver NPs able to absorb
the irradiation light were diminished. Also, the silver NPs that were unable to
absorb the irradiation light grew to nanoprisms.

(4) Sodium citrate: The reported result introduced in 3) above also suggests that
silver ion reduction would occur on the NPs that do not absorb the irradiation
light. Citrate ions adsorbed onto such NPs can be expected to reduce the silver
ions derived from the NPs that undertake photooxidation on the surface of the
NPs. Our experiment results showing that adsorption of citrate ions onto the
silver NP surface is important for shape conversion strongly support this idea.
The nanoprisms can be expected to form in the crystallization of silver atoms
derived from reduction of the silver ions.

Finally, it is noteworthy that the discussion presented above became possible because
of the simple contents of colloids prepared using LAL. Colloidal NPs prepared
using LAL are appropriate to investigate substances that can interfere with nanosized
materials’ intrinsic properties unavoidable using chemical methods.
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5.3 Utilization of LAL for Efficient Preparation
of Submicrometer-Sized Spherical Particles

One important application of metal NPs is conductive inks. A colloidal solution
containing NPs can be patterned on a substrate using an inkjet to form wiring. The
NPs are sintered at low temperature. Through this process, atoms on the surface
of the highly curved NPs are unstable and diffuse even at temperatures lower than
the melting point, filling gaps between NPs. Recently, submicrometer-sized spher-
ical particles (SMPs) are attracting attention as a material that is suitable for such
applications. At approximately submicrometer size, the property of low-temperature
sintering is maintained as with NPs, but the gaps separating SMPs are larger than
those of NPs. Therefore, irreversible agglomeration of SMPs is unlikely to occur,
even when no protective agent is added. This is a salient advantage of SMPs over
NPs, particularly when considering industrial production.

To use low-temperature sintering of SMPs, SMPs with a smooth surface are
necessary. However, synthesis of SMPs with a smooth surface is difficult to achieve
using chemical methods. Particles with a faceted surface tend to be formed as the
particle size increases [17]. Ishikawa and Koshizaki’s group found an alternative
method to obtain SMP in a very simple manner. They demonstrated that nanosecond-
pulsed laser irradiation atmoderate intensity to colloidalNPs inducedSMP formation
via the melting and fusion of NPs [18–20]. This technique is designated as “pulsed
laser melting in liquids (PLML).” Fig. 5.7 shows a typical example of gold SMPs
obtained by this technique. Spherical-shaped gold SMPs with a smooth surface are
formed form colloidal gold NPs.

When forming SMPs that are larger than NPs in PLML, results showed that
the NP agglomeration can be expected to occur before laser irradiation: the SMP
formation does not occur via collision of the melted NPs [21]. However, NP agglom-
eration in colloids entails a possible shortcoming. The agglomeration of colloidal

Fig. 5.7 SEM image of gold
SMPs prepared by PLML for
gold NPs in an aqueous
solution containing
0.005 mM sodium citrate.
The average diameter is
234 nm
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Fig. 5.8 SMPs via the laser-induced agglomeration of the source NPs adsorbing protective reagent
(ligands)

NPs usually engenders NP sedimentation. If sedimentation occurs in the source NPs
of SMPs before laser irradiation, then those NPs will not absorb laser irradiation. No
melting will occur, leading to a decrease in SMP formation efficiency. Therefore, NP
agglomeration control is necessary to obtain SMPs efficiently.

We proposed an NP agglomeration control method that is appropriate for the
PLML process, as shown by Fig. 5.8 [22]. In this method, the source NPs with
ligands (protective reagent molecules) such as sodium citrate are used to avoid NP
agglomeration and sedimentation before laser irradiation. Upon laser irradiation,
NPs are heated by laser energy. The ligands adsorbed onto the NPs are removed
via the decomposition and/or generation of mechanical force such as shock waves
and cavitation bubbles. As laser irradiation continues, the number of ligands on
the NPs is decreased. Eventually, NP agglomeration occurs when the number of
ligands becomes insufficient to avoid NP agglomeration. These agglomerated NPs
are fused following laser irradiation and thereby form SMPs. The “laser-induced
agglomeration” occurs immediately before NP fusion. Therefore, we can suppress
their sedimentation before laser irradiation.

Although this method is simple, two key conditions must be adjusted to use
laser-induced agglomeration efficiently. One key condition is the protective reagent
concentration, i.e., the number of ligands adsorbed onto a gold NP. As shown in
Fig. 5.9, an increase in the protective reagent concentration leads to an increase in
the induction period, consequently leading to a reduction of the production efficiency,
although the stability of colloids is increased. Furthermore, our results demonstrated
that the protective reagent concentration also influences the SMP size [23]. Using
LAL, the protective reagent concentration in the source colloids can be adjusted
simply by adjusting the concentration of a protective agent added to the solvent in
which the LAL is conducted.

Another key condition is the protective reagent species. Figures 5.10 and 5.11
show that laser-induced agglomeration behavior and SMP size depend on the protec-
tive reagent species [24, 25]. Using LAL, selection of the protective reagent species
can be conducted in a simplemanner. TheLAL is conducted in the solution containing
a selected protective reagent. Such a wide range of choice of protective reagents is
useful when the application of SMPs is considered. For example, if one wants to
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Fig. 5.9 Temporal changes of plasmon peak position in UV–Vis spectra of gold colloids in the
aqueous solution of sodium citrate during laser irradiation to produce SMPs. The plasmon band peak
position of gold NP colloids is red-shifted when NP agglomeration and fusion (size increase) occur.
Therefore, the plasmon peak position can be used to monitor the NP agglomeration. Observations
of the induction period indicate that NP agglomeration occurs via the scheme shown in Fig. 5.8.
The induction period is increased with the increasing sodium citrate concentration. These colloids
were prepared using LAL for gold plate in an aqueous solution containing 0.005 mM or 0.01 mM
sodium citrate

Fig. 5.10 Temporal changes
of plasmon peak position in
UV–Vis spectra during laser
irradiation for gold colloids
in aqueous solutions of
0.005 mM sodium citrate,
0.01 mM NaCl, and
0.01 mM Na2CO3
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Fig. 5.11 SEM image of gold SMPs prepared by PLML for gold NPs in an aqueous solution
containing 0.01 mM NaCl (a) and 0.01 mM Na2CO3 (b). The average diameter of the SMPs is
146 nm for NaCl and 184 nm for Na2CO3

use SMPs for biological application such as a cell marker, then non-toxic reagents
such as NaCl are useful. If one wants to use SMPs for electric devices, then reagents
containing halides cannot be used. Organic reagents such as sodium citrate should
be chosen. For these reasons, using LAL to prepare PLML source NPs is efficient
for improving the usability of SMPs.

5.4 Control of Electric Properties of Colloidal NPs Using
LAL in Organic Solvents

An interesting point is that NPs formed in some organic solvents are much more
stable than NPs formed in pure water [26]. Table 5.1 shows the zeta potential of
gold NPs formed in water and in some organic solvents [27]. The gold NPs formed
in these organic solvents are more strongly negatively charged than those formed in
water. Such electric charging of NPs occurring in LAL is apparent for other materials
such as TiO2 [28], suggesting that this phenomenon is a common feature of LAL.
The origin of the negative charge provided by these organic solvents remains unclear.

Table 5.1 Zeta potentials of
gold NPs prepared by laser
ablation in various solvents

Solvent Zeta potential (mV)

Water –10 ~ 10

Ethanol –20

1-Propanol –50

Acetone –90
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Acetone in the enol form [26] and alcohols can have a negative charge when they
release a proton. Nevertheless, explaining the negative charge of the NPs is difficult
in terms of the ionization because their ionization degree is low. Interaction between
the solvent molecule and the NP surface is inferred as playing an important role.
From another perspective, clarifying the origin of the negative charge would provide
useful information about interaction between substances and NPs.

We have demonstrated that the negative charge of NPs is useful for application
of NPs prepared using LAL as functional materials. For example, when a pair of
electrode plates is set in an NP colloidal solution prepared in those organic solvents
and an electric field is appliedbetween the electrodes, thennegatively chargedNPs are
attracted onto the positive electrode (Fig. 5.12). This phenomenon is useful to collect
NPs in a colloidal solution efficiently and to form NP deposit films (Fig. 5.13a).
Such an NP deposit film is useful as a battery electrode (Fig. 5.13b) [28], and as
a substrate for the surface-assisted laser desorption ionization (SALDI) technique
for mass spectrometry (Fig. 5.14a) because deposit films have a nano-sized surface
structure (Fig. 5.14a).

Very recently, we identified another interesting phenomenon by LAL in which a
negative charge provided by alcohols plays an important role. Figure 5.15 presents
photographs of CaO particle colloids observed during LAL. In less than 60 min,
the colloidal solution became cloudier, indicating that fragmentation of the CaO
power progressed by focused laser irradiation. However, at ca. 60 min, the colloidal
solution became clear; larger gel-like structureswere formed.As depicted in the SEM
image, the gel-like structures have complex morphology. Such structures are useful
as a substrate of catalysis when metal NPs are deposited on them. Additionally, it
is remarkable that such complex structures were formed by strong laser irradiation

Fig. 5.12 Appearance change of gold NP colloids (a) before and (b) after electrophoresis at
100 V/cm for 30 min. Gold colloids were prepared using LAL in acetone
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Fig. 5.13 a SEM images of TiO2 NPs deposited on a Pt substrate by electrophoresis. bACV curve
measured using the deposited TiO2 NPs. The TiO2 NPs were prepared using LAL for TiO2 powder
in acetone

Fig. 5.14 a Surface morphology of a gold NP deposit film formed by electrophoresis. b Typical
SALDI spectrumof angiotensin I obtained using a goldNPdeposit film. The goldNPswere prepared
using LAL in acetone

Fig. 5.15 Appearance changes of CaO particle colloid dispersed in ethanol during LAL, with an
SEM image of gel-like structures observed at 30 and 60 min after they were dried
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Fig. 5.16 Temporal optical transmittance changes of CaO colloidal solutions during LAL and its
changes by laser fluences. The time of the gel-like structure formation is different from that shown in
Fig. 5.15 because this observation was carried out using 3 mL solutions: the volume of the colloids
in Fig. 5.15 was 10 mL

that usually induces only NP fragmentation. For these reasons, we have undertaken
further investigation of this phenomenon.

Figure 5.16 shows temporal optical transmittance changes of CaO colloidal solu-
tions during LAL. The gel-like structure formation can be detected by observing the
optical transmittance of the colloidal solutions. Figure 5.16 presents two important
pieces of information.

(1) The gel-like structures are formed rapidly after an induction period lasting a
few tens of minutes, not from the beginning of laser irradiation.

(2) The induction period length decreases concomitantly with increasing laser
intensity, suggesting that gel-like structure formation is correlated to the NP
concentration.

These facts suggest that gel-like structures were formed via NP agglomeration
becauseNPagglomeration can occur abruptly. Its efficiency increaseswith increasing
NP concentration.

How does NP agglomeration occur in CaONP colloids? One can reasonably infer
that the NP agglomeration occurs via a mechanism similar to the formation process
of SMP; stabilizer adsorbed onto NPs is removed by laser irradiation. In CaO NP
colloids, ethanol can be a stabilizer of NPs, as described earlier in this section.
However, differing from the SMP formation process, removing ethanol from CaO
NPs to induce agglomeration is impossible because ethanol is the solvent used for
this system and ethanol molecules removed by laser irradiation will be compensated
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Fig. 5.17 Photographs of
negative electrode plates
after electrophoresis of a
source powder colloids in
ethanol and b colloids with
gel-like structures formed by
laser irradiation

by surrounding molecules. Consequently, the CaO NP agglomeration conditions in
this system must be controlled by another factor.

We conducted electrophoresis of the source particles in ethanol (Fig. 5.17a). It is
remarkable that the source CaO particles were positively charged.We also confirmed
that the source CaO powder (before it is dispersed into ethanol) was positively
charged. Such electric charging of powder materials is suggested to be generated
by friction among particles and that between particles and container wall, although
the origin of the electric charge of CaO powder used in our experiment has not been
clarified. This positive charge can prevent CaO particle agglomeration.

When LAL is conducted for CaO particles in ethanol, it will be possible that
ethanol molecules are adsorbed onto the CaO NP surface during their generation
process and that it will provide a negative charge, as observed for gold NPs. The
donation of a negative charge by ethanol for positively charged CaO particles causes
electric neutralization, which can engender colloid agglomeration. In other words,
results suggest that the gel-like structures would be generated by neutralization of
positively charged CaO NPs by ethanol. In addition, considering that the gel-like
structures still have a negative charge (Fig. 5.17b), partial neutralization will be
necessary to obtain gel-like structures, namely the gel-like structures are weakly
agglomerated NPs. The formation scheme of the gel-like structures explained above
is shown in Fig. 5.18.

In addition, using the positive charge of the gel-like structure, we demonstrated
that metal–CaO nanocomposites can be prepared by a simple manner. As shown in
Fig. 5.19, when a gold or platinum NP colloidal solution prepared using LAL in
ethanol (NPs were negatively charged) and a colloidal solution containing gel-like
structures (positively charged) were mixed, red or brown gel-like structures were
obtained. Such nanocomposites can be model materials of the catalyst. For that
reason, gel-like structure formation by LAL is anticipated as a novel method for
synthesizing functional materials.
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Fig. 5.18 Proposed formation mechanism of gel-like structures formed by LAL for CaO dispersed
in ethanol

Fig. 5.19 Solutions
obtained by mixing a
colloidal solution containing
CaO gel-like structures and a
colloidal solution of a gold
NPs or b platinum NPs
prepared using LAL in
ethanol

5.5 Summary

Surface modification of colloidal NPs is crucially important for control of the stabi-
lization and functionalization of colloidal NPs. This review illustrates that the surface
modification of NPs is conducted controllably using the LAL technique. Actually,
LAL can be conducted in a solvent in which a target material and a protective reagent
are contained. Therefore, only the protective reagent contained can be adsorbed onto
the NPs of the target material without interference from other compounds. Further-
more, the reagent adsorption can be controlled by adjusting the reagent amount
and the order of addition. It is also remarkable that some organic solvents them-
selves modify the NPs surface. Such surface modification is difficult for colloidal
NPs prepared using chemical synthesis methods because colloids prepared using
chemical methods contain various substances. The results achieved through surface
modification using LAL are expected to provide important information not only for
material fabrication but also for colloid science.
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High-Energy Processing of Nonmetals



Chapter 6
Fabrication and Control
of Semiconductor Random Lasers Using
Laser Processing Techniques

Hideki Fujiwara

Abstract In this chapter, I introduce a novel method for fabricating random lasers
using various types of laser processing techniques. Random lasers, in which laser
oscillation is induced by random feedback based on multiple light scattering, can
achieve low threshold and oscillation mode control by optimizing the size and shape
of scatterers. On the other hand, laser processing techniques enable us to realize
surface processing, photochemical synthesis, nanoparticle fabrication, and so on,
by means of phenomena such as ablation and photo-heating due to laser irradiation
and also to fabricate structures of various shapes by controlling the laser irradia-
tion conditions. Utilizing these advantages, I can achieve not only the fabrication of
various types of random lasers but also the realization of low-threshold laser oscil-
lation and lasing wavelength control by optimizing the fabrication conditions. This
chapter covers three laser processing methods: (1) laser-induced melting method,
(2) laser-induced hydrothermal synthesis, and (3) laser-induced surface roughness
structures, and introduces the features and advantages of these methods for realizing
low-cost and low-threshold random lasers.

Keywords Random laser · Laser-induced melting method · Laser-induced
hydrothermal synthesis · Laser-induced periodic surface structures

6.1 Introduction

Lasers are widely used as light sources that contribute to basic technologies in
many industries such as in processing/manufacturing, information/communication,
medical care, plant cultivation, and illumination. Because lasers have characteristics
that differ from conventional thermal light sources (e.g., highmonochromaticity, high
spatial and temporal coherence, good directivity, and high light density), these prop-
erties are suitable for laser processing and scanning-type imaging. However, in the
case of full-field imaging or sensors, which require light sources that can uniformly

H. Fujiwara (B)
Faculty of Engineering, Hokkai-Gakuen University, 1-1, S26W11, Chuo-ku, Sapporo 064-0926,
Japan
e-mail: h-fujiwara@hgu.jp

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
Y. Ishikawa et al. (eds.), High-Energy Chemistry and Processing in Liquids,
https://doi.org/10.1007/978-981-16-7798-4_6

93

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-7798-4_6&domain=pdf
mailto:h-fujiwara@hgu.jp
https://doi.org/10.1007/978-981-16-7798-4_6


94 H. Fujiwara

irradiate the entire field of view, conventional lasers are not suitable because inten-
sity speckles owing to high coherence will degrade the imaging quality. Additionally,
because conventional lasers require awell-defined cavity structure that provides feed-
back to cause laser oscillation, advanced material processing technology, and precise
adjustment mechanism are basically indispensable.

In contrast, random lasers that I focus on in this chapter has been attracting interest
since 1994 when Lawandy et al. reported the observation of amplified spontaneous
emission in a nanoparticle-dispersed dye solution [1]. From the late 1990s to the early
2000s, random laser has been actively studied by several groups, which determined
that random lasers without clear cavity structures can be characterized as a “laser”
with temporal coherence that is similar to that of conventional lasers [2–7]. Then,
the application of random lasers has been rapidly attracting attention using various
materials and morphologies, since Redding et al. had proposed light source applica-
tions for the full-field imaging in 2012 [8]. Laser oscillation in a random laser occurs
owing to random feedback within an irregular refractive index distribution, which is
induced by themultiple light scattering and its interference effect. Therefore, random
lasers have the advantage that they do not require a well-defined cavity structure and
they can be fabricated relatively easily and inexpensively. Owing to this random feed-
back (because laser oscillation can be induced accidentally in frequency and space
domains), random laser has low spatial coherence andmaintains temporal coherence,
which means random lasers have the properties both of thermal light and laser prop-
erties can be obtained. These characteristics make random laser a high-brightness,
pseudo-monochromatic, speckle-free laser light source, which provides a uniformly
high intensity light over the entire field of view. Therefore, these properties may
enable us to develop light source applications for high-speed, high-accuracy full-
field imaging, sensors, and intense UV germicidal irradiation. However, although
random laser has industrially important advantages (e.g., it can be easily and inex-
pensively produced), because of randomness, it is not suitable for electric drive,
which is important for its practical applications; additionally, it is difficult to control
the oscillation mode in space and frequency, which results in high thresholds. Addi-
tionally, considering the realization of electrically driven solid-state random lasers,
random lasers made of semiconductor materials are important candidates. However,
although zinc oxide and gallium nitride have been widely used for semiconductor
random lasers, there are fewer reports that use other semiconductor materials for
random lasers [9–11].

In my research on such problems, I aimed to develop novel laser processes for
fabricating semiconductor random lasers with various morphologies by focusing
on the following points: (1) lower threshold by controlling lasing modes (structural
control), (2) device fabrication using semiconductor materials that can be electrically
driven, (3) switching and control mechanism of lasingmodes by external stimuli. For
this purpose, I paid attention to the laser processing technique because this technique
can easily fabricate random structures in a large areawhilemaintaining the advantage
of easy and low-cost fabrication. Additionally, during laser processing, because a
structure can be manufactured in a noncontact manner, it allows us to fabricate the
structures in a vacuum, solution, and gas atmosphere. Furthermore, by controlling
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the irradiation laser conditions, structures can be controlled which allows to control
lasing modes to lower the thresholds. In this chapter, I introduce three fabrication
methods that I developed thus far and their achievements with the aim of establishing
a newmethod of fabricating a semiconductor random laser that can control the lasing
mode and structure for the practical application of random laser.

6.2 Realization of Single Mode Random Lasing Using
a Laser-Induced Melting Method

In a conventional nanoparticle aggregation film, because the nanoparticles are irreg-
ularly arranged and the shapes and sizes of individual nanoparticles are varied, the
frequency response of individual nanoparticles is canceled out and the film does not
have resonance at a particular wavelength. Therefore, it is not possible to provide
strong random feedback at a specific wavelength region that matches the maximum
gain wavelength of the gain medium.

In contrast, if the size and shape of the nanoparticles are uniform, although the
particles are randomly distributed, a certain periodicity can be introduced into the
structure to enhance the resonance of individual nanoparticles andmake the scattering
of specific wavelengths stronger. This idea has been first reported as a photonic glass
and structural coloration, in which a specific wavelength of the reflection spectrum
is strongly scattered [12–14]. Lasing wavelength tuning was achieved by filling the
photonic glass with a dye solution and changing the particle size [13, 14]. However,
because mono-dispersed polymer particles with low refractive index were used,
only an incoherent random laser (amplified spontaneous emission) was produced
owing to low scattering efficiency. To control coherent random laser in a similar
fashion, mono-dispersed scatterers with high refractive index (e.g., semiconductors)
are indispensable; however, such nanoparticles cannot be obtained as a commercial
product.

On the contrary, using numerical analysis, I had been searching for a way to
control the oscillation modes of a random laser and proposed a simple method to
control random lasing modes using resonances of size mono-dispersed scatterers
and create a defect region where no scatterers are placed in the structure [15–
19]. In the proposed method, because a defect region is surrounded by size mono-
dispersed scatterers, a randomstructure strongly scatters light at a specificwavelength
depending on the resonance of individual uniform scatterers and strongly localized
at the defect regions. Thus, effective photon localization can be achieved at the defect
and random lasing can be controlled spatially and spectrally using resonant scatterers
and intentionally introduced defects, which results in low-threshold random lasing.

To fabricate mono-dispersed scattering nanoparticles, I focused on the laser
melting method in liquid developed by Koshizaki et al. [20–23]. In this method,
initial nanoparticles dispersed in liquid are irradiated with a laser to melt aggregated
nanoparticles to produce spherical nanoparticles with a sub-micron meter size. The
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size can be controlled by adjusting the sizes of initial particles and aggregations
and the irradiated laser intensity and time. In this section, I introduce the exper-
imental results of random lasing mode control using mono-dispersed zinc oxide
(ZnO) spherical nanoparticles fabricated by this laser melting method [15–19].

ZnO nanoparticles were selected as scatters because they have already been
reported as scatterers and gain materials in many experiments on random lasers.
Because the emission wavelength of ZnO is 380–390 nm, considering the optical
resonance of particles from the Mie scattering theory, the optimal particle size is
estimated to be ~200 nm. Using the laser melting method [23], commercially avail-
able ZnOparticles (average particle size: 100 nm)were used to prepare ZnO spherical
particles with an average particle size of ~200 nm. Initial nanoparticles have irreg-
ular shapes and various sizes; however, after laser melting, I was able to obtain
uniform spherical nanoparticles (average size: 212 nm) (see Fig. 6.1). After adding
green fluorescent polystyrene particles (average size: 900 nm) as defect particles to
the spherical nanoparticles dispersed solution, the solution was deposited on a glass
substrate and dried to form a thin film with a thickness of ~100 µm. Samples with
commercial ZnO particles and fluorescent particles were also prepared for compar-
ison. In the experiments, fluorescent particles were used as a defect because the
position of defect in thin film could be identified from the green fluorescence image.

The sample was placed on the piezo stage of the microscope, and UV laser pulses
(355 nm, 300 ps, 1 kHz) were irradiated on the sample with a 100 × objective lens
(NA 0.9, spot diameter ~65 µm). The emission from the sample is collected by the
same objective lens and filtered with an excitation light cut-off filter. After passing
through a pinhole (5µmdiameter at the sample surface), the emissionwas introduced
into a spectrophotometer. A photomultiplier tube attached to the spectrophotometer
was used to measure the intensity distribution at a specific wavelength by scanning
the sample stage. Then, the emission spectra at arbitrary positions were measured
by a cooled CCD camera attached to the spectrophotometer. The position of defect
fluorescent particles was confirmed by acquiring a green fluorescence image with a
color CCD camera after the excitation laser intensity was sufficiently reduced.

Figure 6.2 shows the green fluorescence image of defect particles in an untreated
ZnO nanoparticle films (left panel) and the UV emission intensity distribution of the
same region (right panel). Based on the fluorescence image, the excitation region
(including a defect for measuring the UV emission intensity distribution) was deter-
mined and the excitation intensity was set to 90 MW/cm2 which was approximately

Fig. 6.1 SEM images of
submicrometer-sized ZnO
particles a before and b after
laser-induced melting
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Fig. 6.2 a Fluorescence and
b UV emission images of an
untreated ZnO particle film
including polymer particles

twice the threshold. Although a fluorescent particle (defects) was confirmed from
the fluorescence image, the UV emission intensity was uniformly distributed in the
entire sample regardless of the defect position. Figure 6.3 shows the emission spec-
trum measured around the defect in this nanoparticle film, and the multi-peak laser
oscillation with a threshold of ~50 MW/cm2 was induced near the emission peak
(387 nm). Such behavior was also observed in other places regardless of the pres-
ence or absence of defects, which was in good agreement with the behavior of
conventional random lasers reported thus far.

However, Fig. 6.4 shows the results of a similar experiment using a laser-treated
ZnO nanoparticle film including defects. The excitation intensity of the emission
intensity distribution measurement was set to 10 MW/cm2, which was almost 10
times weaker than the excitation intensity used in Fig. 6.2. Despite the uniform
intensity in the excitation area, higher emission intensity was observed at the defect

Fig. 6.3 Emission spectra
measured at a defect site in
an untreated ZnO particle
film. The excitation
intensities were 0.5, 1.0, 1.5,
and 2.0 times of the
threshold from bottom to top

Fig. 6.4 a Fluorescence and
b UV emission images of a
laser-treated ZnO particle
film including polymer
particles
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Fig. 6.5 Emission spectra
measured at a defect site in a
laser-treated ZnO particle
film. The excitation
intensities were 0.5, 1.1, and
2.0 times of the threshold
from bottom to top

region than that in the defect-free region, which suggested that laser oscillation was
efficiently induced and confined around the defect region (Fig. 6.4b). The emission
spectra in Fig. 6.5 show that almost a single lasing peak was observed, which clearly
differs from conventional random lasers. Additionally, it was confirmed that while
the peak intensity changed with a change in the excitation intensity, the wavelength
remained almost unchanged and appeared on the shorter wavelength side (~380 nm)
compared with the results in Fig. 6.3. Thus, the spectrum at the defect region was
also significantly different from conventional random lasers.

Figure 6.6 shows the excitation intensity dependence of the lasing peak intensity
at defect and defect-free regions. These results confirmed that the threshold valuewas
80 MW/cm2 at the defect-free region, whereas the threshold value was 6 MW/cm2

at the defect, which was ~10 times lower. Furthermore, it was ~8 times lower than
the threshold value (50 MW/cm2) of the commercially available (non-treated) ZnO
nanoparticle film. Based on my previously reported numerical results [15], a reduc-
tion in the lasing threshold at the defect could be attributed to the resonant scattering
of individual uniform ZnO nanoparticles that would enhance photon confinement
at the defect. On the contrary, because the random structure composed of resonant

Fig. 6.6 Excitation intensity
dependence of peak
intensities measured at
defect (solid circles) and
defect-free (open circles)
regions in a laser-treated
ZnO nanoparticle film
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scatterers produces a stop band near the resonant wavelength (380–390 nm) of scat-
terers owing to strong light scattering, UV emission was less likely to exist inside the
structure at the defect-free regions and the threshold value increased compared to that
of a commercially available ZnO nanoparticle film that was composed of irregularly
shaped poly-dispersed nanoparticles. Additionally, I repeatedly performed the same
experiments in other samples composed of mono-dispersed ZnO spherical nanopar-
ticles and confirmed the reproducibility. Approximately, half of them showed few
lasing peaks and ~ 30% showed single lasing peaks.

From the abovementioned results, using the mono-dispersed spherical nanopar-
ticles fabricated by the laser-induced melting method as scatterers, I succeeded in
enhancing the feedback at a specific wavelength band and localized in the defect
region. Thus, by optimizing the structure, quasi-single mode, low-threshold, and
wavelength-controllable random lasers can be realized.

6.3 Nanorod Array Random Lasers Fabricated
by Laser-Induced Hydrothermal Synthesis

In the previous section, I showed that the homogenization of nanoparticles (resonant
scatterers) allows to lower thresholds and control lasingmodes. However, in nanopar-
ticle films, because the lasing region with high optical confinement efficiency exists
deep inside the film, the extraction efficiency is deteriorated. Furthermore, because
the film is composed of nanoparticle aggregates, it is hard to form electrodes on both
sides of the film and to conduct electrical current. Therefore, although the realization
of an electrically driven random laser is an important subject for light source appli-
cations, a nanoparticle aggregate film is not suitable for such applications. As one of
the methods for overcoming such problems, I focused on a two-dimensional random
laser that was directly fabricated on a semiconductor substrate. Recently, random
lasers with a two-dimensional structure have been attracting attention; using such
structure, it is possible to realize electrically driven random lasers [24–27]. However,
although several approaches exist for producing two-dimensional random lasers, in
which lattice disorder in photonic crystals and spontaneously formed defect pits
in a semiconductor substrate were used for random feedback, lasing mode control
was realized only by a top-down processing approach using expensive apparatuses
[26, 27].

In contrast, I focused on two laser processing methods that can directly fabricate a
random laser on a semiconductor surface: (1) laser-induced hydrothermal synthesis
[28, 29] and (2) laser-induced periodic surface structure [30, 31]. In this section, I
introduce a laser-induced hydrothermal synthesis of zinc oxide nanorod array random
lasers and present the results of optimizing the fabrication conditions to achieve lower
threshold.

This laser-induced hydrothermal synthesis is a method used for fabricating
nanorod arrays (NRAs); the method has been proposed by Ko et al. [28, 29].
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Conventional methods for fabricating nanorod array structures (e.g., vapor–liquid–
solid (VLS) growth method and metal organic chemical vapor deposition) are well-
known [32, 33]. However, because these approaches require expensive apparatuses
and are time-consuming, they are not suitable compared to the methods used for
making random lasers, which can be fabricated easily and at low cost. Although
the hydrothermal synthesis method is relatively inexpensive, the fabrication time
is typically long (i.e., from several hours to several days) and the nanorod array
structure cannot be fabricated locally and selectively. On the contrary, laser-induced
hydrothermal synthesis is a method that can fabricate semiconductor nanorod arrays
using local heating through laser light absorption by the substrate instead of heating
the entire precursor solution with a heater. Because this approach is based on the
conventional hydrothermal synthesis, it can fabricate nanorod arrays at relatively low
temperature and low cost. Additionally, owing to laser heating, nanorod arrays can
be selectively fabricated only in the laser-irradiated area and can be easily controlled
by controlling laser irradiation conditions. Furthermore, this method is applicable
to various substrates that can be heated by light absorption. Ko et al. [28, 29] have
synthesized nanorod arrays and proposed applications such as a structure to enhance
Raman scattering of cells and an ultraviolet light detection. In this section, I intro-
duce the results of applying thismethod to the fabrication of zinc oxide nanorod array
random lasers and trying to lower the threshold by optimizing the laser irradiation
conditions [34].

ZnO, which can be hydrothermally synthesized under mild conditions and is
known as a laser gain material, was used in the experiments. To prepare zinc oxide
nanorod arrays, an aqueous solutionof zinc nitrate hexahydrate andhexamethylenete-
tramine at the same concentration was prepared and mixed in equal amounts to
make a precursor solution. In the experiments, the precursor solution concentra-
tion was varied in the range of 25–150 mM to fabricate the optimal structure. To
suppress the impurity emission of ZnO nanorod arrays to be synthesized, high-purity
Teflon containers were used to reduce contamination that reduces UV emission.
This precursor solution was deposited onto a bottom dish and covered by a cover
glass coated with 50-nm-thick gold as a light absorbing substrate. This gold-coated
substrate was irradiated with a CW laser with a wavelength of 405 nm from the
substrate side using a planoconvex lens (irradiation spot diameter ~75 µm). ZnO
nanorod array was fabricated by changing the laser irradiation intensity and time,
and the obtained structure on the gold thin film was confirmed by a microscope
equipped with a CCD camera. After the fabrication of the nanorod array structure,
the sample was washed with ultrapure water and dried. Then, the sample was set on
a microscope stage; the sample was irradiated with ultraviolet laser pulses (355 nm,
300 ps, 1 kHz) through an objective lens (NA = 0.9, 100 × , Air) to excite the
ZnO nanorod array (spot size diameter ~ 70 µm). The emission from the sample
was collected by the same objective lens and introduced into a spectrophotometer
equipped with a high-sensitivity CCD camera to measure the emission spectrum.
To confirm random laser oscillation, emission spectra were repeatedly measured by
changing the excitation intensity. Moreover, to confirm the influence of fabrication
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conditions on the nanorod array structure, the fabricated samples were observed by
an electron microscope.

Figure 6.7a and b show the SEM images of the sample fabricated using the laser
intensity of 1.25 kW/cm2 (maximum intensity of my apparatus) and the precursor
concentration of 25 mM, while the irradiation time was 5 and 20 min. With an
increase in the irradiation time (from 5 to 20 min), the average diameter of nanorods
increased from 47 to 60 nm (Fig. 6.8a) and the number density decreased from ~ 23 to
10 µm−2. However, the rough estimate of the surface filling factor from the average
diameter and number density indicated that although the nanorod size increased with
an increase in the growth time, the surface filling factor remained approximately
constant (30%). Additionally, the SEM images of ZnO nanorod arrays with different
growth times confirmed that the nanorod length did not considerably change (~2µm),

Fig. 6.7 SEM images of fabricated ZnO NRAs with different growth times of a 5 and b 20 min.
Irradiation laser intensity and precursor solution concentration were fixed at 1.25 kW cm2 and
25 mM, respectively

Fig. 6.8 Growth time
dependence of mean
diameters and UV emission
intensities of ZnO nanorods.
Irradiation laser intensity and
precursor solution
concentration were fixed at
1.25 kW cm2 and 25 mM,
respectively
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while the average diameter of ZnO nanorods changed. The length of nanorods was
limited according to the temperature distribution because the temperature decreases
as it moves away from the gold-coated substrate (heat source) [28, 29, 34]. Addi-
tionally, Fig. 6.8b shows the UV emission intensity of the samples fabricated using
different laser irradiation times. The UV emission intensity increased with respect
to the irradiation time up to ~10 min, but the emission intensity remained almost
constant for the irradiation longer than 10 min. I considered that this result was
also attributed to the temperature distribution from a gold-coated substrate. As the
nanorod growth progressed and the apex of the nanorods moved away from the gold
substrate, the nanorods with good crystallinity could not be formed owing to temper-
ature decrease; ultraviolet emission became constant and visible emission increased.
From the emission spectrum of the sample fabricated using the laser irradiation time
of 10 min, UV emission peculiar to ZnO was much stronger than visible emission.
In the previous studies using conventional hydrothermal synthesis, the UV emis-
sion was typically weak owing to the influence of impurities and lower quality of
their crystal structures; in most cases, the UV emission was recovered by annealing
treatment. However, I confirmed strong UV emission from a ZnO nanorod array
grown without post-annealing by suppressing impurities during the preparation of
precursor solution and adjusting laser irradiation intensity. These results showed that
the laser irradiation time longer than 10 min was necessary to improve emission
characteristics; in the experiments described below, the irradiation time was fixed at
10 min.

Figure 6.9 shows the plots of nanorod diameters and UV emission intensities
versus irradiation intensity when the precursor concentration and time were fixed at
25 mM and 10 min. With an increase in the irradiation intensity to ~0.8 kW/cm2, the

Fig. 6.9 Irradiation intensity
dependence of mean
diameters and UV emission
intensities of ZnO nanorods.
Growth time and precursor
solution concentration were
fixed at 10 min and 25 mM,
respectively



6 Fabrication and Control of Semiconductor Random … 103

Fig. 6.10 SEM images of fabricated ZnO NRAs with different irradiation intensities (a 1.25 and b
0.4 kW cm2). Growth time and precursor solution concentration were fixed at 10 min and 25 mM,
respectively. Insets show the enlarged views of each image

rod diameter increased but decreased for the irradiation intensity above 0.8 kW/cm2.
This behavior has been also reported in [35], where the hydrothermal growth of
ZnO nanorods was performed using a heater. The authors reported that nanorod size
decreased at certain temperature and then increased with an increase in temperature.
At this temperature, the authors indicated that high quality nanorods started to grow.
The SEM images in Fig. 6.10 show that only the rod shape was confirmed when the
irradiation laser intensity was stronger than 0.8 kW/cm2 (Fig. 6.10a), while at lower
irradiation intensities (<0.8 kW/cm2), structures other than nanorods were formed.
Especially, at the intensity of 0.4 kW/cm2, the structures were completely different
from the nanorod array structure (Fig. 6.10b). Furthermore, from the results of the
UV emission intensity, the UV emission intensity increases when the irradiation laser
intensity is stronger than 0.8 kW/cm2. From these results, it is considered that when
the irradiation light intensity was smaller than 0.8 kW/cm2, the induced heat was not
sufficient to increase the temperature and to synthesize high quality ZnO nanorods.
Therefore, to fabricate a sample with highUV emission intensity, the irradiation laser
intensity must be sufficiently high. Because the maximum intensity of my apparatus
was 1.25 kW/cm2, the irradiation laser intensity was set to 1.25 kW/cm2 in the
experiments.

Finally, based on the abovementioned results, when the irradiation intensity and
time were fixed at 1.25 kW/cm2 and 10 min, respectively, the dependence of the
precursor solution concentrations was examined. Figure 6.11 shows the precursor
concentration dependence of UV intensity and nanorod diameter. Figure 6.11a shows
that because the synthesis rate increases with an increase in concentration, the rod
diameter tends to sharply increase compared to the cases with change in the laser irra-
diation time and intensity. However, at concentrations higher than 120 mM, deposits
with irregular shapes were formed on the nanorods (Fig. 6.12). As mentioned above,
this phenomenon occurs because the temperature decreases far from the surface of
the heated gold thin film. If the nanorods rapidly grow to a certain length within the
irradiation time, the temperature becomes insufficient at the apex of nanorods and
irregularly shaped products other than ZnO nanorods will be synthesized. The UV
emission intensity was highest at 75 mM and when the concentration became higher
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Fig. 6.11 Precursor
concentration dependence of
mean diameters and UV
emission intensities of ZnO
nanorods. Irradiation laser
intensity and growth time
were fixed at 1.25 kW cm2

and 10 min, respectively

Fig. 6.12 SEM images of fabricated ZnO NRAs with different precursor concentrations (a 25, b
100, c 125, and d 150 mM). Irradiation intensity and growth time were fixed at 1.25 kW cm2 and
10 min, respectively

than 120 mM and no UV emission and an increase in visible emission owing to
structural defects and impurities was confirmed (Fig. 6.11b). These results suggest
that ZnO growth in the high-concentration solution within the irradiation time was
too rapid to fabricate the structure with good crystallinity.
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Fig. 6.13 Emission spectra of ZnONRAs fabricated using different precursor concentrations when
irradiation intensity and growth time were fixed at 1.25 kW cm2 and 10 min, respectively

Based on the abovementioned results, I examined random laser oscillations of
the nanorod array structures fabricated at each concentration. Because the precursor
solution concentration at ~75–100 mM maximizes UV emission and the obtained
nanorod size matches the expected size for the resonance of ZnO emission wave-
length (~100 nm), it is expected that random lasers can be induced at this concen-
tration. Figure 6.13 shows the emission spectra of the nanorod arrays, which were
fabricated using different precursor concentrations and excited by the constant exci-
tation intensity (the laser irradiation intensity and time were fixed at 1.25 kW/cm2

and 10 min, respectively). In the spectra, multi-mode discrete sharp peaks peculiar
to random lasers was observed only when the precursor concentrations were 75 and
100 mM while only broad and weak emission was observed for the concentration
of 50 and 150 mM. Additionally, by measuring the dependence of emission peak
intensity on the excitation intensity (Fig. 6.14), I confirmed that the emission peak
intensity rapidly increased from the excitation intensity of several tens MW/cm2

(~45 MW/cm2 for 75 mM and ~60 MW/cm2 for 100 mM) which indicated that laser
oscillation was induced. This threshold has almost the same order of magnitude
compared to the threshold values for a commercially available ZnO nanoparticle
aggregate film. This means that considering that the height of nanorod arrays is
only few µm, and the structure is an open system in the vertical direction, I can
say that the observed threshold value is sufficiently low, and the obtained nanorod
arrays can efficiently confine light in the plane direction to induce laser oscillation by
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Fig. 6.14 Excitation intensity dependence of UV peak intensities fromZnONRAs fabricated using
different precursor concentrations of 75 and 100 mM

controlling the fabrication conditions. Additionally, when similar experiments were
repeatedly performed and the probability of inducing laser oscillationswas estimated,
I succeeded in improving the probabilities, which were ~70% and 45% for 75 and
100 mM concentrations, respectively, by optimizing the fabrication conditions.

6.4 Random Lasers Fabricated by a Laser-Induced
Periodic Surface Structures

In the previous section, the laser-induced hydrothermal synthesis method was intro-
duced as a novel fabrication technique for low-threshold random lasers with nanorod
array structures aiming at the realization of an electrically driven random laser.
However, although this method can be applied to nanorod array structures that can be
fabricated under mild conditions (e.g., zinc oxide and titanium oxide, which do not
require pressurization and can be hydrothermally synthesized at less than 100 °C),
other emissive semiconductors cannot be readily synthesized under such mild condi-
tions, andmaterials that this method is applicable to are limited. The number of semi-
conductor types that can be synthesized increases using conventional solvothermal
synthesis; however, many of them require high temperature, high pressure, and an
organic solvent and are not suitable for random lasers that can be fabricated easily
and inexpensively.

In this section, instead of the laser-induced hydrothermal synthesis [30, 31], I
focused on the laser-induced surface periodic structure fabrication method as the
secondmethod to fabricate a random structure directly on a semiconductor substrate.
In this laser-induced surface periodic structure fabrication method, when an intense
linearly-polarized pulsed laser is focused and irradiated on the substrate surface for a
few seconds, a quasi-periodic surface structure is fabricated in the direction orthog-
onal to the polarization direction. Regarding this mechanism, it has been reported
that when the surface is ablated by the laser irradiation and turned into plasma,
the interference fringe is formed by the plasmon excitation by laser irradiation and
a quasi-periodic surface structure is created in the direction perpendicular to the
polarized light [30, 31, 36]. Thus, because a pseudo-periodic structure is formed by
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the interference, there is an advantage that shapes (e.g., period, pitch, and groove
depth) can be controlled by controlling the irradiation laser conditions such as irradi-
ation intensity, time, wavelength, and focusing angle. Additionally, because a quasi-
periodic structure has been confirmed not only for metals and semiconductors but
also with various materials such as polymers and glasses (as long as substrate can
be ablated by laser pulses), it is expected that this method will be highly versatile
for the fabrication of various types of random lasers. Although many studies have
already been conducted on laser-induced periodic surface structures, most of them
have been focused on the elucidation of structure formation mechanism or applied to
passive devices such as structural coloring and diffraction grating elements [37–39].

In this study, I focused on the advantages that a random laser can be directly fabri-
cated on the surface of a semiconductor substrate only by irradiating intense pulsed
laser without the need for costly and time-consuming equipment and chemical treat-
ment. Using this method, I aimed to establish a new random laser fabrication method
directly on a semiconductor substrate toward the realization of electrical-driven
random lasers [40]. The obtained knowledge will also be applicable to the fields such
as photocatalysts, photovoltaic devices, sensors, and light emitting devices. From the
experimental results, by establishing the structural control technique by laser irradi-
ation, I will provide an important step toward the realization of electrically driven
low-threshold semiconductor random laser sources.

In the experiments, gallium nitride (GaN, 4 µm thickness) grown on a sapphire
substrate was used because GaN is a semiconductor material that is well-known as a
laser medium [41–43]. This substrate was set on a microscope stage, and a linearly-
polarized pulsed laser (300 ps, 1 kHz) with a wavelength of 355 nm was irradiated
through an objective lens (40× (NA 0.75) or 10× (NA 0.5)) (spot diameter 50µm).
A quasi-periodic structure on the substrate surface was fabricated by adjusting the
irradiation intensity and time. After the fabrication, the same pulsed laser was weak-
ened by ~10 times or lower and the emission spectra were measured. To discuss the
surface morphology, the SEM images of the surface were measured. Additionally,
to show the effectiveness of this method using different materials, the same experi-
ment was conducted on a GaAs substrate used as a laser medium in the near-infrared
region.

Figure 6.15a shows the SEM image of structures fabricated using the irradia-
tion intensity of ~500 MW/cm2 with the irradiation time fixed at 10 s. There were
fine structures on the surface (quasi-periodic structures). Because the direction of
the period was perpendicular to the polarization direction, it is considered that the
structure was fabricated via the same mechanism as the previously reported laser-
induced surface periodic structures [30, 31, 36–39]. The observed periodicity was
more disturbed than previously reported structures, which would be attributed to the
use of a sub-nanosecond pulsed laser in my experiments, while femtosecond pulsed
lasers were mainly used in the previous reports. It is considered that a clear peri-
odicity could not be confirmed owing to the influence of heat generation when the
pulse duration time becomes longer, which may destroy the structure. Furthermore,
when the laser irradiation intensity decreased (< ~ 300 MW/cm2), any structure on
the surface was not observed, and the broad spectrum was the same as that of the
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Fig. 6.15 a SEM image of
a roughened GaN surface
after irradiating
linearly-polarized UV
pulses. Emission spectra of
GaN substrate b before and c
after the irradiation of
linearly-polarized UV
pulses. The excitation
intensities in b and c were
increased from bottom to top

flat substrate (Fig. 6.15b). However, when the irradiation intensity and time reached
certain values (~600MW/cm2, 10 s), a strong emission peak could be observed in the
structure (Fig. 6.15c). When the irradiation intensity increased further, a GaN layer
was ablated and removed, which resulted in the reduction of emission intensity. The
obtained results show that at moderate irradiation intensity, a clear quasi-periodic
structure can be fabricated on the surface, and strong emission peak can be confirmed.
It is necessary to optimize the laser irradiation intensity and time to form optimum
quasi-periodic structures for random lasers.

Figure 6.16a shows the excitation laser intensity dependence of the emission
spectra of the sample fabricated using the irradiation intensity of 0.8 GW/cm2 and
irradiation time of 10 s, in which a quasi-periodic structure was fabricated on the
surface.When the excitation intensity was close to 70MW/cm2, the spectral intensity
at the wavelength of ~ 368 nm sharply increased and was accompanied by spectral
narrowing and discrete peaks. Additionally, when the dependence of the emission
intensity on the excitation laser intensity was plotted (solid circles in Fig. 6.16b), a

Fig. 6.16 a Emission spectra from a roughened GaN substrate and b excitation intensity depen-
dences of integrated emission intensities. Solid circles: wavelengths from 366 to 369 nm, open
circles: wavelengths from 371 to 385 nm. The excitation intensity in a was increased from bottom
to top. The insets in a show the microscope image of the roughened GaN surface and its emission
image
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clear threshold behaviorwas confirmed,which indicated that random laser oscillation
was induced by surface roughness. However, of note, in the place without a periodic
structure, laser oscillation could not be confirmed (open circles in Fig. 6.16b). Based
on these results, it is concluded that owing to the effect of the quasi-periodic structure,
random feedback was formed, and laser oscillation could be induced. Thus, it is
expected that a low-threshold random laser can be realized when a high-contrast
surface structure is fabricated by adjusting the fabrication conditions.

To realize low-threshold random lasers, I repeatedly performed the same exper-
iments under different conditions and the dependence of their thresholds on the
fabrication laser intensity and irradiation time was confirmed (Fig. 6.17). I found
that when the irradiation time was changed to 0.1, 1, 10, and 100 s, the fabrication
intensity that achieved the minimum threshold value at each irradiation time also
changed. The shaded region in the figures indicates the area where a quasi-periodic
structure was not formed at lower irradiation intensity and where the sample was
destroyed at higher irradiation intensity. Under both conditions, laser oscillation was
not confirmed. The obtained results confirmed that there was an appropriate irra-
diation time and intensity for the fabrication of low-threshold random lasers, and
the minimum threshold value (~60 MW/cm2) was realized when the structure was
fabricated using the irradiation intensity of ~0.8 GW/cm2 (~8 mW) for 10 s.

Fig. 6.17 Thresholds versus
irradiation intensities for
different irradiation times.
Shaded areas: lasing
behavior was not observed.
White arrow indicates the
optimal fabrication condition
where minimum thresholds
were observed
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Fig. 6.18 a Emission spectra from a roughened GaAs substrate and b excitation intensity depen-
dences of emission intensities. Solid and open circles indicate the intensity at the wavelengths of
847 and 855 nm. The excitation intensity in a was increased from bottom to top

To confirm the versatility of this method, I applied this method to other semicon-
ductor materials and tried to realize a random laser in different wavelength regions.
A commercially available undoped gallium arsenide (GaAs) substrate, which is
known as a laser material operating in the near-infrared region [44, 45], was selected.
Although I first tried using a UV pulsed laser, any high-contrast quasi-periodic struc-
ture was not observed. This occurs because the gap energy of GaAs is smaller than
that of GaN; thus, the excess of absorbed UV energy generates heat and periodic
structures melt. Therefore, the fabrication laser was changed from UV to 532 nm
pulsed laser (532 nm, 700 ps, 5 kHz), whose wavelength was closer to the band-gap
energy and conducted similar experiments. As a result, I successfully observed the
quasi-periodic structures and their random lasing behaviors, although the fabrication
conditions were not optimized (Fig. 6.18). The figure shows clear discrete peaks at
~840 nm, as well as the threshold behavior (~35 MW/cm2 (~4 mW)). This result
suggested the versatility of this method, which is applicable to various types of semi-
conductormaterials. Further, using a laserwithwavelength thatmatches the band-gap
energy and with shorter pulse duration time, I believe that heat generation can be
sufficiently suppressed and a high-contrast quasi-periodic structure can be formed,
which allows to realize low-threshold random lasers that are directly fabricated on a
semiconductor surface.

6.5 Conclusions

In this chapter, I introduced three laser processes for fabricating random lasers with
low thresholds. In Sect. 2, using resonant nanoparticles fabricated by the lasermelting
method, I experimentally verified that the random feedback at specific wavelength
band could be enhanced based on resonant scattering of individual nanoparticles.
Thus, by optimizing laser irradiation conditions to fabricate scatterers with optimal
size, I achieved a resonance-driven, low-threshold, and quasi-single mode random
laser,whichhadnever been reported. InSect. 3, I showed that a low-threshold nanorod
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array random laser can be synthesized on a gold thin film using the laser-induced
hydrothermal synthesis method. Because this method is based on the irradiation laser
absorption by a substrate, nanorod arrays can be selectively synthesized within the
laser irradiation spot in a short period of time. I experimentally investigated the effect
on the rod diameter and UV emission characteristics when the fabrication conditions
(e.g., laser irradiation time, intensity, and precursor solution concentration) were
changed. The rod diameter and UV emission characteristics were improved by opti-
mizing the fabrication conditions which allowed realizing a low-threshold nanorod
array random laser. In Sect. 4, because the laser-induced surface quasi-periodic struc-
ture fabricationmethod is a surface structure fabricationmethod that utilizes ablation
by a pulsed laser irradiation of the substrate, it is possible to easily obtain optimal
quasi-periodic structures to realize low-threshold random lasers by controlling the
laser irradiation conditions. Additionally, this method is applicable to various semi-
conductor substrates using lasers that match the absorption characteristics of the
substrates. In this section, I showed the successful fabrication of low-threshold UV
and near-infrared random lasers on GaN and GaAs substrates, respectively.

All of the abovementioned methods are processing/synthesis methods that use
lasers and have the advantage of being applicable to anymaterials as long as themate-
rial has optical absorption. Furthermore, owing to the use of a laser, the fabrication
conditions can be easily controlled in a noncontact and highly accuratemanner; there-
fore, it is possible to fabricate structures that are optimal for laser oscillation without
them being affected by the environmental conditions such as in liquid, vacuum, or
gas phases. Therefore, by combiningwith existing semiconductor processes, I expect
that this work can pave the way for the development of new practical applications
that are based on random structures such as photosensors, photoelectric conversion
elements, and electrical-driven random laser sources.
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Chapter 7
Formation Mechanism of Spherical
Submicrometer Particles by Pulsed Laser
Melting in Liquid

Naoto Koshizaki and Yoshie Ishikawa

Abstract Pulsed laser melting in liquid (PLML) has been developed to fabricate
crystalline spherical submicrometer particles by irradiating lasers onto raw particles
dispersed in a liquid. This technique is based on photothermal processing of particles
dispersed in a liquid and is similar to the reshaping of noblemetals nanoparticles such
as Au and Ag. However, this phenomenon can be extended beyond Au and Ag using
appropriate laser fluences to reshape or melt agglomerated or aggregated particles
from raw particles of various materials (semiconductors, oxides, carbides, etc.) to
form large submicrometer particles. The produced particles have a submicrometer
size range due to the heating efficiency of raw particles caused by laser irradiation.
The formation of spherical particles is controlled by rapid heating above melting
points, and the instantaneously formed vapor layers (thermally induced nanobubbles)
play a significant role in inducing rapid temperature increase. This chapter discusses
how thermally inducednanobubbles enhance the rapid temperature increase aswell as
the maximum attained temperature. A novel technique for monitoring the formation
of thermally induced nanobubbles and the effect of transiently formed chemical
species for particle reaction are also discussed.

Keywords Pulsed laser melting in liquid · Submicrometers · Spherical particles ·
Thermally induced nanobubbles · Rapid vaporization · High-temperature
reaction · Heat dissipation barrier

7.1 Pulsed Laser Melting in Liquid

Pulsed laser ablation in liquid (PLAL) has been intensively investigated owing to
its simple process, contamination-free nanoparticle production, and highly energetic

N. Koshizaki (B)
Graduate School of Engineering, Hokkaido University, Kita 13 Nishi 8, Kita-ku, Sapporo
060-8623, Japan
e-mail: koshizaki.naoto@eng.hokudai.ac.jp

Y. Ishikawa
Research Institute for Advanced Electronics and Photonics, National Institute of Advanced
Industrial Science and Technology (AIST), Tsukuba 305-8565, Japan

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
Y. Ishikawa et al. (eds.), High-Energy Chemistry and Processing in Liquids,
https://doi.org/10.1007/978-981-16-7798-4_7

115

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-7798-4_7&domain=pdf
mailto:koshizaki.naoto@eng.hokudai.ac.jp
https://doi.org/10.1007/978-981-16-7798-4_7


116 N. Koshizaki and Y. Ishikawa

particle fabrication process [1, 2]. Therefore, some chapters in this book deal with
PLAL as high-energy processing in liquids involving chemistry fromvarious aspects.
Pulsed laser melting in liquid (PLML), the main subject in this and the subsequent
chapters, is also a laser process for particle fabrication and appears to be controlled by
a similar process. However, the mechanism, processing conditions, and products are
different from those of PLAL. This chapter discusses how high-energy chemistry
and processing are involved in PLML, particularly in comparison with the PLAL
process.

PLML is a technique for fabricating spherical submicrometer particles by irradi-
ating pulsed (generally nanoseconds) laser onto liquid dispersing raw nanoparticles
[3–7]. Figure 7.1 presents a schematic illustration of the PLML process. The target
is typically nanoparticles with low heat capacity, enabling absorbed laser energy
to be used by raw particles to rapidly elevate the particle temperature without heat
dissipation. When the temperature exceeds the melting point of materials, particles
melt to form molten droplets and quench to form spherical particles.

Themain products of PLMLare submicrometer spherical particles, demonstrating
a size increase caused by laser irradiation. This is completely different from the
PLAL process, which is obtained by fragmenting bulk materials or larger particles.
The increase in particle size is caused by the fact that the particles dispersed in a
liquid are generally aggregated or agglomerated in liquid. Aggregated particles in the
liquid are melted by laser irradiation and merge to form larger particles. However,
the particles will not grow further to a micrometer scale or larger, which will be
discussed later.

Another important feature of PLML is the laser fluence range of the process.
A typical PLAL process uses several J cm−2 pulse−1 to several tens of J cm−2

pulse−1, which is larger by one or two orders of magnitude than that of PLML
(several tens to hundreds of mJ cm−2 pulse−1). Thus, plasma is generated during the
PLAL process whereas PLML is a thermal process. Therefore, the main chemical
processes in PLML are based on high-temperature thermodynamic processes, which

Fig. 7.1 Schematic illustration of a typical particle formation process by PLML
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Fig. 7.2 Laser fluence
dependence of average
particle size of CuO
generated under PLML
conditions. Reprinted from
reference [5] with the
permission from John Wiley
and Sons

are typically used for metallurgical or ceramic processes at 1000 K–4000 K, even
though the temporal and spatial scales of PLMLare short-termand small-sized scales.

Figure 7.2 presents the obtained particle size of CuO under typical fluence condi-
tions for PLML [5], indicating the clear energy window for submicrometer spher-
ical particle formation induced by melt droplet generation. This fluence dependence
of particle size corresponds to the phase change of the target particles during laser
heating, from solid (no size change), liquid (melt droplet of aggregated raw particles),
and vapor (nanoparticle formation from evaporated particles).

The energy input process to raw particles for PLML is optical absorption, which
is different from typical metallurgical or ceramic processing for bulk materials by
heat conduction from the surrounding environment. In a metallic particle, laser light
is shielded by free electrons in the particle. Smaller metallic nanoparticles can still
be heated by laser light that slightly penetrates the surface, and smaller spherical
metallic nanoparticles can be fabricated through melting, as in the case of noble
metal nanoparticle reshaping [8]. Ceramic particles cannot efficiently absorb laser
energy when the particle size is smaller than the laser wavelength. When the particle
size is in the submicrometer range, which is equivalent to the laser wavelength,
spherical submicrometer ceramic particles can be generated if ceramic materials
have a sufficient optical absorption band close to the laser wavelength. A more
quantitative explanation will be discussed in the next section.

Submicrometer particles were occasionally found as minor byproducts in various
PLAL processes. However, our group successfully observed the formation of
nonmetallic spherical submicrometer particles as main products (yield >90%), a
decade ago for B andB4C only by reducing the laser fluence to avoid oxidation during
PLAL experiments [3, 4]. Later on, these approaches for B4C particle fabrication can
be extended to various oxides, semiconductors, and metals through low-fluence laser
irradiation. Typical examples of various spherical submicrometer particles generated
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Fig. 7.3 Submicrometer spherical particles of various materials

by the PLML process are presented in Fig. 7.3, suggesting the versatility of this
technique.

7.2 Adiabatic Approach

A simple model to describe the PLML process is developed by Pyatenko et al.
[9, 10], assuming that energy conversion from optically absorbed energy to thermal
energy for the temperature increase occurswithout heat dissipation to the surrounding
environment (adiabatic assumption). Nanosecond lasers with pulse frequencies of
10–100Hz are commonly used for the PLMLprocess, and each pulse can be regarded
as an individual pulsewith no inter-pulse interaction during processing. Based on this
assumption, the energy of a particle absorbed by a single laser shot can be equated
with the energy required to heat the particle to a specific temperature T, as expressed
by Eq. (7.1).

J · πd2

4
Qλ

abs(d) = π

6
d3ρp�H̃(T ) (7.1)

The left-hand side of Eq. (7.1) denotes the energy absorbed by a particle, where J
represents the laser fluence of a single pulse; d is the particle diameter; and Qλ

abs(d)

is the dimensionless absorption efficiency (absorption cross section normalized by
geometrical cross section) deduced from the Mie theory, assuming spherical parti-
cles. Qλ

abs(d) is a value representing the material- and wavelength-dependent optical
absorption property. The right-hand side of Eq. (7.1) denotes the energy used to
elevate the temperature, where ρp denotes the particle density, and �H̃ (T ) denotes
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the enthalpy per unit weight required for the particle to reach a specific temperature
from surrounding liquid temperature (generally at room temperature).

Equation (7.2), which is derived from Eq. (7.1), represents the required fluence J
to reach a specific temperature by a single laser shot. For the PLML process, �H̃
must be a required enthalpy from room temperature to the melting point. However,
depending on the enthalpy used for the calculation, the phase state of the particle
influenced by laser irradiation at fixed fluence can be estimated. Thus, by plotting the
phase boundary J(d) curve on a J-d plane, a phase diagram (often called a size-fluence
diagram) can be obtained.

J = 2

3
ρp�H̃

d

Qλ
abs(d)

(7.2)

The size-fluence diagrams were already calculated for various materials and laser
wavelengths to understand the produced phase (melting starts with solid–liquid coex-
istence;melting ends onlywhen the solid is completelymelted, etc.) of a particle with
a fixed size by laser irradiation with a fixed fluence. Figure 7.4 presents examples
of size-fluence diagrams, indicating only the melting start phase boundary curves at
different wavelengths.

When d increases, Qλ
abs(d) remains almost constant, and J is nearly proportional

to d from Eq. (7.2). Larger fluence is required to melt larger particles, and thus, the

Fig. 7.4 Size-fluence phase diagram of Ag, TiO2, and B4C
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size increase caused by the PLML process is autonomously stopped at a fixed laser
fluence. Contrarily, when the particle size decreases, Qλ

abs(d) drastically decreases,
especially for ceramic materials, such as TiO2 and B4C, increasing the required laser
fluence to melt a particle smaller than 100 nm.

From these diagrams based on this simple model, the experimental conditions for
spherical submicrometer particle formation can be easily estimated and systematic
PLML experiments can be conducted to fabricate various spherical submicrometer
particles.

7.3 Heat Dissipation Effect

Size-fluence diagrams calculated on the basis of adiabatic assumption are fairly well
verified for various material systems by comparing laser fluence conditions with
clear particle shape modification at the melting point through the PLML process.
However, discrepancies were found in several PLML systems using long-pulse laser
irradiation or smaller raw particle experiments. Figure 7.5 presents long-pulse laser
irradiation using the excimer laser for ZnO submicrometer particle fabrication [11].
The adiabatic assumption described in Sect. 2 does not contain any pulse width term,
and therefore, the laser fluence threshold for forming submicrometer particles should
not depend on the pulse width. However, the data in Fig. 7.5 indicate that the laser
fluence threshold changed with pulse width. This suggests that these discrepancies
appear to be caused by heat dissipation during laser heating or from particle surfaces

Fig. 7.5 Laser-fluence dependence of the average particle size of ZnO particles obtained by
nanosecond pulsed KrF excimer laser irradiation with a pulse width of 50 (red circles) or 70 ns
(blue squares). Reprinted from reference [11] with the permission from John Wiley and Sons



7 Formation Mechanism of Spherical Submicrometer Particles … 121

with high-specific surface areas. Thus, a particle heating–melting–cooling model has
been developed to include the heat dissipation term.

The time derivative of energy E(t) stored in a particle changes with time
considering that heat dissipation is expressed by Eq. (7.3) [11].

dE(t)

dt
= Qλ

abs(d) · πd2

4
· J (t) − h · πd2 · {T (t) − T0} (7.3)

The first term on the right-hand side is the energy increase rate caused by laser irra-
diation, where J(t) denotes the time-dependent laser fluence temporal profile, which
is typically in the form of a Gaussian function and dependent on the laser pulse
width. The second term represents heat transfer to the surrounding liquid based
on the thermal engineering formulation, in which heat dissipation is proportional
to the temperature difference between the particle T (t) and surrounding liquid T 0.
Conductive heat transfer is solely considered for heat dissipation, and convection
around a submicrometer particle is negligible in the PLML conditions. The time-
dependent energy E(t) stored in the particle can be numerically calculated by inte-
grating Eq. (7.3). The temperature of the particle is thermodynamically calculated
using the stored energy E(t) and thermodynamic parameters of material from the
database.

The h in the second term on the right-hand side of Eq. (7.3) denotes the heat
transfer coefficient, as expressed by Eq. (7.4):

h = Nud · κm

d
(7.4)

Nud , Nusselt number, indicating the ratio of convective heat transfer to conductive
heat transfer, approximately equals two for submicrometer-scale heating [12]. κm

denotes the heat conductivity of the surrounding medium.
In the initial heating stage, particles are in direct contact and are cooled with

liquid. Therefore, the heat conductivity κm of the liquid is used to calculate Eq. (7.3).
Spherical particle formation indicates that the maximum attained temperature during
laser heating is above the melting point. In the PLAL process, a liquid that interfaces
laser-heated materials is known to be vaporized at the spinodal temperature (~573 K)
at a rapid heating rate. Similarly, bubbles generated by the rapid vaporization of the
liquid at the interface are assumed to be formed, even for the PLML process, though
PLML is slower and milder than PLAL. This effect is included in Eqs. (3) and (4)
as a switch of heat conductivity κm from liquid to vapor at the spinodal temperature,
expressing the formation of a transient thermal resistance vapor layer. This thermal
barrier further induces rapid heat accumulation within the particles.

Figure 7.6 presents the temporal temperature profile of the ZnO particle (200 nm
in diameter) irradiated by laser pulses (wavelength: 355 nm, pulse width: 8 ns) with
different laser fluences [11]. The plateau range for 80 mJ pulse−1 cm−2 indicates that
the ZnO particle is at the melting point, and it melts to form spherical particles. From
these temporal temperature profiles obtained from Eq. (7.3), the maximum attained
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Fig. 7.6 Calculated
temporal temperature
profiles for ZnO particles
(200 nm in diameter)
irradiated by 355 nm laser
(8 ns pulse width). Numbers
near the curves correspond to
the laser fluences in mJ
pulse−1 cm−2

temperature at the respective conditions can be obtained and the phase state of the
particle at the maximum temperature can be estimated. The size-fluence diagram,
as presented in Sect. 2, can be plotted using the maximum attained temperature as a
function of particle size d and applied total laser fluence

∫
J (t)dt .

Figure 7.7 presents the size-fluence diagram of ZnO melting start for 248 nm
laser irradiation with different laser pulse widths of 7 and 70 ns using Eq. (7.3).
Phase boundary curve under the adiabatic assumption by Eq. (7.2) is also presented

Fig. 7.7 Size-fluence diagram of ZnO to melt start in water for adiabatic conditions and laser pulse
widths of 7 and 70 ns considering the heat dissipation process. Experimental data marked as red
diamonds are generated by excimer laser (248 nm, 70 ns pulse width). Required fluence assuming
that particle keeps contacting water without forming vapor layer is also plotted in green broken line.
Reprinted from reference [11] with the permission from John Wiley and Sons
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in Fig. 7.7. For a smaller particle size, the required laser fluences to reach the ZnO
melting point are significantly increased with an increase in the pulse width. This
is due to heat dissipation during longer laser pulse, and additional laser energy
is required to compensate for the energy dissipated to the surroundings to reach
the melting point. The red diamonds in Fig. 7.7 indicate experimental data points
obtained at 70 ns laser pulses. When the laser fluence exceeds the red curve of the
phase boundary to reach the melting point, the particle size suddenly increases to
form submicrometer spherical particles from aggregated raw particles, suggesting
that this model well explains the experimental data, even for a long-pulse laser case.

Furthermore, the phase boundary curve is plotted in Fig. 7.7 as a green broken
line, assuming that the liquid interfacing the laser-heated particle does not vaporize
and remains in a liquid phase. Due to the difference in thermal conductivities of
liquid and water vapor, the required laser fluence to reach the ZnO melting point is
increased in this case. However, this calculation data did not match the experimental
data, indicating that spherical particle formation occurred at fluences lower than
100 mJ pulse−1 cm−2.

Figure 7.8 presents another example of a size-fluence diagram formetallic Pd case
(60 nm in diameter) caused by 355 nm laser irradiation (pulse width: 8 ns) compared
with and without considering the heat dissipation effect. The required fluence to
melt the Pd particle is small for particle sizes less than 30 nm based on the adiabatic
assumption. However, by considering heat dissipation from the particle surface, the
temperature of the particle will not be easily elevated by laser irradiation and large
laser fluence is required for smaller particles. Thus, a particle size window is formed
for 40–70 nmparticles that are easilymelted comparedwith other particle size ranges.
A similar effect is experimentally observed for spherical particle formation of Au
nanoparticles [13].

Fig. 7.8 Size-fluence
diagram of Pd to melt start
with and without considering
heat dissipation process
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Thus, transient vapor layer formation is reasonable for spherical submicrom-
eter particle formation through the PLML process, which well explains the many
experimental results.

7.4 Observation of Thermally Induced Nanobubbles

PLML is a simple thermal process and distinctly different from the well-studied
PLAL process. As discussed in the previous section, a transiently formed vapor
phase is deduced to act as a thermal barrier coating on the particle produced by
liquid vaporization. Due to the rapid thermal barrier formation and the small thermal
conductivity of the vapor phase, the adiabatic approach in Sect. 2 can be a good
approximation.

Cavitation bubble formation during the PLAL process has been intensively inves-
tigated to understand the nanoparticle formation process using various spectroscopic
techniques [14–18]. However, thermally induced vapor bubbles during the PLML
process are smaller than cavitation bubbles, non-emissive without plasma formation,
and are produced close to the particle surface. Therefore, analyzing them using tech-
niques used for cavitation bubble analysis is difficult. Plasmonic nanobubbles that
are reported to form during the plasmonic heating of Au nanoparticles by pulsed laser
irradiation appear to have the same size, temperature, and duration range as those
observed in the PLML process [19–21]. However, bubbles in PLML processes are
formed even without plasmonic heating. Therefore, bubbles in PLML processes and
the plasmonic nanobubbles should be called thermally induced nanobubbles since
the origin of these bubbles is the same as the thermal process.

When particles dispersed in liquid are irradiated by laser and a vapor layer is
formed at the particle liquid interface, a laser beam may be slightly deflected by the
surrounding vapor layer and light transmittance through the liquid may be affected.
The transient optical transmittance change of a liquid dispersing particle by laser
irradiation is monitored to confirm the possibility of analyzing the formation process
of thermally induced nanobubbles during the PLML process. Optical measurement
data are comparedwith themorphology of the produced particles andMie calculation
results of bubble-coated spherical particles.

Figure 7.9 presents a schematic illustration of the experimental setup for the
transient optical transmittance measurements during Nd:YAG laser irradiation [22].
A continuous probe laser was used to irradiate the four-face cell filled with colloidal
solution orthogonally to the optical path of the processingNd:YAG laser for PLML.A
photodetector was used to collect the temporal probe laser signal transmitted through
the optical cell, triggered by the processing laser.

Figure 7.10 presents the calculated bubble thickness dependence of the extinction
cross section for air-coated ZnO particles placed in water by irradiation with 640 nm
light, assuming that the refractive indices of core (ZnO) and shell (air) have a stepwise
variation at the interface. When the particle diameter is 300 nm, the extinction cross
section decreases and then increases with the bubble thickness. In this case, the
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Fig. 7.9 Experimental setup to measure the change in optical extinction caused by the formation of
thermally induced nanobubbles. Reprinted from reference [22] with the permission from American
Chemical Society

Fig. 7.10 Calculated bubble thickness dependence of the extinction cross section of ZnO particles
with diameters of 50, 150, and 300 nm. Reprinted from reference [22] with the permission from
American Chemical Society
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bubble formation process can be monitored by monitoring the optical transmittance
increase and decrease with bubble expansion. Contrarily, when the particle size is
small, as in typical raw particles of a PLML process, the formation of a thin bubble
layer during the initial stage of laser irradiation is difficult to monitor and only thick
thermally induced nanobubbles with a size larger than 100 nm can be monitored by
the transmittance decrease.

Figure 7.11 presents the photodetector output generated by irradiation with a
640 nmprobe laser into a colloidal solution of rawZnOnanoparticles during and after
irradiation with a 355 nm processing Nd:YAG laser (7 ns pulse width). It is difficult
to quantitatively explain the data since raw ZnO particles and their aggregates have
wide size distribution, and therefore, the photodetector signal change cannot be as
simple as in Fig. 7.10. However, the initial increase in the photodetector output may
be due to the contribution of large-sized raw particles. By increasing the processing
laser fluence to 20 mJ pulse−1 cm−2 or more, a decrease in the photodetector output
is observed at 20–80 ns after the laser irradiation. This behavior may be related to the
formation of a thick bubble with a size larger than 100 nm, as presented in Fig. 7.10.
Thus, bubbles are formed and act as a thermal barrier to elevate the temperature and
to delay cooling, even at lower fluences of approximately 20 mJ pulse−1 cm−2.

Fig. 7.11 Temporal
dependence of photodetector
output caused by the
transmitted light intensity
through a colloidal solution
of raw ZnO nanoparticles
irradiated with different laser
fluences. Reprinted from
reference [22] with the
permission from American
Chemical Society
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Fig. 7.12 Estimated
temperature temporal profile
of ZnO NPs (80 nm) after
initiating laser irradiation.
Reprinted from reference
[22] with the permission
from American Chemical
Society

Figure 7.12 presents temporal temperature profiles calculated on the basis of the
procedures described in Sect. 3. Compared with Fig. 7.6 for the 200 nmZnO particle,
the cooling rate for 80 nm ZnO particles is fast even though smaller laser fluence is
sufficient to reach the melting point due to the difference in the heat capacity of the
particles.

Figure 7.13 presents the corresponding scanning electron microscopy (SEM)
images of particles obtained using the PLML process. At 10 mJ pulse−1 cm−2, the
applied laser fluence is below the estimated bubble formation threshold and a corre-
sponding transmittance change that could indicate the formation of thermally induced
nanobubbles was not detected as presented in Fig. 7.11. At 20–40 mJ pulse−1 cm−2,
thermally induced nanobubbles are formed as can be seen from Fig. 7.12. Aggre-
gated raw particles can interact by interdiffusion when the particle temperature is
close to the melting point, but the formation of large spherical particles was not
frequent without melting. At 50 mJ pulse−1 cm−2, raw particles (80 nm in diameter)
can reach the melting point of ZnO (2243 K) to form spherical particles and merge
with adjacent molten particles to form larger submicrometer particles as presented
in Fig. 7.13.

Thus, in typical PLML processing conditions for materials with a high melting
point, raw particles must be heated to form thermally induced nanobubbles above the
spinodal temperature. The thermally induced nanobubbles act as a thermal barrier
between particles and the surrounding liquid to enhance rapid heating of particles up
to the melting point of the material. The formation of thermally induced nanobub-
bles not only promotes the formation of submicrometer spherical particles but also
induces the process of interparticle sintering bymerging, as in the bulk scale material
processing.
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Fig. 7.13 SEM images of ZnO particles obtained under various laser fluences by the PLMLprocess
(Nd:YAG laser, wavelength: 355 nm, in water, 30 min) from raw ZnO nanoparticles (80 nm in
nominal size) with the estimated highest particle temperatures. Reprinted from reference [22] with
the permission from American Chemical Society

7.5 Chemical Reaction Mediated by Thermally Induced
Nanobubbles

Chemical reactions in PLML processes can be seen in the following examples, in
which an organic solvent is used as the surrounding liquid medium. The reduction
reaction proceeds from a transition metal oxide to metal or metal oxide with a lower
oxidation state than raw particles, as in the case of raw Fe3O4 particles to Fe and
FeO particles in ethanol [23]. The carbonization reaction from raw B particles to
B4C submicrometer particles is also reported in ethanol [3, 4]. Thermally induced
nanobubbles, where particles and liquid interface, may play an important role in
these high-temperature chemical reactions. However, the details of these chemical
reactions have not been elucidated until now.
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Figure 7.14 presents a schematic of a laser-irradiated particle, the surrounding
ethanol, and the vapor layer at the interface [24], as suggested on the basis of the
discussion in the previous sections. When a particle is irradiated by laser light,
the particle temperature exceeds the melting point when the PLML condition is
applied. Ethanol, interfacing with the heated particle, cannot be in the liquid phase
and thus transforms into the vapor phase. The particle temperature can easily exceed
the decomposition temperature of ethanol due to the formation of a heat-insulating
ethanol vapor layer. However, the heating time is on the order of tens or hundreds of
nanoseconds during the PLML process due to nanosecond laser irradiation. There-
fore, it is unclear how the thermal decomposition process of ethanol proceeds in such
a short time, even though the temperature of the particle is around several thousand
kelvins.

Particle reduction appeared difficult to achieve using a simple thermal decomposi-
tion process under typical PLML laser irradiation conditions (≤200mJ pulse–1 cm–2)
in ethanol. In addition, in the PLML process, the product in ethanol is reduced
compared with that in water. Therefore, another chemical process mediated by the
decomposed products of the surrounding ethanol in the thermally induced nanobub-
bles has to be involved as presented in Fig. 7.14. However, it is difficult to probe the
chemical reaction process, including the formation process of reaction intermediates
by thermal decomposition in a transiently short time and small nanobubble space.

Here, the ethanol thermal decomposition process in a transient time scale is
computationally calculated using the Chemkin-Pro (ANSYS Japan) software. This

Fig. 7.14 Schematic
illustration of a
laser-irradiated particle, the
surrounding ethanol, and the
thermally induced
nanobubble at the interface.
Reprinted from reference
[24] with the permission
from John Wiley and Sons
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software can simulate the temporal change in the molar chemical composition and
chemical reaction path of gas molecules using reaction rate constants of elementary
reactions, the thermodynamic functions of various chemical species, and reaction
conditions (temperature, pressure, and time) [25]. The calculation conditions were
based on the typical range in the PLML process (1000K–4000K, 1 atm to the critical
pressure of ethanol (60 atm)) [11].

Figure 7.15presents the initial thermal decomposition process of ethanol at 2500K
[24]. C2H4 andH2O are increased to a 0.2mol fraction until 40 ns. Theminor compo-
nents with a fraction of 5% or less, such as CH3, CH4, and H2, are also generated
via thermal decomposition. According to the pressure dependence calculation (not
shown here), a higher pressure at 2500 K further accelerates the C2H4 production
rate. Higher pressure is possibly attained in the thermally induced nanobubbles even
though the actual pressure during the PLML process is unknown. Thus, C2H4 is
suggested to promote rapid and efficient chemical reactions in thermally induced
nanobubbles.

Figure 7.16 presents the temperature dependence of the mole fraction of compo-
nents generated by ethanol thermal decomposition after 100 ns heating at 1 atm.C2H4

and H2O are major components at 2500 K–3500 K, and H2 and C2H2 are generated
at a higher temperature of 4000 K. Thus, C2H4 may play an important role in the
chemical reactions mediated by the thermal decomposition of ethanol by the PLML
process since the typical temperature range for the PLML process is 2000 K–4000 K.

Fig. 7.15 Calculated time evolution of chemical composition change when ethanol is introduced
into a container at 2500 K for 100 ns. Reprinted from reference [24] with the permission from John
Wiley and Sons
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Fig. 7.16 Temperature
dependence of the mole
fraction of components
generated by ethanol thermal
decomposition. Elapsed
time: 100 ns. Pressure: 1 atm.
Reprinted from reference
[24] with the permission
from John Wiley and Sons

Figure 7.17 presents the long-term change in the mole fraction for components
thermally decomposed from ethanol at 2500 K and 1 atm. This graph shows that
C2H4 and H2O are the major components only for a short time, whereas H2 and CO
dominate the products after a longer heating time. Thus, this result indicates that
the PLML process preferentially produces C2H4 by nanosecond pulsed laser heating
with a low-frequency laser, which may be different from the case using a MHz laser
with a high repetition rate or the conventional thermal process by continuous heating.

Computational research on ethanol thermal decomposition suggested that C2H4

is a possible reaction intermediate of ethanol decomposition in the PLML process
(<100 ns) with rapid heating and long cooling. C2H4 may also mediate reduction

Fig. 7.17 Long-term
evolution of mole fraction
for components generated by
ethanol thermal
decomposition. Temperature:
2500 K. Pressure: 1 atm.
Reprinted from reference
[24] with the permission
from John Wiley and Sons
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reactions of oxides, such as Fe3O4 and other transition metal oxides, to the less-
oxidized phase, such as FeO or metallic Fe. The formation of low-valence oxides
or metallic phases is more thermodynamically advantageous than simple thermal
reduction when C2H4 is transiently formed in the PLML process. These analyses
were previously reported in detail by comparing the thermodynamic calculations
with the experimental data of product morphology for various transition metal oxide
reductions [24]. Here, another chemical reaction by PLML for the carbonization of
B to form B4C is discussed.

C2H4 is generated via ethanol decomposition in the following equation under the
PLML condition from Fig. 7.15.

C2H5OH � C2H4+H2O (7.5)

C2H4 can produce a carbon source to react with boron atoms in the particles.

C2H4 � 2C + 2H2 (7.6)

The simple thermal carbonization reaction of B for one mole of B is

B + 1

4
C � 1

4
B
4
C (7.7)

If the thermal carbonization reaction in Eq. (7.7) ismediated by the decomposition
reaction of C2H4 in Eq. (7.6), the overall reduction reaction of B to B4C is

B + 1

8
C2H4 � 1

4
B4C + 1

4
H2 (7.8)

The temperature dependence of�G for the simple thermal carbonization reaction
in Eq. (7.7) and C2H4-mediated carbonization reaction in Eq. (7.8) is plotted in
Fig. 7.18.

The black line in Fig. 7.18 indicates the �G curve of a simple thermal decompo-
sition reaction, indicating that the reaction is thermodynamically possible. However,
for the C2H4-mediated carbonization reaction (red line), the �G value is less than
that for the simple thermal decomposition reaction, especially at the melting point
of B (indicated by dots), where spherical particles are formed. This suggests that
the carbonization reaction to form B4C submicrometer spherical particles proceeds
through the mediation of C2H4 generated by the thermal decomposition of ethanol.

The reaction products of submicrometer particles can be predicted from thermo-
dynamic calculations, even without considering the catalytic effect of nanoparticles,
and are mediated by molecules decomposed from ethanol. Thus, chemical reactions
are mainly controlled by thermodynamic relations, even by short-term laser heating,
and the kinetic effects during the PLML process are less effective.
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Fig. 7.18 Temperature
dependence of �G for the
carbonization reaction of
boron and that mediated with
C2H4 generated by thermal
decomposition of ethanol.
Black and red solid circles
correspond to the melting
point of B

7.6 Summary

In this chapter, the basic mechanism of PLML is discussed compared with that of
PLAL. Cavitation bubbles are important for nanoparticle generation in the PLAL
process, whereas thermally induced nanobubbles play a significant role in the gener-
ation of submicrometer spherical particles by the PLML process. However, these
bubbles have different sizes, temperatures, and generation times. The generation of
thermally induced nanobubbles that has never been examined can be monitored by
newly developed transient optical transmittance measurements. The chemical reac-
tions in the PLML process are considered to be mediated by chemicals generated in
thermally induced nanobubbles. Especially, metal oxides can be reduced and boron
can be carbonized by laser irradiation for a short time using the PLML process in
ethanol and this process can be thermodynamically explained with a mediation of
C2H4 thermally decomposed from ethanol.
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gaseous products from refuse derived fuel pyrolysis using chemical modelling software -
Ansys Chemkin-Pro J. Clean. Prod. 248 (2020) 119277. https://doi.org/10.1016/j.jclepro.2019.
119277

https://doi.org/10.1103/RevModPhys.87.981
https://doi.org/10.1021/acs.langmuir.1c00736
https://doi.org/10.1002/ecj.11898
https://doi.org/10.1002/cphc.202001000
https://doi.org/10.1016/j.jclepro.2019.119277


Chapter 8
Mass Production of Spherical
Submicrometer Particles by Pulsed Laser
Melting in Liquid

Yoshie Ishikawa and Naoto Koshizaki

Abstract Pulsed laser melting in liquid (PLML) can produce crystalline spherical
submicrometer particles that are impossible to obtain using traditional particle fabri-
cation methods. The mass production technology of these submicrometer particles
is essential for various promising applications. However, the laser process gener-
ally has low productivity due to the fine laser beam and unidirectional energy input.
PLMLprocess requires the adequate fluence range for submicrometer particle forma-
tion, and therefore, the effective depth where the PLML can proceed must be well
utilized. A guided slit nozzle for a continuous flow system, suitable for a laser with a
high pulse energy and low pulse frequency (several tens of Hz), is developed for the
PLML process. By single flow passage irradiation of an adequately slow continuous
suspension flow through the slit nozzle, the spherical submicrometer particle forma-
tion rate exceeded 90%. This new slit nozzle flow can further provide information on
the pulse-to-pulse particle formation process in PLML. An automated iterative batch
processing system is also developed for the PLMLprocess to produce submicrometer
particles through the chemical reaction between particles and liquid.

Keywords Spherical submicrometer particles · Pulsed laser melting in liquid ·
Mass production · Slit nozzle · Continuous flow · Formation mechanism
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8.1 Uniqueness and Functions of Spherical Submicrometer
Particles Obtained by PLML

As described in Chap. 7, pulsed laser melting in liquid (PLML) is a unique particle
fabrication technique using less energetic laser beam irradiation (several tens to
hundreds of mJ cm−2 pulse−1). Themain products of the PLML process are spherical
submicrometer particles, different from the nanoparticles obtained using pulsed laser
ablation in liquid (PLAL) process. Furthermore, particles obtained by PLML are
usually crystalline and relatively size-homogeneous.

Submicrometer is the size range that divides the two general particle fabrication
processes, top-down and bottom-up. The lower size limit of the top-down approach,
such as pulverization or jet milling, is in micrometers or submicrometers at larger
side. Alternatively, the bottom-up process is difficult to fabricate submicrometer
particles by extending the common nucleation and growth methods typically used
for nanoparticle fabrication. However, the PLML process can produce particles of
the intervening submicrometer range, particularly at the smaller side (Fig. 8.1).

Size-homogeneous spherical submicrometer particles of polymer and glass fabri-
cated are commercially available, though they are generally amorphous [1]. Spher-
ical submicrometer particles composed of aggregated nanoparticles have also been
reported, though these particles and their calcined particles are mostly polycrys-
talline, porous, or less crystallized [2–4]. Thus, conventional particle fabrication
methods cannot easily obtain crystalline and non-aggregated spherical submicrom-
eter particles of various materials.

Submicrometer particles can be used in size-specific functions (Fig. 8.1), such
as optical scatterers for random lasers [5] and solar cell back reflectors [6]; medical

Fig. 8.1 Relationship between particle size range, processing, and size-derived functions
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applications as boron neutron capture therapy agents based on the enhanced perme-
ability and retention effect [7]; enhanced magnetization due to the size-dependent
superpara-/ferromagnetic transitions [8]; and high fracture strength property for
lubricant additives [9]. These functions are different from size-specific nanopar-
ticle functions, such as surface plasmon resonance, superparamagnetism, and catalyst
[10]. Spherical particles have a smooth surface and can be easily disaggregated due to
the point contact aggregation, practically important for actual particle applications.
Furthermore, bulk functions based on the crystal structure, such as magnetic and
dielectric properties, can be miniaturized into submicrometer range without losing
their bulk functions (Fig. 8.1).

Thus, the functions of unique crystalline spherical submicrometer particles
obtained by the PLML process appear promising for various applications. However,
a large amount of submicrometer spherical particles are demanded for actual
particle property tests and their real applications, though the production rate of laser
processing is generally limited due to the small laser beam size and unidirectional
energy input. This chapter discusses the approaches for mass production of spherical
submicrometer particles by PLML based on the understanding of particle generation
process.

8.2 Process Parameters Affecting the Productivity

8.2.1 Unfocused Laser Irradiation

A decade ago, spherical submicrometer particles of boron and boron carbide were
generated (yield > 90%) based on the PLML process during the experiment of boron
nanoparticle fabrication by pulsed laser fragmentation process [11, 12]. A focused
laser beam with a low fluence was irradiated onto boron raw nanoparticles dispersed
in water or an organic solvent to avoid oxidation, resulting in the formation of spher-
ical submicrometer particles of amorphous B in water via a simple melting process
and B4C in organic solvent via a reactive PLML process.

Subsequently, an unfocused low fluence laser beam instead of a focused high
fluence laser beam is irradiated since the required fluence for spherical submicrom-
eter particle formation is one order of magnitude smaller than typical PLAL condi-
tions. Figure 8.2 shows the changes in the fraction of B4C spherical submicrometer
particles produced by the PLML process in an organic solvent as a function of laser
irradiation time. The required time for B4C generation is significantly shortened
by unfocused laser irradiation, indicating the production efficiency improvement by
enlarging reaction space using an unfocused laser beam. This appears beneficial
in the productivity compared with the other laser processing techniques using the
focused laser beam, such as PLAL.
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Fig. 8.2 Temporal yield
change for B4C spherical
submicrometer particles by
PLML in ethanol from B raw
nanoparticles using a focused
and unfocused laser beam

8.2.2 Requirement of Lasers

Figure 8.3a shows the relationship between laser pulse energy and pulse frequency
for different laser power from 1 W to 1 kW. High-frequency lasers are generally
based on the laser diode pumping, and respective laser pulses have smaller energy.
In contrast, low-frequency lasers commercially available are operated by flash-lamp
pumpingwith high pulse energy. A suitable laser fluence range for the PLML process
is presented as a red rectangle, assuming that the laser beam size is 1 cm2.

Figure 8.3b shows the suitable laser fluence range for the PLML process as a
function of pulse energy and beam size. When a low pulse energy laser is used, laser
beam may have to be focused for the PLML process to increase the laser fluence,

Fig. 8.3 a Relationship between pulse energy and pulse frequency for different power (1 W to
1 kW) of pulsed lasers. A suitable range for PLML is presented in red zone when laser beam size
is 1 cm2. b A suitable fluence range for PLML process as a function of beam size and pulse energy
of pulsed laser.
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resulting in the decrease in production rate. For mass production, high pulse power
laser is advantageous when used in unfocused or defocused mode to illuminate large
area of a liquid containing raw particles.

8.2.3 Required Pulse Number

As explained in Sect. 7.2, the adiabatic assumption well explains the laser fluence
conditions for spherical submicrometer particle formation. In this assumption, inter-
pulse interaction is ignored for particle melting, and the required fluence to melt a
particle is calculated as a single laser pulse event. This indicates that the spherical
submicrometer particles are possibly obtained just by single laser pulse irradiation.

To experimentally confirm the required number of laser pulses to obtain spherical
particles, micro-batch cell experiments were performed with a fixed-number laser
pulse irradiation onto the whole micro-cell filled with diluted boron raw particle
suspension (2.5 ppm) to ensure that all particles are irradiated without a shadowing
effect [13]. Figure 8.4 shows SEM images of the boron particles irradiated with
different numbers of laser pulses in the micro-batch cells, demonstrating that only a
few laser pulses yielded spherical particles over 90%.

Fig. 8.4 SEM images of boron particles dispersed in water after the irradiation with various laser
pulses in the micro-batch cells. Reprinted from Reference [13]
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8.2.4 Effective Depth for Spherical Submicrometer Particle
Formation

Another critical parameter to affect the productivity of spherical submicrometer parti-
cles is laser fluence, as discussed in Chap. 7. Even when the applied laser fluence Japp
is sufficiently larger than the threshold fluence J th for spherical particle formation,
the submicrometer particles are only generated in the surface region of the liquid.
The fluence gradually decreases from the liquid surface to the liquid inside due to the
optical absorption of raw particles dispersed in liquid and becomes lower than the
threshold fluence. Effective depth deff for spherical submicrometer particle formation
where the fluence is over the threshold fluence J th is calculated by Eq. (8.1).

deff = 1

α
ln

(
Japp
Jth

)
(8.1)

where the absorption coefficientα can be estimated by optical transmittancemeasure-
ment of raw particle colloidal solution, assuming that liquidmedium is homogeneous
and that scattering process is negligible. Figure 8.5 demonstrates the procedure to
estimate the effective depth for spherical submicrometer particle formation for Ag
colloidal solution (200 ppm) as an example. The laser fluence required to fabricate
spherical particles was calculated to be 50 mJ pulse−1 cm−2 for Ag at a wavelength
of 355 nm (see Chap. 7). The incident laser fluence was 67 mJ pulse−1 cm−2 in this
experiment. The effective depth estimated from the absorption coefficient obtained
by optical transmittance measurement using Eq. (8.1) is 1.1 mm, indicating that
spherical submicrometer particles can be generated in the surface layer of 1.1 mm
thickness. The effective depth deff depends on the laser fluence through the Japp term;
on the material, particle size, and laser wavelength through the J th term; and on the
concentration and dispersion of colloidal solution through the absorption coefficient

Fig. 8.5 aA schematic illustration of laser irradiation and effective irradiation depth for the PLML
process. b The procedure to estimate optical length from the photo absorption curve derived from
the optical absorption coefficient. Adopted from Chem. Eng. Sci., 219 (2020) 115,580. Copyright
2020, with permission from Elsevier



8 Mass Production of Spherical Submicrometer … 143

α term. The deff is around 1 mm under the typical experimental conditions smaller
than a typical liquid container size for the PLML process.

The decrease in laser fluence along the effective depth could be suppressed by
decreasing the suspension concentration. However, it is disadvantageous for mass
production because it decreases the throughput per unit time and requires more
post-processing treatment, such as condensation or particle collection. In addition,
incident angle to the liquid surface or shape of the liquid surface may also affect the
effective depth.

Based on these considerations, the best way to increase the productivity is to
equally irradiate laser onto all respective particles dispersed in liquid only a few
times and reduce the excessive multiple laser irradiation onto all particles as little
as possible. The following sections discuss approaches to improve productivity by
realizing this requirement separately for the flow and batch processes.

8.3 Flow System for Continuous Particle Production
by PLML

8.3.1 PLAL Versus PLML

Mass production of nanoparticles by PLAL, using flowing liquidmedia and scanning
of the laser beam on a target, has been intensively studied by Barcikowski’s group
and recently achieved a production rate of 4 g h−1 [14]. This value is much larger
than 550 mg h−1, the threshold production rate more economical than the typical
wet chemical synthesis method for gold nanoparticles [15]. Thus, laser irradiation
onto liquid can potentially be a practical particle fabrication technique. However,
PLAL generally uses a bulk target, whereas PLML uses particles as a target. Thus, a
suitable mass production setup designed for laser irradiation in a PLML process has
to be developed.

When a laser beam is irradiated onto a liquid containing raw particles through
the walls of the container in a PLML process, the generated submicrometer particles
frequently adhere to the inner surface due to the transient high temperature of the
particles, interfering with the PLML process through optical absorption of adhered
substances. Thus, the open surface of the liquid must be directly irradiated with the
laser in the PLML process.

8.3.2 Cylindrical Liquid Flow with Low Pulse Energy

Laser irradiation on a suspension of raw particles flowing at an adequate rate should
continuously produce submicrometer spherical particles with a high submicrometer
particle formation ratio. Barcikowski et al. attempted high pulse frequency, low pulse
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energy laser fragmentation of dispersed particles in a suspension flow [16, 17] and
applied this approach to the PLML process [18, 19]. A cylindrical suspension flow
(1 mm diameter) with a high flow rate (60 cm s−1) and a high-frequency (100 kHz)
pulsed laser were used [19]. However, submicrometer spheres were obtained in high
yield after repeating laser irradiation 50 times onto flow passage through the system.

PLML processes usually require 10–200 mJ cm−2 per pulse for submicrometer
particle fabrication [20–22]. Therefore, the laser beammust be focused to a diameter
of 0.6mmor smaller since a typical high-frequency laser has pulse power of ~ 300µJ.
Thus, the beam size is smaller than the diameter of the cylindrical suspension flow
in this experimental setup for PLML mass production, resulting in the multiple flow
passage irradiation.

8.3.3 Cylindrical Liquid Flow with High Pulse Energy

High pulse energy, low pulse frequency laser (532 nm, 30 Hz, 8 ns pulse width)
instead of low pulse energy laser were irradiated on cylindrical suspension flow
released from a Pasteur pipette (1.4 mm in inner diameter), aiming for eliminating
the mismatch in laser irradiation area with high fluence for the PLML. Deionized
water dispersed with raw B nanoparticles (0.2 g L−1) flowed from the pipette nozzle
into free space.

Figure 8.6a, b presents the appearances of downward suspension flow just after
being released fromaPasteur pipette [13].Due to surface tension, a liquidflowejected
as a laminar jet from a tube nozzle into free space at a low flow rate (0.29 mL s−1)
transforms into a drip flow (Fig. 8.6a). Droplets generated in a drip flow by this
morphological change were 3–5 mm in size (larger than the diameter of the laminar
jet) and released from the pipette nozzle tip at 0.33 s intervals. In contrast, when liquid
flow is ejected as a laminar jet at a high flow rate (0.73 mL s−1), the continuous flow
(Fig. 8.6b) was observed.

Figure 8.6c, d presents SEM images of produced particles by only one passage
of the flow tube obtained at respective conditions. The drip flow (Fig. 8.6a) was
irradiated just below the tip of the pipette nozzle by the unshaped laser beam (diam-
eter: 8 mm) at 300 mJ cm−2 pulse−1. Due to the large size of droplets, the laser
fluence within the droplet is significantly reduced, and spherical particles were rarely
observed (Fig. 8.6 c). For irradiating the liquid continuous film flow (Fig. 8.6 b), the
laser beam was shaped into a line beam (2 or 3 mmwide, 30 mm long) by cylindrical
lenses and also irradiated at 300 mJ cm−2 pulse−1. The obtained particles were not
well converted to spheres by a single passage through the capillary tube (Fig. 8.6 d).

Continuous flow is beneficial for the constant generation of submicrometer parti-
cles, though a higher flowing rate is necessary to have stable continuous laminar
cylindrical flow. However, all raw particles may not be irradiated by laser pulses at
a higher flow rate during the flow tube passage. Furthermore, the 1.4 mm diameter
of cylindrical liquid flow is thicker than the effective depth in this case. Thus, the
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Fig. 8.6 a A drip flow at 0.29 mL s−1 and b a laminar jet at 0.73 mL s−1 using a Pasteur pipette
nozzlewith an inner nozzle diameter of 1.4mm.SEM images of boron particles after laser irradiation
of boron suspension by single liquid flowpassage through the Pasteur pipette nozzle. c at 0.29ml s−1

volume flow rate in drip flow, and d at 0.73 mL s−1 volume flow rate in a laminar jet. Reprinted
from Reference [13]

fraction of particles in liquid flow is not irradiated by a laser with sufficient fluence
for spherical particle formation.

8.3.4 Thin Liquid Film Flow with High Pulse Energy

Thin liquid flow with a stable low flow rate is advantageous for efficient spherical
particle production. For this purpose, a new slit nozzle to guide thin liquid flow is
developed (Fig. 8.7) [13]. The liquid film guided by the 30 mm long slit (1 mm or
1.5 mm gap) made of quartz was entirely irradiated with a line-shaped laser beam
during a single passage of the flow.

Figure 8.8 presents the appearances of developed slit-guided liquid flow at
0.29 mL s−1 and 0.73 mL s−1 and corresponding SEM images of particles obtained
by laser irradiation under PLML conditions by only one passage in the slit flow.
SEM images indicate that particles released from the slit nozzle are mainly spherical
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Fig. 8.7 Schematic illustration of a developed slit nozzle. Reprinted from Ref. [13]

particles. Thus, the liquid film flow guided by the slit nozzle is more advantageous
for spherical particle formation than cylindrical suspension flow into free space. This
is owing to the shortened thickness of the produced liquid film in the slit nozzle. The
concept of thin film liquid flow is extended to the pulsed laser fragmentation process
[23].

8.3.5 Flow Rate Dependence and Yield

Figure 8.9 presents the irradiated average pulse numbers by one passage through
the slit-guided nozzle and spherical particle formation ratios for various volume
flow rates. The irradiated average pulse numbers were larger than the two pulses at
0.20 mL s−1 and 0.29 mL s−1 volume flow rates. Therefore, the spherical particle
ratios exceeded 90% after a single liquid flow passage through the slit nozzle. Thus,
the slit nozzle is advantageous compared with the cylindrical liquid flow since the
slit nozzle can generate non-droplet continuous liquid flow even at a low flow rate.
At 0.37 mL s−1, the spherical particle ratio decreased to 63% due to the decrease in
the received average pulse numbers.

The spherical particle yield was evaluated to be 195 mg h−1 at a suspension
volume flow rate of 0.29mL s−1 (1mmwide, 1mm thick slit nozzle) by extrapolating
the data from the 20 mL suspension. Furthermore, the high spherical particle ratio
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Fig. 8.8 Liquid flows of the slit nozzle at different volume flow rates at a 0.29 mL s−1 and b
0.73 mL s−1. Flows were visualized by methylene blue aqueous solution. SEM images of boron
particles obtained by laser irradiation through the slit nozzle at the volumeflow rate of c 0.29mL s−1,
and d 0.73 mL s−1. Reprinted from Ref. [13]

and high yield by irradiation through single passage flow were confirmed using the
unique continuous slow flow realized by the slit nozzle. Thus, laser irradiation of a
suspension filmflowing through this new slit nozzle is promising formass production
by PLML.
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Fig. 8.9 Relationship of irradiated average pulse number (blue bars) and spherical particle ratios
(red dots) at various volume flow rates of boron suspension through the 1 mm wide, 1 mm thick slit
nozzle. Reprinted from Ref. [13]

8.4 Controlled Pulse Number Irradiation in Flow System
for PLML Process Analysis

8.4.1 Controlled Pulse Number Irradiation by Viscosity
Change

Randomly shaped raw particles in a liquid flow were irradiated through the devel-
oped slit nozzle, resulting in a 95% spherical particle formation ratio with only
single passage irradiation (Sect. 8.3) [13]. This means that controlled number of
pulses can be used to irradiate most particles passing through the slit nozzle. As a
result, the slit nozzle, which was originally designed for mass production, can be
used to deduce detailed PLMLmechanisms, such as particle shape modification and
chemical reduction process from the product analysis.

Raw cube-shaped Fe3O4 powder with 200 nm in diameter (0.1 g L−1) was
suspended in deionized water and aqueous solution of glycerol mass-30% or -60% to
control the flow rate by viscosity change. The suspension flow through the slit nozzle
generated a liquid film flow guided by the slit nozzle. The liquid film flowwas irradi-
ated by a Nd:YAG laser (wavelength: 532 nm, pulse frequency: 30 Hz, pulse width:
8 ns) at 300mJ cm−2 pulse−1. Figure 8.10 shows SEM images of (a) raw Fe3O4 parti-
cles and particles obtained by irradiation onto suspensions of (b) deionized water,
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Fig. 8.10 SEM images of a raw Fe3O4 particles and particles obtained by irradiation of a suspen-
sion of b deionized water and a c 30 wt % and d 60 wt % aqueous solution of glycerol with a single
passage through the slit nozzle. Reprinted with permission from Reference [24]. Copyright 2019
American Chemical Society

aqueous glycerol solution at (c) mass-30%, and (d) mass-60% passing through the
slit nozzle only one passage [24].Most particles were converted to spherical particles
(conversion rate: 92%) in aqueous glycerol solution at mass-60%, although many
unconverted raw particles were observed in deionized water and aqueous glycerol
solution at mass-30%.

According to the linear flow rate measurements by high-speed particle tracking
and the numerical analysis of flow rate distribution in the slit nozzle, irradiated pulse
number distribution of the particles during one passage of the slit nozzle can be
calculated. Figure 8.11 presents cumulative frequencies of irradiated pulse number
of individual particles through the slit nozzlewith one passage for the deionizedwater
suspension and the 60 wt % aqueous glycerol solution suspension. The irradiating
pulse number is narrow-ranged, suggesting that step-by-step laser irradiation by
a few pulses is possible. However, the suspension viscosity may affect the cross-
sectional liquid film shape (Fig. 8.12), reducing the conversion efficiency when the
film thickness is larger than the effective depth.
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Fig. 8.11 Numerically calculated cumulative frequencies of irradiated pulse number of particles
through the slit nozzle. Reprinted with permission from Ref. [24]. Copyright 2019 American
Chemical Society

8.4.2 PLML Process Analysis by Controlled Pulse Number
Irradiation

PLML process analysis by laser irradiation using conventional batch cells was diffi-
cult due to uncontrolled andbroadpulse numbers irradiated on the particles.However,
the number of irradiating pulses during the slit nozzle passage could be precisely
controlled by altering experimental conditions such as volume flow rate, suspension
viscosity, and slit nozzle dimensions. This enables tracing phenomena with every
specific pulse irradiation and clarifying the detailed mechanism of PLML.

Figure 8.13 shows SEM images of irradiated Fe3O4 particles in 60% aqueous
glycerol solution suspension through the slit nozzle (a) one passage and (c) four
passages. Particles with dark contrast at the center were frequently observed in parti-
cles after one passage flow, suggesting that these particles have low-density structures
inside. Figure 8.13 also shows corresponding SEM images of cross sections (b) from
(a) and (d) from (c) obtained by a focused ion beam processing of particles. Hollow
particles were formed at the initial laser irradiation stage. The formed voids in hollow
spherical particles are gradually excluded from the melted droplet by repetitive pulse
irradiation.
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Fig. 8.12 Cross-sectional figures of film flow calculated numerically on the basis of the linear
flow rate distribution for a a deionized water suspension and b 60 wt % glycerol aqueous solution
suspension. Adopted with permission from Reference [24]. Copyright 2019 American Chemical
Society

Figure 8.14 shows XRD patterns of particles before and after irradiation in 60%
aqueous glycerol solution suspension at various flow passages. FeO peaks gradually
appeared as the number of passages increased, as previously reported [25]. While
the raw particle shape conversion took 2 to 3 pulses of irradiation, the reduction of
Fe3O4 to FeO took longer, probably due to the interface reduction reaction between
the melted particle and pyrolyzed gas species, as well as diffusion of oxygen from
the inside to the interface [21, 26].

Thus, flow type irradiation using the slit nozzle enables detailed pulse-by-pulse
observation of the spherical particle formation process, especially in the earlier stages
of spherical particle formation. Furthermore, by changing the viscosity of the liquid,



152 Y. Ishikawa and N. Koshizaki

Fig. 8.13 SEM images of Fe3O4 particles suspended in 60 wt % glycerol aqueous solution and
irradiated through the slit nozzle for a one and c four passages. Corresponding SEM images of
cross sections of Fe3O4 particles irradiated with b one and d four passages and cut out with focused
ion beam. Reprinted with permission from Reference [24]. Copyright 2019 American Chemical
Society

Fig. 8.14 XRD patterns of
raw Fe3O4 and particles
obtained with various
number passage irradiation
in 60% glycerol aqueous
solution. Reprinted with
permission from Ref. [24].
Copyright 2019 American
Chemical Society
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the highest spherical particle formation ratio 92% and spherical particle productivity
361mgh−1 were simultaneously achieved in the glycerolmass-60%aqueous solution
suspension of Fe3O4 (0.1 g L−1) at 1.1 mL s−1 volume flow rate with single flow
passage.

8.5 Batch-Type Iterative Particle Production

8.5.1 Advantages and Disadvantages of PLML Batch Process

Over 90% of raw particles can be converted to spherical submicrometer particles
with just a few laser pulses during a single passage of the liquid film flow guided
by a slit nozzle, as explained in Sect. 8.3. However, a small number of laser pulses
is insufficient to grow spherical submicrometer particles through a chemical reac-
tion between the particles and liquid, such as the formation of FeO particles from
Fe3O4 particles in ethanol [25], as explained in Sect. 8.4.2. In such cases, batch-type
laser irradiation is practically feasible to fabricate submicrometer particles through
the PLML process by irradiating plural laser pulses for high-temperature chemical
reactions.

To irradiate laser pulses by plural times onto most of the particles dispersed in
a liquid vessel, laser pulse frequency can be a simple parameter to reduce the total
irradiation time and increase the production rate by the PLML process. Figure 8.15
presents the SEM images of ZnOparticles after laser irradiation using the same pulses
with different laser pulse frequencies [27]. Up to 200 Hz, spherical submicrometer
particles were generated, and the production rate is proportionally increased with
the pulse frequency. However, when the pulse frequency is over 200 Hz, particles
with smaller sizes were simultaneously generated, suggesting that the particles are
partially vaporized by overheating the particles. This is possibly due to the heat
accumulation in the surrounding liquid and a short inter-pulse cooling time.

To achieve a high conversion rate of irradiated particles in the vessel, the PLML
batch process requires stirring process and a long irradiation time to compensate the
short effective depth for spherical submicrometer particle fabrication. Thus, to ensure
that all particles suspended in the batch vessel are converted to spherical particles,
the vessel is irradiated by an excessive number of laser pulses.

8.5.2 Numerical Simulation of PLML Batch Process

Figure 8.16 presents a schematic of the cell configuration and the parameters used to
quantitatively calculate spherical particle formation efficiency in the batch process
[28]. f = V c /V i where V c is the total liquid volume in a container, and V i is the
laser-irradiated volume in the batch cell derived from the effective depth discussed in
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Fig. 8.15 SEM images of obtained ZnO particles irradiated with a KrF excimer laser irradiation at
a laser fluence of 182 mJ pulse−1 cm−2 by 48 000 pulses. Pulse frequencies are a 25 Hz, b 200 Hz,
c 400 Hz, and d 800 Hz. Reprinted from [27], Copyright 2018, with permission from Elsevier

Fig. 8.16 Schematic images of the cell configuration and the parameters used to calculate formation
rates. V c is the total liquid volume in a container. V i is the laser-irradiated volume in the batch cell,
which depends on the concentration and absorption efficiency of the raw particles. k is the laser-
irradiated volume exchange ratio of the pulse interval. Reprinted from [28], Copyright 2020, with
permission from Elsevier

Sect. 8.2.4, which depends on the laser fluence and the concentration and absorption
efficiency of the raw particles.When raw particle concentration is high,V i decreases,
and hence, f increases. k is the exchange ratio of laser-irradiated volume during the
pulse interval depending on stirrer condition and liquid viscosity.
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Fig. 8.17 Simulated calculation results for the PLML process. a Change in the formation rate as a
function of pulse number when k = 1 (complete mixing) and f = 50. b The liquid volume effect on
the spherical particle formation rate when the laser-irradiated volume exchange ratio is k = 0.2, the
number of pulses required for spherical particle formation is 3, and the effective irradiation space
is constant. Reprinted from [28], Copyright 2020, with permission from Elsevier

Figure 8.17a shows the changes in conversion rates to spherical particles as a
function of pulse number when k = 1 (complete mixing) and f = 50 (a typical value
in a batch cell). If only a few laser pulses were required to convert a raw aggregate
to a submicrometer particle, approximately 600 pulses (1 min for a 10 Hz laser)
were sufficient to convert all of the particles, though several tens of minutes were
generally required to convert over 90% in yields. This suggests k < 1 (incomplete
mixing), and the actual k value can be roughly estimated from the experiment data
to be k = 0.2 under a typical liquid cell condition (f = 50). Figure 8.17b shows the
effect of liquid volume on the particle formation rate when k = 0.2, and three pulses
were required for particle formation. If the complete mixing is true (k = 1), the pulse
number for conversion proportionally increases with the liquid volume increase, and
all curves in Fig. 8.17(b) overlap. However, Fig. 8.17b presents that the curves shift
toward the large pulse number side with the liquid volume increase. This is due to the
extra laser pulses required to compensate for the incomplete mixing of a large liquid
volume. Thus, owing to the thin-layer reaction region (thin effective depth) in the
optical process and incomplete mixing in the liquid container during pulse interval,
a small liquid volume cell (small f ) with a smaller number of laser pulses is efficient
in fabricating submicrometer particles.

8.5.3 Automated Iterative Batch Process for PLML Process

The calculated results suggested that automated iterative short-term laser irradiation
with a small volume of the raw particle suspension would be more efficient for mass
production than large cells if a liquid container exchange was performed as quickly
as possible. The estimated production rate under these conditions was 5.15 mg h−1.
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Fig. 8.18 Schematic illustration of a developed automated iterative batch system for the production
of submicrometer spherical particles, consisting of a circular turntable with three spots for batch
cell holders located at 120° intervals, with a raw suspension feed, a laser irradiation spot, and a
suspension collection port. Reprinted from [28], Copyright 2020, with permission from Elsevier

Thus, an automated iterative batch system for the production of submicrometer spher-
ical particles is developed as illustrated in Fig. 8.18, consisting of a circular turntable
with three spots for batch cell holders located at 120° intervals, with a raw suspension
feed, a laser irradiation spot, and a suspension collection port. However, the system
with too small cells had difficulty in stirring during processing, and therefore, the
cell size should be at least ~3 cm3.

8.6 Summary

Submicrometer particles obtained by PLMLare spherical, crystalline, and showgreat
promise in a variety of applications. However, mass production by laser process is
difficult due to the fine laser beam and unidirectional energy input. PLML can use
unfocused laser beams and appears to be suitable for mass production, though actual
industrial use will necessitate a further increase in production rate. The laser specifi-
cations and a liquid dispersed with raw particles are relevant to PLML productivity.
In the case of lasers, a single laser pulse must melt particles efficiently, so the laser
pulse energy should be several tens to hundreds of mJ cm−2 pulse−1. Therefore,
the nanosecond pulsed laser with low pulse frequency (10–200 Hz) is preferable,
and high pulse frequency (~MHz) laser is not suitable. Furthermore, the applied
laser fluence gradually decreases from the surface to the interior of the liquid by the
optical absorption of raw particles. The effective depth with sufficient laser fluence
for the PLML process is typically around 1 mm and must be well considered to
increase productivity.
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As an efficient flow system for PLML, a guided slit flow nozzle for a continuous
flow system is developed. This nozzle generates a thin film flow close to the effective
depth for spherical submicrometer particle fabrication. The spherical particle ratios
exceeded 90% after a single liquid flow passage through the slit nozzle. The slit
nozzle can also be utilized to analyze the initial particle formation process from
the pulse-to-pulse product variation. As an efficient batch system for PLML, an
automated iterative batch processing system is developed utilizing thin-layered small
cells (equivalent to the effective depth) with a small number of laser pulse irradiation
and frequent automatic cell exchange.

Thus, the method to increase the productivity of the PLML process is examined.
The production yield now approaches the practical level by an appropriate design of
laser irradiation system by adopting the concept of the effective depth for spherical
submicrometer particle fabrication. Laser specification design with high pulse power
further improves the productivity of spherical submicrometer particles.
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Chapter 9
Material Processing for Colloidal Silicon
Quantum Dot Formation

Toshihiro Nakamura

Abstract Semiconductor quantum dot is a nanoparticle-based future building block
for optoelectronics because of quantum confinement-induced exotic optical proper-
ties such as a size-dependent luminescence color.Among the semiconductor quantum
dots, silicon quantum dot has striking features, not like compound semiconductor-
based quantum dots such as cadmium selenide dots, non-toxicity, earth abundancy,
and scalability in the production of the raw material originating from silicon-
industrial technology. In particular, solution dispersible colloidal silicon dot has been
paidmuch attention due to demands in novel solution-based electronic devices. In this
chapter, it is reviewed that processing for fragmentation induced formation of lumi-
nescent colloidal silicon quantum dots from condensed silicon targets including bulk
silicon, quantum dots-embedded silica matrix, and porous silicon. A wide variety
of processing such as pulsed laser irradiation, mechanical fragmentation, chemical
etching, and low-temperature heat treatments are employed to fragmentate the silicon
targets. The present review highlights the features of the processing, the production
yields: and luminescence properties of colloidal dots, revealing the advantages of
each processing to develop future industrial production system of silicon dots for
applying practical electronic devices.

Keywords Luminescence · Laser processing · Chemical etching · Quantum
confinement · Semiconductor nanomaterial

9.1 Introduction

Semiconductor quantum dot is a zero-dimensional quantum-confined system
consisting of semiconductor single crystalline nanoparticle with a size of around
exciton Bohr radius. The quantum-confined effects in the quantum dot allow us to
control their electronic structures through size tuning [1]. Because of the controlla-
bility, the quantum dot is a nanoparticle-based future building block for electronics
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and optoelectronics [2, 3]. Semiconductor quantum dots have exotic luminescence
properties such as emission color tuning and bright emission compared to bulk semi-
conductors. Luminescence in quantumdots is usually attributed to confined electron–
hole recombination at their electronic bandgap. Smaller quantum dots have higher
bandgap energies due to stronger confinement-induced discrete electronic states,
resulting in shorter emission wavelength luminescence. Simultaneously, stronger
confinement of excited carriers in smaller quantum dots leads to the enhancement of
radiative recombination probability due to carrier localizations.

There are various forms of the quantum dots, e.g., quantum dots deposited on
a semiconductor substrate [4, 5] and free-standing (colloidal) dots dispersed in a
solvent [6–8]. High-quality quantum dots are formed on a lattice matched semicon-
ductor substrate by an epitaxial semiconductor growthprocess.Byusing this quantum
dot system, commercial grade excellent light-emitting devices such as a laser diode
are reported [9–11], although expensive vacuum instruments are needed. On the
other hand, colloidal quantum dots are prepared by relatively cost-effective processes
such as a solution-based synthesis. Furthermore, the colloidal dots are compatible to
rapidly developing solution-based organic light-emitting devices [12–14].

Direct bandgap semiconductors are usually employed as a colloidal quantum
dot material in optoelectronic applications because of their intrinsic large radiative
recombination coefficient (e.g., 2 × 10–10 cm3/s for GaAs and InP [15]) compared
to indirect bandgap semiconductors (3.4 and 0.2 × 10–14 cm3/s for germanium and
silicon [16]). Among direct gap semiconductors, CdSe is one of the most excellent
luminescent quantum dot materials, and CdSe-based quantum dots have been inten-
sively investigated sinceMurray et al. synthesizedwell-monodispersedCdX (X=Se,
S, Te) quantum dots [6]. This is because of their luminescence color controllability
in a wide visible range via size changes. There are various types of the quantum dots
such as core–shell dots [17] and impurity doped dots [18]. Furthermore, CdSe-based
quantum dots are employed for lighting devices such as light-emitting diodes [19]
and lasers [20]. However, their toxicity originated from cadmium [21] is problematic
in the aspect of practical applications for commercial uses.

One of promising cadmium free quantum dot materials is silicon. It is non-toxic
to human and cost-effective because of its earth abundancy (the value of earth’s crust
abundant for silicon is 28.2% [22]). While silicon is an excellent electronic device
material, its indirect bandgap nature, i.e., the phonon assist is essentially needed to
occur radiative recombination between electrons and holes at band edge, prevents it
to apply in light-emitting devices. However, the quantum confinement of electron–
hole pair in a silicon quantum dot partly allows the pair to radiatively recombine
without phonons, called quasi-direct radiative recombination [23]. This effect leads
to the strong enhancement of radiative recombination rate (wr) up to wr ~106 s−1

depending on the size of quantum dots [24] from wr ∼ 4× 102 s−1 for 1017 cm−3 of
majority carriers in bulk silicon [16].

The small bandgap energy of bulk silicon at room temperature, Eb
g = 1.12eV

(~1050 nm) [25], which is far from visible light wavelengths (~400–800 nm), indi-
cates that it is inappropriate to lighting applications. However, in the case of silicon
quantum dots, the quantum confinement makes the bandgap energy shift to a high
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energy side, resulting in the use of the silicon dot as a visible light emission mate-
rial. The quantum confinement can be divided in two different regimes, i.e., strong
confinement orweak confinement regimes, usuallymeaning that the radius of a spher-
ical quantum dot is smaller or larger than exciton Bohr radius. A simple effective
medium theory can predict the size dependence of bandgap energies Eg in quantum
dots including silicon quantum dot as [26]

Eg = Ebulk
g + π2Ry∗

(aB
a

)2 − 1.786Ry∗ aB
a

(9.1)

where Ebulk
g is bulk bandgap energy, and Ry∗ represents exciton Rydberg energy. a

and aB are the radius of quantum dot and the exciton of bulk material. Using the
bulk silicon values of aB = 4.3 nm and Ry∗ = 0.015eV [26], the bandgap energy of
silicon quantum dots with their diameters from 4.8 to 2.3 nm is expected to be tuned
in a whole visible light energy range (~1.55–3.10 eV). These quantum confine-
ment effects induced luminescent property changes in the dot are schematically
summarized in Fig. 9.1.

The quantum confinement effects (the enhancement of radiative recombination
rate and visible luminescence) as mentioned above have been firstly reported in
porous silicon by Canham [27, 28], which is a wire-like assembly of silicon quantum
dots [29]. The porous silicon is typically prepared by electrochemical etching of a
silicon wafer in hydrofluoric acid (HF) solution. The porous layer is formed on the

Fig. 9.1 Schematic illustration of quantum confinement effects on the luminescence properties in
silicon quantum dots
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silicon wafer through the anodization of silicon and subsequent etching of silicon
oxides [30]. The actual formation process and properties of porous layer such as
porosity which influences the optical and electronic properties of porous silicon are
determined by various etching conditions, e.g., doping levels and types of wafers,
current density, etching time, and the addition of surfactant [31]. For example, a
heavily p-type doping is required to form the porous layer without hole injection
process such as light illumination. An alcohol-based surfactant such as ethanol is
used for preventing hydrogen bubble formation in the etching reaction. The higher
current density and/or longer etching time the wafer is applied, the higher porosity
the porous layer has, resulting in the larger average pore diameter.

The luminescence of porous silicon originating from the recombination of
quantum-confined electron–hole pairs at indirect gaps canbe tuned in awide emission
energy range (1.1–2.2 eV) [32], corresponding to the color range from blue to near-
infrared (NIR). The emission wavelength usually becomes shorter with increasing
the porosity of porous silicon. This is due to the size reduction of each silicon core
(silicon dot) consisting of wire-like interconnected porous network because of the
increase in the pore (void) sizes.

The luminescence efficiency of porous silicon strongly depends on the quality of
surface passivation, which means that unsaturated (dangling) bonds of silicon crystal
surface atoms are covalently terminated with non-silicon atoms such as hydrogen or
oxygen. This is because the dangling bonds of silicon surface trap the photo-excited
electrons.As-prepared porous silicon byHF-based etching solution is naturally passi-
vated with hydrogen atoms [33]. Some surface modification treatments can improve
the luminescence efficiency. For example, high-pressure vapor thermal annealing
treatment forms the high-quality oxide passivation layers, resulting in considerable
increase in the photoluminescence (PL) absolute quantum efficiency from ~1% to
23% [34–36]. The analysis by PL decay dynamics indicates that this strong PL
enhancement is due to the suppression of non-radiative decay route because of the
decreasing in the surface dangling bonds. Thus, in a silicon quantum dot system
including porous silicon, the degree of the surface termination is essential for the
luminescence efficiency.

After the discovery of quantum confinement effects in porous silicon, different
forms of silicon quantum dots have been reported: silicon dots embedded in silica
matrix prepared by annealing of silicon rich silica [37–39], and colloidal (free
standing) quantum dot [40–42]. The silica matrix-embedded silicon dots have stable
luminescent in different ambient conditions because they are naturally covered with
robust silicon dioxide network. On the other hand, the luminescence properties of
colloidal dots are strongly dependent on their surface passivation [43], as like porous
silicon and other semiconductor colloidal dots. Hydrogen-passivated silicon dots
purely reflect the properties of silicon cores, although they are easily suffered from
oxidation effects [44] because of the lower bond dissociation energy. On the contrary,
the oxide covereddots have stable luminescent properties, i.e., its luminescence inten-
sity is durable against continuous light illumination [45]. Another stable passivation
is organic ligands, such as alkyl [46, 47] and amine [48, 49] groups. The organically
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passivated silicon dots occasionally show some different properties from hydrogen-
passivated dots, e.g., the surface-related bright luminescence [50] and direct-like
optical transitions [51–53] due to ligand effects. In these silicondots, the dispersibility
in polar or nonpolar solvents can be also tuned by kinds of organic ligands [54].
Because of these excellent properties, organic terminated silicon dots are expected
to be applied in bio-imaging fields [55–57] and solution-based light-emitting diodes
[58, 59].

There are various formation routes for colloidal silicon quantum dots formation.
A traditional route for compound semiconductor quantum dots, i.e. the solution
synthesis, is used for the formation of silicon quantum dots [42, 53, 60]. Further-
more, another approaches, such as laser pyrolysis [61–63] or plasma synthesis via
decomposition of silane, are commonly employed for the silicon dots formation [64–
66]. These routes can be categorized in the bottom-up processes [67] which means
that the colloidal dos are formed by coalescent and crystallization of silicon precur-
sors and subsequent surface passivation. Other interesting routes are that colloidal
dots are formed through some fragmentation of various types of condensed silicon
targets including bulk crystalline silicon. Typical routes are mechanical ball milling
and liquid-based laser processing of bulk silicon, which are obviously categorized
in so-called top-down processes. Another route is the formation of quantum dots
from the fragmentation of the condensed assembly targets of silicon crystal cores
(quantum dots), i.e., porous silicon and quantum dots-embedded silica matrix. In
the case of porous silicon target, the chemical etching of bulk silicon is performed.
On the contrary, the quantum dot-embedded silica matrix is formed from silicon
precursors such as sol–gel precursors and sputtered film. Former can be categorized
in top-down process, and the latter can be categorized in bottom-up process [67]. In
both cases, after the formation of silicon-condensed assembly targets, silicon crystal
cores liberate from the targets via various low or high energy processing depending
on their structural features. In this chapter, we review these material processing for
the formation of luminescent colloidal silicon quantum dots from condensed silicon
targets. The focused targets in this review are (i) bulk silicon (e.g., wafer and chunk),
(ii) quantumdots-embedded silica, and (iii) porous silicon, as schematically shown in
Fig. 9.2. We compare these processing in the views of the quality of colloidal silicon
dots as a luminescence material (i.e., the controllability of luminescence properties)
and of the productivity, to reveal advantages of each processing.

9.2 Bulk Silicon Targets

Mechanical ball milling of bulk silicon targets can directly generate nanometer-
sized silicon nanoparticles. Lam et al. used silica powder as a target and showed
mechanical ball milling formation of Si quantum dots [68], combining the thermal
annealing process to reduce the silica to crystalline silicon. This process yields ~10 g
per experimental batch of silicon quantum dots exhibiting red to near-infrared PL
emission. Heintz et al. performed the ball milling of a silicon chunk target to directly
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Fig. 9.2 Material processing flows for colloidal luminescent silicon quantum dot formation from
condensed silicon targets

generate silicon quantum dots [69]. The obtained dots are the diameters of several
nanometers without additional process such as annealing. One of the original points
in their milling processing is the addition of an alkyne organic solvent during the
milling, since the surface of milled silicon is not passivated. A chemical reaction
occurs between silicon surface and alkynes, and then, the surfaces of quantum dots
are passivated with alkyl species. Their silicon dot samples have a broad PL emission
band peaked at 430 nm. They treated the 1.5 g of silicon chunk for the formation
of quantum dots. Although both milling processes need relatively long periods from
1 to 10 days to obtain the quantum dot samples, the quantity of the treating sample
per experimental batch is a gram scale order. Furthermore, Bose et al. demonstrated
silicon quantum dot formation from a biomass-condensed silicon-based material,
i.e., rise husk which consists of mainly silica, toward future green scalable synthesis
[70]. They milled rise husk and then, performed microwave irradiation of milled
rice husk to reduce the silicon oxides for 1 h, resulting in the formation of green
light-emitting silicon quantum dots. In this process, 2 g of raw rice husk powders
were used per batch, and the yield of quantum dots was 5%, i.e., 10 mg of colloidal
sample was produced.

Semiconductor-grade silicon wafer is extremely high-purity single crystal.
Because of the excellent purity and high crystallinity, it can be an ideal silicon target
for the formation of quantum dots. Pulsed laser irradiation in liquid is one of the
most successful and concise techniques to produce quantum dots from silicon wafer.
In traditional semiconductor industry, laser processing is known to be utilized for
annealing to recovery crystalline quality and/or recrystallize the wafer [71]. Umezu
et al. firstly demonstrated that the pulsed laser irradiation in water and hexane gener-
ates silicon quantum dots exhibiting PL emission in a blue to near-UV region [72].
Švrček et al. investigated the dependence of the morphology of the formed quantum
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dots and PL properties on the irradiation conditions in detail [73]. They revealed
that the intensity of PL band at ~400 nm increases with laser fluence and the smaller
aggregates of the quantum dots are formed at higher fluence. The formation mecha-
nism of the laser processing in liquid for silicon quantum dot formation is the laser
ablation of the silicon wafer and subsequent condensed growth of nanocrystalline
silicon from vaporized silicon at the liquid interface. After these works, many elabo-
rate works have been published to control PL properties; Saitow et al. demonstrated
the formation of the silicon quantum dots and the control of their emission color
via an interesting approach [74, 75], i.e., they employed supercritical CO2 fluid as a
liquidmedium.By changing the supercritical fluid pressure, the formed quantumdots
exhibited wide range visible PL emissions such as blue, green, and red in addition
to UV emission via size changes of dots as shown in Fig. 9.3.

The size control is also attained via other various irradiation conditions such as
laser fluence and laser wavelength. For example, Yan et al. demonstrated that higher
laser fluence the wafer target is irradiated, the smaller silicon quantum dots they
obtained [76]. As another interesting approach to control the size they showed, a
post size selection treatment after the laser processing in liquid has been proposed;
siliconquantumdot sampleswith differentmeandiameterswere obtainedbycentrifu-
gation of an as-prepared sample with mixture of water and ethanol. Furthermore,
Shirahata et al. demonstrated the size separation using a column chromatography
technique [77], which is also utilized in pyrolysis synthesized silicon quantum dots
[41]. They obtained clear green and blue silicon quantum dots samples. Using the
same approach, well size-separated germanium quantum dots were prepared [78].
Moreover, an ultrasonification treatment in HF solution of the silicon nanoparticles
with diameters of ~20–100 nm prepared by laser-induced fragmentation was demon-
strated to further reduce their size [79]. The liberation of aggregated quantum dots
consisted in prepared nanoparticles and the chemical etching of silicon oxides on
their surfaces generate smaller size-distributed quantum dots sample with a mean
diameter of ~4.5 nm. This silicon dot sample exhibits a relatively broad PL emission
band peaked at 550 nm with a full width half maximum (FWHM) of ~120 nm.

One of themost notablemerits in the laser processing in liquid for silicon quantum
dot formation, in addition to the use of concise process instruments, is that the surface
passivation spontaneously occurs during the processing [80, 81].As-formed quantum
dots after the condensation of ablated material vapor have radical surfaces. This
surface instantly reacts with surrounding medium. In the case of organic molecules
such an unsaturated hydrocarbon as a liquidmedium, quantum dot surfaces are passi-
vated with organic ligands. The stable and high-quality organic surface passivation
leads to a relatively high absolute quantum efficiency of up to ~10%, in spite of no
surface passivation treatments [77].

The reported yield of quantum dot samples in the laser irradiation process in liquid
per experimental batch is reported to be 50µg/minwith respective to laser irradiation
time [76]. Of course, with increasing irradiation area, the yield of this process would
be increased. Furthermore, as summarized in the reviews [82], various interesting
approaches to improve the productivity such as a scan of laser irradiation spot over
target substrate have been demonstrated, and thus, further improvements for the
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Fig. 9.3 PL spectra of colloidal silicon dots by pulsed laser irradiation in supercritical fluid and
their luminescent color images. The different color PL emissions are shown for different pressures
of the fluid. Reprinted with permission from Ref. [75]. Copyright 2009 American Chemical Society

silicon quantum dot formation by laser processing in liquid are interesting future
works.

9.3 Silica Matrix Targets

The silicon quantum dot system where the dots are embedded in silica matrix has
excellent controllability of optical properties as well as stable luminescence, as
mentioned in Sec. 9.1. Crystalline silicon quantum dots in this system are formed via
aggregation and crystallization of excess silicon atomsby annealing silicon-rich silica
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matrix. The silicon-rich silica matrix films are traditionally prepared by ion implan-
tation [38, 83, 84] and sputtering techniques [39, 85–87]. By changing the contents
of silicon and annealing conditions such as temperature and time, the size of silicon
dots is controlled, e.g., when silica matrix has the larger content of excess silicon,
the prepared sample has larger size distribution of silicon quantum dots, leading to
PL emission at longer wavelength [39, 87]. These quantum dots systems also have
the easiness of doping with different ions, n- and p-type dopants ions such as boron
and phosphorus [88–90] and rare-earth metal ions [91–94]. In addition to these silica
films, a commercially available molecular precursor, i.e., hydrogen silsequoxane, is
employed as a starting material for quantum dots [95, 96]. The thermal annealing
of hydrogen silsequoxane in reduced atmosphere forms the size-controlled silicon
quantum dots in silica powders and as similar to silica matrix film samples, and the
size of quantum dots can be changed through the annealing temperatures.

The free-standing dots generation from above silicon dots-embedded silicamatrix
samples were firstly reported by Shinoda et al. [97]. They chemically etched quantum
dots-embedded SiO2 film in HF aqueous solution and then showed that the removal
of silica matrix produces free-standing colloidal dots dispersed ethanol solution. As-
prepared dots are mainly passivated with hydrogen atoms due to the HF treatment,
and its PL emission band peak is at ~700 nm. It should be noted that with aging the
prepared dot sample at air ambient, its PL emission degrades due to partially surface
passivation changes from hydrogen to oxygen.

It was also demonstrated that stable colloidal silicon dot samples are formed from
phosphorus and boron codoped silicon dot-embedded silica matrix [98–102]. The
silica matrix films were grown by co-sputtering of Si and SiO2 targets with P2O5 and
B2O3 and the subsequent annealing of the grown film. By changing the annealing
temperature, PL emission energy can be controlled in a wide NIR region from ~0.8
to ~1.6 eV, which extends below bandgap energy of bulk silicon. This below bandgap
PL emission is due to the recombination of electrons and holes between donor and
acceptor impurity states. The colloidal codoped silicon dots are stably dispersed
in polar solvents such as methanol and water without any photodegradation and
aggregation for one year because of the formation of the subsurface consisting of
doped phosphorus and boron leading to negative surface potential.

Hessel et al. firstly reported that the formation of the colloidal quantum dots
by etching of quantum dot embedded in silica powder obtained from hydrogen
silsesquioxane [95]. One of the merits of the hydrogen silsesquioxane route for the
colloidal dot formation is its relatively large-scale production yield. Typically, the
etching of 300 mg of quantum dot-embedded silica powder generates 30 mg of liber-
ated quantum dot sample for 1 ~ 2 h etching time per experimental batch. Of course,
both annealing and etching processes can be scalable, and this route potentially has
a high productivity. The PL emission band of the silsesquioxane-originated colloidal
dots can be controlled from a green to red spectral region by changing the etching
time as shown in Fig. 9.4a. This is due to the size reduction via chemical etching
of dots. The external PL quantum efficiency of as-prepared hydrogen-passivated
quantum dots is reported to be ~4% [95]. To improve PL emission color quality
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Fig. 9.4 PL emission spectra of hydrogen-passivated colloidal silicon quantum dots prepared by
chemical etching of silicon dot-embedded silica matrix. The different color PL emissions are shown
for different processing conditions. Adapted with permission from a Ref. [95] and b Ref. [104].
Copyright a 2006 and b 2020 American Chemical Society

toward light-emitting device applications, a size separation technique using ultra-
centrifugation [103] was demonstrated. Moreover, the etching of another silicon
dots-embedded silica matrix formed by triethoxysilane-derived sol–gel precursor
also generates hydrogen-terminated colloidal dots which exhibit PL emission in a
green to red region as shown in Fig. 9.4b without any bleaching for ~20 days [104].

The silsesquioxane-originated hydrogen-passivated colloidal silicon dots have a
capability of controlling surface termination with organic ligands [105]. Because
the as-prepared silicon dots are passivated with hydrogen, the organic ligands can
be effectively attached on the silicon surface via hydrosilylation reaction, which is
a chemical reaction between hydrogen silicon surface and unsaturated hydrocarbon
molecules. The hydrosilylation reaction can be assisted by various treatments such
as the addition of radical initiator [106], heat treatment [107], and light illumination
[108]. In particular, the addition of a radical initiator (PCl5) is demonstrated to be
more effective for the formation of organic ligands than thermal treatment [106]. The
colloidal dots treated with the radical initiators show a relatively high absolute PL
quantum efficiency up to 68%. Yang et al. interestingly reported that the treatments
(heat or light illumination) for assisting hydrosilylation reaction affect PL properties
[109] such as the luminescence decay dynamics and PL emission peak of silicon dots,
because of the inclusions of oxygen species during the hydrosilylation treatment.

Various types of organic ligands are passivated to the silicon quantum dots via
hydrosilylation, leading to different solubility in various types of solution. For
example, hydrocarbons-passivated quantum dots are only dispersed in nonpolar solu-
tion, such as chloroformand toluene [108].On the contrary,when amphiphilic ligands
are passivated by thermally assisted hydrosilylation at 180 °C, the dots are well
soluble in polar solvent (i.e., water) without any PL property changes, and the dots
have long-term PL stability for several months [107]. In this case, an aqueous water
solution up to 98 mg/ml of colloidal dots can be prepared. Such a dense solution can
be useful for bio-imaging application. Similar ligand-induced solubility control has
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been also demonstrated via room temperature hydrosilylation treatment, where the
passivation efficiency is strongly dependent on the size of silicon dots and the kinds
of organic spices [54].

9.4 Porous Silicon Targets

Porous silicon has various specific properties different frombulk silicon crystal due to
its sponge structure, in addition to quantum confinement-induced room temperature
visible luminescence as mentioned in Sect. 9.1. In the view of the silicon-condensed
target for quantum dots formation, an important property is its mechanical fragility
[110]. Porous silicon has different mechanical properties compared to bulk silicon.
For example, the yield strength, which is an index for measuring the resistance for
stretching or compressing without breaking, is lower than bulk silicon, depending on
the porosity. This low yield strength indicates that porous silicon is relatively fragile
against mechanical stress, leading to an advantage point for fragmentation treat-
ment in quantum dot formation processing. Another important property of porous
silicon for quantum dot formation is its peculiar thermal characteristics [31]. The
porous silicon has a low thermal conductivity (0.025–1.2 W/mK) comparative to
polymermaterials such as rubber, accompanying lowvolumetric heat capacity (0.18–
0.96 MJ/m3K). These thermal features of porous silicon are preferable for thermal
insulation as like air, resulting in a thermal confinement effect inside porous silicon
by heating. Thus, some thermally induced fragmentation processing to porous silicon
target such as laser irradiation or heat treatment as described below are expected to
be enhanced compared to bulk silicon target.

There are several mechanical fragmentation processing for the generation of the
colloidal silicon quantum dots from porous silicon, i.e., the mechanical grind and
ultrasonification. The ultrasonification is typical and concise processing for the frag-
mentation of porous silicon because of its fragility. Heinrich et al. firstly demon-
strated that the colloidal luminescent solution consisting of silicon quantum dots can
be prepared by ultrasonification of porous silicon on silicon [111]. In their process,
the electrochemically prepared porous layer on silicon wafer is directly ultrasoni-
ficated in various solutions for 0.25 to 2 h. The obtained colloidal solutions show
the essentially same PL emission as original porous silicon samples. From TEM
analysis, the obtained colloids are crystalline silicon and inherit original irregularity
of the shape and sizes of the porous silicon, i.e., the size variation is micrometers to
nanometers. This indicates that the porous structures are not fully fragmented, and the
obtained colloids consist of both free-standing quantum dots and the interconnected
assemblies of the quantum dots.

To purely obtain the free-standing colloidal dots, the sedimentation and filtering
treatments have been tried: Valenta et al. prepared luminescent colloidal solutions
consisting of free-standing silicon quantum dots by the procedure [112] as schemat-
ically shown in Fig. 9.5a. Porous silicon powder is firstly dispersed in solvent, and
the ultrasonification treatment is performed for the dispersed solvent. Then, after the
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Fig. 9.5 Schematic illustration of the ultrasonification processing (a left figure). b Right figure
shows the PL spectra of (a) original porous silicon, (b) the sample after ultrasonification and sedi-
mentation treatment, and (c) the sample after filtering treatment of (b). Reproducedwith permissions
from Ref. [112]

sedimentation of larger particles, the supernatant solution is extracted, and it is filtered
with the Teflon membrane with pores of 200 nm. Figure 9.5b shows the PL spectra
of their samples after each treatment. The colloidal samples after sedimentation and
filtering show blue-shifted green PL emission with respect to original porous silicon
powders, indicating that larger particles such as porous silicon assembly particles or
larger sized free-standing quantum dots are removed. The atomic force microscope
measurements revealed that the diameter of obtained colloidal dots is 1–2 nm [113].
It should be noted that, as shown in Fig. 9.5b, PL intensity considerably decreases
from the original porous powder PL intensity, since a larger part of luminescent
dots is filtered out even after sedimentation treatments. Thus, the throughput of the
ultrasonification processing is poor and the processing generates larger wastes.

To further improve or control luminescence properties, Kůsová et al. performed
light-induced hydrosilylation treatment to the quantum dot samples prepared by
ultrasonification processing [114, 115]. After the ultrasonification for 15 min and
sedimentation of porous silicon powder for the fragmentation and size selection of
the powder, a continuous-wave laser light at 325 nm fromHe-Cd laser was irradiated
to the sample for light-induced hydrosilylation for 30 min twice a week. Then,
bright yellow-emitting alkyl-passivated colloidal dots were obtained. The absolute
quantum efficiency of the colloid sample is 20% which is larger than original porous
silicon (2%), and the decay times considerably change from microsecond range for
original porous silicon to nanosecond range for the colloidal sample, indicating that
the recombination mechanism is strongly modified by the alkyl passivation [51].

In the laser processing in liquid, it is known that the target morphology strongly
influences the size and production yield of nanoparticles due to different laser-
induced heating profile and resultant different fragmentation mechanisms [82].
Because the porous silicon has a complex morphology completely different from
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bulk silicon, the characteristics of quantum dots formation from porous silicon target
by laser processing can be expected to differ from that of bulk silicon targets.

Švrček et al. firstly demonstrated the formation of colloidal silicon dots by the
laser irradiation of a porous silicon target in a spin on silica solution [116]. The
obtained dots prepared at higher laser fluence exhibit blue emission as the same
as those in the use of bulk silicon targets [73]. Nakamura et al. also demonstrated
the formation of silicon quantum dots from porous silicon target by laser ablation
in an organic solution [117, 118]. They prepared the porous silicon targets by the
stain etching of relatively inexpensive metallurgical grade silicon powder [119] in
mixed aqueous solution of nitric acid andHF. The stain-etched porous silicon powder
consists of porous silicon and bulk layers [120]. The porous powder was dispersed in
1-octene, which acts as a dispersed liquid medium, as well as the surface passivation
species. Then, the irradiation of nanosecond pulsed laser light at 532 nm generates
blue emitting colloidal silicon dots. As expected, the luminescence properties and
surface chemistry of the prepared dots are essentially the same as those in the use of
bulk silicon targets [77], indicating that the formationmechanism is the laser ablation
of target silicon and subsequent condensation in the nanoparticles with simultaneous
surface passivation by organic molecules.

An advantage of the use of porous silicon targets is high yield formation of
colloidal dots [117]. The production yield of colloidal samples in the use of porous
silicon, which was estimated from the comparison with the PL emission intensities,
is 40 times higher than bulk silicon target used. This high yield formation is attributed
to the specific thermal properties of porous silicon, i.e., the low thermal conductivity
and volumetric thermal capacity, leading to a heat confinement of the porous silicon
target.

It should be noted that the optical properties of formed colloidal dots are
completely different from the original porous silicon [117]. The PL emission peak
energies for the colloidal dots and porous silicon are 2.9 eV and 1.65 eV, respec-
tively, and the PL band has relatively wider emission width (~500meV) than original
porous silicon targets (~300 meV). From these data, the size of the silicon quantum
dots is estimated to be 1.3–1.8 nm, while for porous silicon, the silicon core size
is 3–5 nm. These different sizes strongly support that the formation of the dots is
through laser ablation mechanism as described above.

It was also demonstrated that the colloidal dots exhibiting different lumines-
cence colors are generated via laser-induced fragmentation from the different porous
silicon samples, which means that the silicon quantum dots consisted in porous
silicon simply liberate from the porous network without any changes in their sizes
[121]. In that work, porous silicon samples with different silicon core sizes were,
firstly, prepared by changing the stain-etching condition of porous silicon. Then, the
irradiation of UV pulsed laser light at 266 nm to the porous silicon samples in 1
octene generates the orange and red luminescent colloidal dots as shown in Fig. 9.6,
which are well passivated with alkyl ligands. The luminescence spectral features of
colloidal dot samples, i.e., peak wavelength and band width, are very similar to those
of original porous silicon samples (Fig. 9.6), indicating that the colloidal dots arise
from the fragmentation of porous silicon assembly targets and resultant liberation
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Fig. 9.6 Pictures of PL emission colors and corresponding PL spectra of porous silicon powder
and colloidal silicon dots (left figures). Right figure shows preparation processing of each sample.
Reproduced with permissions from Ref. [121]

of corresponding silicon cores. Despite similar core sizes between porous silicon
and colloidal dots, the luminescent efficiencies of colloidal dots (~20%) are much
higher than that of original porous silicon (~3%). This is due to higher coverage of
surface alkyl ligands and the ligand-induced radiative recombination rate changes.
By using a solvent with HF, a considerable improvement of the absolute PL quantum
efficiency up to ~70% is observed [122].

The differences between the formation mechanisms in Refs. [117] and [121]
results are probably due to the different degrees of the absorbed light energy of the
porous silicon target. The incident fluence of incident pulsed lights at 532 nm and
266 nm is ~2.5 and ~0.5 J/cm2, respectively. In contrast, the absorption coefficient
of silicon at 266 nm is, at least, two orders of magnitude higher than that at 532 nm
[123]. These differences cause the vaporization of porous silicon or fragmentation
of silicon cores. In fact, the different absorbed energies of incident light in metal
colloidal particles are reported to result in the different fragmentation mechanisms
such as thermal evaporation and Coulomb explosion [82]. To further analyze the
mechanisms, some numerical simulations with considering the specific thermal and
optical properties of porous silicon will be needed.

Švrček et al. demonstrated that different pulse width laser irradiation in liquid for
porous silicon target generates different sized silicon particles [124]: Nanosecond
laser pulse irradiation to porous silicon generates the submicrometer spherical silicon
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particles with a mean diameter of ~350 nm due to laser-induced melting effect,
leading to the agglomeration of fragmentated siliconparticles.While for femtosecond
laser pulse irradiation, well dispersed colloidal silicon dots with diameters of 1–
7 nm. Interestingly, the femtosecond laser irradiation also leads to the passivation
of colloidal dots with OH bonds, resulting in preventing the re-agglomeration of
formed colloidal dots and stable dispersibility in water. Because this surfactant-free
femtosecond laser processing to porous silicon does not need any toxic materials, the
prepared water-dispersed colloidal dots are beneficial for various bio-applications.

Recently, Nakamura et al. demonstrate a facile formation processing of colloidal
dots from porous silicon, i.e., low-temperature heat treatment [125] as depicted
Fig. 9.7. They electrochemically etched the silicon wafer and lift porous layer only
from the wafer by applying a high electronic current. The lifted porous layer, of
which the shape is flake, is dispersed in a reactive solvent, unsaturated hydrocarbon
solution (1-decene) mixed with small amount HF aqueous solution, was heated at
~50 °C for 2 h. Such a moderate heat treatment surprisingly leads to the efficient
formation of luminescent colloidal silicon quantum dots. The yield of the colloidal
dots is very high, i.e., 60–100% of the original porous silicon flake targets, depending
on the quantity of flakes, transform into colloidal dots. The typical yielded quantity of
colloidal dots per experimental batch is 30 mg from 50 mg of porous silicon targets.
Because the PL peak energy of dots is like the original porous silicon, the obtained
colloids are formed via the fragmentation of porous assembly and resultant liberation

Fig. 9.7 Schematic illustration of low-temperature heat treatment of porous silicon flakes for
the luminescent colloidal silicon dots. Reproduced with the license under a Creative Commons
Attribution (CC BY) license of [121]
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of silicon cores consisting of porous silicon. Obviously, such a low-temperature heat
treatment to bulk silicon target never causes any fragmentation of the targets. The
efficient fragmentation by low-temperature treatment results from thermally induced
cracking, i.e., a thermal stress induces mechanical cracking to the porous silicon
target, due to the specific thermal properties [31] and the mechanical fragility [110]
of porous silicon, as mentioned above. In fact, the activation energy of the colloidal
formation yield is the similar value for the cracking energy of porous silicon estimated
from the crack resistance energy of bulk silicon [125]. In addition to thermal-induced
cracking, chemical reaction, i.e., the hydrosilylation between hydrogen-terminated
silicon surface and unsaturated hydrocarbon molecules, also causes a mechanical
stress. This chemically induced stress is partly attributed to the fragmentation of
porous silicon [46]. It should be noted that this low-temperature heat treatment is
scalable, i.e., scaling up of processing instruments is easier to be attained. Thus, by
optimizing the treatment condition, gram to kilogram scale productions of colloidal
quantum dots can be expected to be realized.

The luminescent properties of colloidal dots by low-temperature heat treatment are
essentially the same as those formed by pulse laser irradiation; the absolute quantum
efficiency is ~20%,which is larger than the original porous silicon (~1%), due to alkyl
passivation via hydrosilylation and the luminescence colors for both colloidal dots
are red. Furthermore, the yield of colloidal sample in low-temperature treatment
(50–100%) is equivalent to that of pulse laser processing (~50%). Thus, the low-
temperature treatment ismore energy cost-effective compared to the laser processing.
As well as its cost-effectiveness, it is more scalable than the laser processing since
its active volume for the colloidal formation is limited within the laser spot area.

9.5 Summary

In this chapter, the material processing of various condensed silicon material targets
for the luminescent colloidal silicon dot formation via fragmentation of targets was
reviewed. The focused targets are bulk silicon, the quantum dots assemblies such
as quantum dots-embedded silica matrix and porous silicon. The features of each
processing reviewed, such as formation yield, and luminescence properties, are
summarized in Table 9.1. Among the processing shown in the table, the laser irradi-
ation to bulk silicon targets in liquid is the simplest processing to obtain the silicon
quantum dots with exhibiting a whole visible wavelength (blue to NIR) range PL
emission, since the quantum dot formation and the surface passivation are simulta-
neously attained by laser irradiation. By applying various advanced techniques (e.g.,
scanning of laser irradiation spot), the productivity of the quantum dots is expected
to be considerably improved. The gram scale quantum dot formation by the laser
processing in liquid utilizing such a technique is a future interesting and challenging
task. The processing of silicon dot assembly target, such as chemical etching treat-
ment of silicon dots-embedded silica or low-temperature heat treatment of porous
silicon, allows us to produce the quantumdots of several tens ofmilligram. Suchmore
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scalable routes via fragmentation of silicon dot assemblies open the possibility in the
industrial production of silicon quantum dot-based electronic devices where a large
quantity of quantum dots is needed. In the view of controllability of luminescence
properties, PL emission colors in the route via silica matrix target are controllable in
a wide visible range from green to NIR by varying the preparation conditions of the
target. In addition, there are some reports on the size separation technique using ultra-
centrifugation after colloidal dots formation to improve luminescence color quality.
On the other hand, for the porous silicon processing route, PL emission bands are
limited in an orange to red color region. Thus, in this processing, further development
of silicon dot size control during the process or a size separation after colloidal dot
formation is needed for enhancing the luminescence color controllability.
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114. K. Kůsová, O. Cibulka, K. Dohnalová, I. Pelant, A. Fučíková, J. Valenta, Yellow-emitting
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K. Matsubara, Environmentally Friendly Processing Technology for Engineering Silicon
Nanocrystals inWater with Laser Pulses, J. Phys. Chem. C. 120 (2016) 18822–18830. https://
doi.org/10.1021/acs.jpcc.6b04405.

125. T. Nakamura, N. Koshida, Z. Yuan, J. Otsubo, High-yield green fabrication of colloidal silicon
quantum dots by low-temperature thermal cracking of porous silicon, APL Mater. 8 (2020)
081105. https://doi.org/10.1063/5.0014206.

https://doi.org/10.1039/c6nr08757d
https://doi.org/10.1002/pssa.200674320
https://doi.org/10.1002/anie.201610162
https://doi.org/10.1063/1.4939902
https://doi.org/10.1021/acs.jpcc.7b00288
https://doi.org/10.1103/PhysRevB.61.4485
https://doi.org/10.1021/acs.jpcc.6b04405
https://doi.org/10.1063/5.0014206


Chapter 10
Processing of Transparent Materials
Using Laser-Induced High-Energy State
in Liquid

Tadatake Sato

Abstract High-energy states formed upon focused laser irradiation are a basic
phenomenon in laser material processing. The high-energy states formed in liquid
can also contribute to material processing. When laser pulses are focused onto the
solid–liquid interface through solid materials, a high-energy state is generated at
the interface. More precisely, it is generated in a thin liquid layer in contact with
solid materials. Laser-induced backside wet etching (LIBWE) is a laser microma-
chining technique that utilizes the action of such high-energy states at the solid–
liquid interface. Precise micromachining of hard and brittle transparent materials
was achieved using this technique. The simple concept of this technique allows a
variety of combinations of lasers, materials, and experimental setups for processing.
While the concept for processing is relatively simple, the mechanism of the material
removal is rather complex and has not yet been fully elucidated. A variety of material
combination and conditions of laser irradiation is a factor making it more complex.
Several attempts have been made to address the action of the high-energy state in
liquid for material removal. Studies regarding LIBWE are overviewed in the context
of the action of high-energy state generated in liquid.

Keywords Laser processing ·Micromachining · Transparent materials ·
Laser-induced backside wet etching (LIBWE) · Laser-absorbing liquid

10.1 Introduction: High-Energy States in Liquid for Laser
Processing

The formation of local high-energy states upon focused irradiation of laser pulses
is a basic phenomenon in processing of various materials with lasers [1]. Upon
absorbing the energy of laser light, the irradiated part is instantaneously heated; thus,
the formed local high-energy state results in the removal of materials by melting,
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evaporation, or ablation. The recent development of high-power lasers with kW-
classes has contributed to high-speed processing in the industry. Moreover, laser
light can be focused into a small spot at the micrometer scale. Therefore, the precise
micromachining of solid material surfaces is executable. This type of laser micro-
processing can be applied to various materials ranging from hard materials such
as metals and ceramics, to soft materials, such as organic materials and biological
tissues.

Similar phenomena can be induced on the surfaces of liquids. Laser ablation from
the liquid surface has been studied to obtain a better understanding of themechanisms
of laser ablation inmore complex solid systems [2, 3]. Material ejection from the free
surfaces of liquid has been observed similarly to solid materials when the fluence of
the irradiation exceeds the threshold [4–6]. Laser ablation of liquid was investigated
using a nanosecond imaging technique, as shown in Fig. 10.1. The threshold was
evaluated at 100 mJ/cm2 for benzene irradiated by ultraviolet (UV) pulses of a KrF
excimer laser [4]. The difference in threshold values for several benzene derivatives
was revealed to be correlated to the efficiency of photochemical bond dissociation [5].
On the other hand, the ablation of diluted solutions of benzene derivatives showing
relatively larger thresholds was discussed based on the photothermal mechanism [6].
Thus, the high-energy states used in laser material processing can be formed on the
surface of liquids. Note, laser ablation of laser-absorbing liquids should be distin-
guished from laser-induced breakdown in transparent liquids, which are often used

Fig. 10.1 Nanosecond images of laser ablation of liquid toluene. The scale bar represents 2 mm.
Delay time: a 0 ns, b 35 ns, c 100 ns, d 500 ns, e 1 μs, f 5 μs, g 10 μs, and h 100 μs. Reprinted
with permission from Ref [5], Copyright 1994 American Chemical Society
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Fig. 10.2 Schematic drawing of a direct and b indirect laser processes

for laser-induced breakdown spectroscopy (LIBS) measurements for the elemental
analysis [7].

When a substrate that can transmit laser light is set on the laser-absorbing liquid, a
high-energy state can be formed at the solid–liquid interface by irradiating the liquid
through the transparent substrates (Fig. 10.2). More precisely, a high-energy state is
formed in the thin liquid layer in contact with the transparent materials. When the
liquid presents a higher absorbance at the laser wavelength, the liquid layer where
the laser light is absorbed becomes thinner, resulting in a higher energy density. This
high-energy state can act on the backside surface of the substrate and etch the surface
gently. Wang et al. developed a surface micromachining technique employing this
phenomenon and named it “Laser-induced backside wet etching (LIBWE)” [8].

10.2 Laser-Induced Backside Wet Etching (LIBWE)
in the Initial Study

LIBWE is a technique for the laser surface micromachining of transparent materials,
such as glasses. Because transparent materials are generally hard and brittle, precise
micromachining is challenging; for example, cracks are easily formed. The same
issue exists for laser processing. Moreover, the transparency of the materials makes
laser processing inherently difficult, which is based on the energy deposition upon
the optical absorption of materials. One important characteristic of LIBWE is the
crack-free micromachining of the transparent materials. The indirect action of a
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laser enables precise micromachining without crack formation; the laser energy is
not absorbed directly by the transparent materials to be etched, but instead by the
laser-absorbing liquid in contact with the transparent materials. A diagram of the
LIBWE apparatus is shown in the Fig. 10.3.

In a study by Wang et al. [8], fused silica was etched by a KrF excimer laser
(λ = 248 nm, FWHM 30 ns, pulse repetition 2 Hz) by employing an acetone solu-
tion containing pyrene with a concentration of 0.4 mol/dm3. The laser light was
patterned by a metal stencil mask and projected at the liquid–solid interface. The
laser energy passing through the fused silica plate was absorbed by the solution
at the interface. The concentration of the solution was nearly saturated, demon-
strating a high absorbance at the laser wavelength. The optical penetration depth was
evaluated as 0.7 μm. Etching showed the threshold for applied fluence similarly to
the laser ablation; etching was observed at a fluence higher than the threshold of
240 mJ/cm2. Therefore, the LIBWE has often been described as the etching based
on the laser ablation of liquid. The threshold of LIBWE is significantly lower than
the fluence required for direct laser ablation (>14 J/cm2) [9]. The surface of the irra-
diated area was etched pulse by pulse above the threshold, as shown in Fig. 10.4.
The etch rate was ranged from 5 to 25 nm/pulse for the applied laser fluence ranging
from 400 to 1300 mJ/cm2. Additionally, the fabrication of crack-free and debris-free
microstructures was demonstrated on patterned irradiation, as shown in Fig. 10.5.

Several research groups have developed the LIBWE technique. The important
characteristics of this technique are as follows:

(1) Micrometer-scale structures can be fabricated on the surface of hard and brittle
transparent materials without debris or crack formation.

(2) Etching can be performed at a significantly lower fluence compared to that
required for the direct ablation of materials.

Fig. 10.3 Diagram of LIBWE apparatus used in Ref. [8]. Reprinted by permission from Springer:
Ref [8], Copyright 1999.
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Fig. 10.4 Etch depths
increased linearly with the
number of applied laser
pulses. Reprinted by
permission from Springer:
Ref [8], Copyright 1999.

Fig. 10.5 Micrometer-scale
lines and spaces pattern
fabricated on the surface of
fused silica. Reprinted by
permission from Springer:
Ref [8], Copyright 1999.
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(3) The depth of etching increases linearly with the applied pulse numbers,
enabling the fabrication of structures with high aspect ratios, whose depths
can be precisely controlled.

(4) A smooth etched surface can be obtained.
(5) The apparatus used for general laser processing can be applied to this technique.
(6) Stable and reproducible processing can be executed upon accumulation of

pulse irradiation.
(7) Various lasers and laser-absorbing liquids can be applied for the processing of

various transparent materials.

Utilization of the indirect action of lasers is an effective method for the crack-free
micromachining of hard andbrittle transparentmaterials.Another indirect processing
techniques utilizing the action of laser-induced plasma have been developed as the
laser-induced plasma-assisted ablation (LIPAA) technique [10–14]. Additionally,
laser etching at a surface-adsorbed layer (LESAL) [15] and laser-induced backside
dry etching (LIBDE) [14, 16, 17] have been developed based on studies regarding
LIBWE.

10.3 Variation in Combination of Lasers and Materials

The LIBWE process is based on the formation of the laser-induced high-energy
state at the liquid–solid interface and its action on transparent materials. This simple
concept of LIBWE has resulted in a wide variety of laser and material selection.
However, a substantial limitation is that the laser energy sufficient for etching must
reach the interface. Therefore, the optical transmittance at the laser wavelength is
a key factor in the LIBWE process. Figure 10.6 presents the optical transmittance
spectra of several transparent materials with indications of the wavelengths of typical
lasers.

In a study by Wang et al. [8], a KrF excimer laser and fused silica plates were
employed as the light source and the material to be etched, respectively. This
combination came from the experiments on laser ablation of polymeric materials
enhanced by dye molecules [18], where the transparent polymeric films containing
dye molecules were ablated by UV pulses of a KrF excimer laser. Pyrene, a popular
dye molecule used by photochemists, was chosen as the dye molecule for the exper-
iments. Transparent polymeric films containing pyrene were prepared on fused
silica substrates. When the polymer film was unintentionally irradiated through the
substrate, the fused silica plate was unexpectedly damaged, despite the irradiated
fluence being significantly below the damage threshold. To apply this phenomenon
to the etching of fused silica, polymer films were replaced by an acetone solu-
tion containing pyrene. By employing the solution, the liquid–solid interface can be
regenerated after each laser pulse irradiation, and deeper etching can be attained by
repeated pulse irradiation. Acetone was selected as a solvent to dissolve pyrene at
high concentrations. Note, similar damage formation had already been realized in an
early study regarding the laser ablation of molecular liquids [2]. In this section, the
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Fig. 10.6 Optical transmission spectra of representative transparent materials: a CaF2 (2 mm),
b fused silica (2 mm), c Corning gorilla glass, aluminosilicate glass (1 mm), d Corning Pyrex,
borosilicate glass (2 mm), e soda-lime glass (1.75 mm); thickness indicated in parentheses

combinations of lasers and materials are discussed. Lasers, laser-absorbing liquids,
and materials to be etched are listed with the types of experimental setups in Table
10.1. Note, the studies reporting the first usage of the combination are listed.

Precedent to the naming of LIBWE, there were several reports regarding the laser
machining of transparent materials assisted by liquid media. Ikeno et al. had reported
the etching of fused silica using a Nd:YAG laser (λ = 1064 nm, τ = 1 ms, pulse
energy 3 J/pulse) with a NiSO4 aqueous solution (~2 mol/l) [19]. Hole drilling at
the millimeter to sub-millimeter scale was performed by the focused irradiation of
near-infrared (NIR) laser pulses. Dolgaev et al. reported the drilling of sapphire
using a copper-vapor laser (λ = 510 nm, τ = 10 ns, pulse repetition 8 kHz) [20, 21]
combined with aqueous solutions of CrO3, KMnO3, and FeCl3 or a highly dispersed
suspension of carbon in toluene as a laser-absorbing liquid. These drilling processes
originate from the high-energy states formed in the liquid layer. In these studies,
it was concluded that the first action of the high-energy state is not the etching
of the transparent materials, but the formation of absorbing oxide layers on the
surface of the transparent materials [21]. The contributions of the deposited and/or
modified layers for the LIBWE process are presented in a later section. Recently,
similar processes were reported as LIBWE processes employing aqueous solutions
of inorganic compounds combined with fundamental or second harmonic generation
(SHG) pulses of diode-pumped solid-state (DPSS) lasers [22–28].
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After the naming of LIBWE, etching employing excimer lasers (ArF (λ =
193 nm), KrF (λ = 248 nm), XeCl (λ = 308 nm), and XeF (λ = 351 nm)) has
been reported by several research groups. The number of studies employing a KrF
excimer laser is larger than that using other excimer lasers, which may be due to
the fact that the optical absorption ascribed to the π-π* transition of the benzene
ring is located at approximately 250 nm, and a wide variety of molecules containing
benzene rings can be used as absorbers. The materials to be etched were fused silica,
quartz (SiO2 crystal), sapphire, and fluoride crystals (CaF2, MgF2, and BaF2). These
materials can transmit laser pulses at UV wavelengths. Wang et al. reported the
etching of a UV-transparent fluoropolymer (FEP) film [49]. One exceptional case is
the study by Cheng et al., who reported the etching of Borofloat33 (Schott), which is
a type of borosilicate glass, with the fourth harmonic generation (FHG) pulses (λ =
266 nm) of a DPSS laser [43]. As shown in Fig. 10.6, pyrex classified to borosilicate
glasses presents an absorption edge at approximately 350 nm, and no transmittance at
266 nm. It was reported that a Borofloat33 glass with a thickness of 0.7 mm absorbed
50% of the laser energy. Thus, the remaining 50% reached the interface and was used
for the crack-free fabrication of microtrenches. This study revealed that the LIBWE
of the materials that weakly absorbs the laser energy is executable if sufficient energy
reaches the interface without causing damage to the substrates. When a XeF excimer
laser that emits laser pulses with the wavelength of 351 nm is used for LIBWE, the
etching of borosilicate glasses (Corning, Pyrex, 7059, Schott D263, AF45) can be
performed as a processing of highly transparent materials [54].

Pyrene is a major dye molecule used in LIBWE. Several organic solvents such
as acetone, tetrahydrofuran, toluene, cyclohexane, and tetrachloroethylene (C2Cl4)
are used to dissolve it. Because molecules with benzene rings present an optical
absorption near 250 nm, toluene and other substituted benzenes can be used as laser-
absorbing dye molecules [35, 36, 43–45]. Cheng et al. investigated the threshold
fluences of LIBWE for 11 organic laser-absorbing liquids and confirmed that the
unit length absorbance, which is related to the optical penetration lengths, correlated
with the obtained threshold values [43]. Vass et al. used a solution of naphthalene
dissolved in methylmethacrylate for LIBWE with ArF [29] and KrF [38] excimer
lasers as well as FHG pulses of the Nd:YAG laser [46–48]. Fujito et al. employed
a solution of phenolphthalein dissolved in N-methyl-2-pyrrolidone for the etching
of sapphire [37]. Aqueous dye solutions have adapted for LIBWE by Ding et al.;
pyranine [39] and naphthalene-1,3,5-trisulfonic acid trisodium salt (Np(SO3)3Na3)
[40] were employed as dye molecules. Thus, a wide variety of dye molecules can be
used in the LIBWE employing the UV lasers.

The green emission of SHG pulses of solid lasers in visible range (λ = 515,
527, and 532 nm) can be used for LIBWE. As shown in Fig. 10.6, all transparent
materials present a sufficient transmittance at this wavelength. Cheng et al. developed
the LIBWE employing SHG pulses and named it visible LIBWE [59]. Soda-lime
glasses, the most commonly available glass used for windows in buildings, whose
absorption edges are located near 380 nm, can be etched by employing the visible
wavelengths. Tsvetkov et al. employed an aqueous solution containing Amaranth, a
red food dye [23, 58].Moreover, polyethylene glycol (PEG)was added to the solution
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to reduce the surface tension of the liquid, which affected the cavitation behavior,
which will be described later.

Liquid metal was also used for etching. Etching using liquid-phase gallium
combinedwith aKrF excimer laserwas first reported byZimmer et al., which presents
one-order higher etch rates than the LIBWE employing an organic dye solution [41].
The low melting point of gallium (29.76 ºC) enables its use in the liquid phase upon
heating. Although high reflectivity causes energy loss, the penetration depth of light
is relatively small. Therefore, metals in the liquid phase can be good laser-absorbing
liquids for the LIBWE process, which can be used for a wide range of wavelengths.
Zimmer et al. reported the etching of fused silica by fundamental laser pulses of
the Nd:YAG laser (λ = 1064 nm) [68]. Studies employing mercury [42] and molten
tin [17] have been reported. Eutectic indium/gallium alloy (In–Ga) can be used for
visible LIBWE without heating [64, 66, 67, 69].

10.4 Variation in Experimental Setups for LIBWE

In addition to the combination of lasers and materials, the simple concept of LIBWE
also results in variation of the setups for irradiation. In this section, the experimental
setups for LIBWE are reviewed.

10.4.1 Mask Projection with Excimer Laser

Because excimer lasers can emit laser pulses with large areas, they can be used for
patterned irradiation by mask projection. This technique is similar to that used in the
photolithography processes for semiconductor device production. Therefore, setups
for patterned irradiation with homogeneous light intensity have been established and
enable precise surface micromachining. It was reported that smooth surface with low
roughness of 50 nm could be obtained by employing this type of apparatus [52, 70].
The fabrication of micro-optical devices has been demonstrated [32, 52, 70, 71].

Initially, we used simple experimental setups equipped by ourselves with a metal
stencil mask and a planoconvex lens for each experiment. Although the fabrication
of microstructures can be demonstrated, the quality of fabrication is occasionally
not exceptional [51]. Beam shaping and the precise positioning of samples to match
the liquid–solid interface with the imaging plane of the optical system enable high-
quality machining, as shown in Fig. 10.7; for fabricating the structure, Böhme et al.
used an irradiation setup with projection optics having a resolution of 5.0 and 1.5μm
[32].

We introduced a machining setup composed of beam homogenizer, dielectric
attenuator, chromium-on-quartz-masks, as well as an× 8 demagnification objective
(MicroLas Lasersystem GmbH), and a motorized x–y-z stage for the sample posi-
tioning (Fig. 10.8). The resolution limit of this system was specified as 3 μm lines
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Fig. 10.7 Surface structure
of fused silica fabricated by
Böhme et al. Reprinted from
Ref. [32], Copyright (2002),
with permission from
Elsevier.

Fig. 10.8 a An image and b layout of the new setup for the mask projection LIBWE
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Fig. 10.9 Cross-sectional
SEM image of deep
microtrench fabricated with
adjusting dynamically the
sample position for matching
the etch front to the imaging
plane of the optical system.
Reprinted from Ref. [74],
Copyright (2006), with
permission from Elsevier.

and spaces. The quality and reproducibility of microfabrication improved by using
this system [36]. A precise control of the sample position within ± 15 μm to match
the liquid–solid interface with the imaging plane of the optical system is required
for precise etching [72]. We developed a system to compensate for the inclination of
the surface and the displacement induced by the surrounding temperature change;
the fabrication of microstructures with homogeneous quality over a wide area on the
fused silica plates was then attained. Based on the precise positioning of samples, the
fabrication of deep microtrenches and holes with high aspect ratios was performed
(Fig. 10.9) [72–77]. This type of fabrication can be achieved by locating dynamically
the etch front, which in this case was the bottom of the trenches, at the imaging plane
of the optical system.

10.4.2 Etching on Interference

The spatial resolution of themask projection systems is limited by optical systems. To
achieve a higher resolution, the interference of laser beams was applied for etching.
Zimmer et al. reported the fabrication of a surface relief grating with a period of
780 nm by phase grating projection using a Schwarzschild objective [33]. The sub-
micron resolution of LIBWE was proven in this study. Vass et al. demonstrated the
fabrication of surface relief grating with a shorter period by a two-beam interfer-
ence of FHG pulses of the Nd:YAG laser with incident angles up to 60° [46]. They
named thismethod TWIN-LIBWE and fabricated surface relief gratings with various
periods, the smallest period was 104 nm (Fig. 10.10) [47, 48, 78–81].
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Fig. 10.10 Surface relief grating with period of 104 nm fabricated by the immersion TWIN-
LIBWE. Reprinted by permission from Springer: Ref [78], Copyright 2007.

10.4.3 Direct-Writing by Scanning with High Repetition

Laser-Direct-Write (LDW) is an attractive technique that enables versatile material
processing with patterns in scales ranging from nanometers to millimeters [82],
where lasers with a high pulse repetition (~100 kHz) are employed for computer-
controlled two- and three-dimensional pattern formation in a serial fashion. LDW
withLIBWEwasfirst demonstrated byCheng et al. using computer numerical control
(CNC) stages and a DPSS laser operated with a pulse repetition of 4.5 kHz [43].
Microchannel structures for microfluidic chips were fabricated on borosilicate glass.
A direct write with beam scanning by a galvanometer-based point scanning system
was demonstrated by Niino et al. [44, 83] (Fig. 10.11), where a DPSS laser was
operated at a 10 kHz pulse repetition and used for flexible mask-less processing.
This type of LIBWE can be used for the laser marking of glass materials (Fig. 10.12)
[44, 63, 84].

10.5 Various Studies Regarding the Elucidation
of the LIBWE Mechanisms

While the basic concept of the LIBWE is simple, the mechanisms involved are
complex. The mechanism of material removal has not yet been fully understood.
Several processes would be involved in the etching phenomena, and their contri-
butions may be altered by the applied materials and conditions of laser irradiation.
The wide variety of materials and conditions for LIBWE makes the situation more
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Fig. 11 Setup for LDW LIBWE employing the galvanometer-based point scanning system with a
DPSS laser. Reprinted from Ref. [83], Copyright (2007), with permission from Elsevier.

complex. Discussions and diagnostic studies addressing the elemental phenomena
are overviewed.

10.5.1 Estimation of Temperature Rise

In the initial studies, the temperature increase in the thin liquid layers was evaluated
using the absorbed laser energy, liquid volume that absorbed laser light obtained
from the optical penetration depth, and the heat capacity of the solvent [8, 52]. The
maximum temperatures of the liquid layer were evaluated as 1900–2300 K, which is
above the softening and melting temperatures of fused silica. Wang et al. discussed
on the involvement of super-heated liquid [31] produced by heating within a pulse
duration based on a cyclic multiphotonic absorption mechanism [85]. Note, the tran-
sient imaging of the interface indicated that the initial flat bubbles before expansion
were observed at a delay time of 100 ns [35, 40, 86]. Organic molecules are decom-
posed at such high temperature. Partial decomposition of organic molecules was
indicated by emission of gas bubbles with the distinctive odor of sulfur-containing
gas [39], or by production of carbon soot from photolyzed toluene [35]. Note, the
emitted gas bubbles should be distinguished from the cavitation bubbles that will be
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described later. Kopitkovas et al. reported that the difference in the threshold fluences
obtained for the LIBWE by KrF and XeCl lasers can be explained by the calculated
induced temperatures reaching the melting point of quartz (1880 K) as shown in
Fig. 10.13 [52]. However, as indicated by Vass et al., the temperature of the solid
target was not calculated in these studies. They evaluated the temperature of a solid
target by numerical calculations using the method of finite differences [29, 86]. The
surface of the solid target was concluded to reach the melting point; the depths of
the melting layers formed upon irradiation at various fluences were also evaluated
(Fig. 10.14). The difference between etch depth and calculated maximum depth of
the melted layer was ascribed to the partial removal of the melted fused silica. On

Fig. 10.12 Laser marking on glass by LIBWE with a micropit array structures for writing b a
QR code on a soda-lime glass plate. Reproduced from Ref. [84] with permission from Japan Laser
Processing Society.

Fig. 10.13 aEtch rates dependent on the laser fluence presenting two-stage behaviors in theLIBWE
employing the KrF and XeCl laser. b Calculated temperature at the quartz-liquid interface as a
function of the laser fluence. Reprinted from Ref. [52], Copyright (2003), with permission from
Elsevier.
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the other hand, an analytical solution of the laser-induced temperature distribution
was evaluated by Zimmer [87]. He argued that the temperature of the surface of the
solid target did not reach the melting point without the existence of the interface
absorption. The existence of a modified layer with interface absorption was proven,
which will be described later.

10.5.2 Etch Rates and Threshold Values

The threshold fluence and the etch rate have been focused in the studies on LIBWE
as the parameters characterizing the processes. Böhme et al. first realized that the
etch rates dependent on the fluence were fitted by two lines in different fluence
ranges [32]. As shown in Fig. 10.13, similar two-stage behaviors were confirmed
in different studies [40, 52, 53, 70, 86]. This appears to be a general behavior for
LIBWE, indicating that different mechanisms are involved in the etching process.
Note, the etch rate of LIBWE can be varied with spot size for irradiation, as shown in
Fig. 10.15 [88]. The experimental results obtained under different conditions should
be treated with care.

The incubation effect in the LIBWE is shown in Fig. 10.15. The existence of this
effect was first reported by Yasui et al. [51] in the etching of fused silica with a XeCl
excimer laser at the fluence of 0.4 J/cm2; etching was not discerned upon irradiation
with 3000 pulses, while etching with the depth of 0.4 μm was observed upon irra-
diation with 5000 pulses. Similar behavior was observed for the etching of quartz
by a XeCl excimer laser at low fluences (1.18 J/cm2), just above the threshold; start
of the etching was observed upon irradiation with more than 150 laser pulses [53].
The existence of the incubation effect revealed the involvement of an initial process
causing the generation of absorbing sites, such as defects. Ding et al. confirmed that

Fig. 10.14 (left) Etch rates versus laser fluence for LIBWE employing an ArF excimer laser
and naphthalene/methylmethacrylate, (right) the maximum depth of the melted fused silica layer
calculated by the method of finite differences. Reprinted from Ref. [29], Copyright (2004), with
permission from Elsevier.
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the etching of sapphire started after the etched area was covered with black parti-
cles of amorphous carbon [36]. On the other hand, the etching from a single laser
pulse was confirmed at a sufficiently high fluence [53]. Single-shot etching was also
confirmed in LIBWE employing focused laser pulses of DPSS lasers [84, 89].

10.5.3 Characterization of Etched Surface.

Etched surfaces were evaluated using Rutherford backscattering spectroscopy (RBS)
[90], X-ray photoelectron spectroscopy (XPS) [90–92], Raman scattering spec-
troscopy [90, 91], fiber-tip ATR-IR spectroscopy [91], and ellipsometry [92]. The
Raman spectra of the etched surface indicated the presence of amorphous carbon
deposits, while chemical modification of fused silica was indicated by the XPS and
fiber-tip ATR-IR results. Thus, not only the adhered amorphous carbon deposit layer,
but also the formation of a modified layer in LIBWE was indicated. RBS measure-
ments indicated the generation of an amorphization layer on quartz crystals with a
thickness of up to 60 nm. The formation of a modified layer on fused silica with
a thickness of 10–30 nm with an absorption coefficient of 100,000–180,000 cm−1

was indicated by ellipsometry. Zimmer et al. evaluated the absorption coefficient of
the modified layer by local absorption measurements for a surface prepared by the
ion beam beveling technique (Fig. 10.16) [93]. The existence of a modified layer
on fused silica with a thickness less than 25 nm with a high absorption coefficient
of 40 × 104 cm−1 was indicated. The thickness of a few tens nm was indicated in
several observations and coincident with the typical etch rates obtained for LIBWE
with excimer lasers. Based on the confirmation of the existence of a modified layer,
they proposed a newmechanism of LIBWE composed of the formation of a modified
layer and its direct ablation [94].

10.5.4 Diagnostic Studies on LIBWE

To address the mechanism of LIBWE, diagnostic studies using several in situ
measurements have been applied. As previously indicated, a rapid temperature
increase in the liquid layer causes cavitation in the liquid. The cavitation behaviors
were observed by transient imaging using the shadow graph technique, as shown in
Fig. 10.17 [35, 40, 86, 95–97], and in situ reflectivity measurements [61, 98]. Based
on the dynamics of a bubble, the pressure inside of a bubble can be evaluated based
on the following physical model [99]:

p

(
R,

dR

dt

)
=

(
pstat + 2σ

Rn

)(
Rn

R

)3κ

− 2σ

R
− 4μ

R
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Fig. 10.15 a Averaged etch rate in dependent on the applied pulse number for difference spot
sizes. b Calculated “real” etch rate per laser pulse. Reprinted from Ref. [88], Copyright (2005),
with permission from Elsevier.
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Fig. 10.16 (left) Schematic illustration of the preparation of the sample by ion beam beveling (#1)
and the near-surface local absorptionmeasurement (#2). (right)Measured etch depth and absorption
at different positions of beveling. Reprinted from Ref. [93] with permission from AIP Publishing.

where R is the radius, Rn is the equilibrium radius of the bubble, pstat is the statistic
ambient air pressure, σ is the surface tension, μ is the dynamic shear viscosity, and
κ is the polytropic exponent of the solvent. Vass et al. calculated an initial high
pressure of approximately 70 MPa, which decreased instantly with the expansion
of the bubble [86]. This initial high pressure was considered to remove the melted
material from the surface. The generated initial high pressure propagates in the liquid
as a shockwave, which can be detected using a piezoelectric pressure gauge [44, 58,
84, 89, 96, 97]. The initial pressure of 65MPa deduced from the distance dependence
was in the same order with the pressure obtained from the cavitation dynamics [97].
Meanwhile, cavitation dynamics indicate that the high-pressure is generated once
again when cavitation bubble collapsed. Pairs of pressure signals corresponding to
the formation and collapse of the cavitation bubble were observed (Fig. 10.18) [44,
84, 89]. The single-shot etching behavior was confirmed to be correlated to the
cavitation behavior [84]. A micropit with a diameter of approximately 30 μm and
the maximum depth up to 0.35 μm was fabricated by single-pulse irradiation. The
maximum depths of micropits fabricated by two laser pulses with different time
intervals are shown in Fig. 10.19; the etching with depth of approximately 0.6 μm
was confirmed at the time interval larger than 125 μs, while etch depths became the
half of them at the time interval less than 60 μs. Because the lifetime of cavitation
bubble was evaluated as 63.2± 0.9 μs for the applied pulse energy of 44.0 μJ/pulse,
these results revealed that the etching by the second pulse irradiated before collapsing
of the cavitation bubblewas completely suppressed.Moreover, decreased etch depths
at the time intervals between 70 and 120 μs indicated partial suppression due to the
formation of the second bubble [95]. The suppression of the etching by the second
pulse in the successive two pulses was clearly observed in the etching with beam
scanning. Figure 10.20 shows the micropit array fabricated with pulse repetition and
scan speed of (a) 10 kHz and 750 mm/s and (b) 20 kHz and 1500 mm/s, respectively;
laser pulses were delivered at every 75 μm in both cases. When the pulse repetition
was 20 kHz, time interval of laser pulses of 50 μs was shorter than the lifetime
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Fig. 10.17 Time-resolved optical images of the cavitation bubble formed by a KrF excimer laser
irradiation on the interface between toluene and fused silica at the delay time of a 100 ns, b 500 ns, c
1.2μs, d 10μs, e 50μs, and f 100μs. Reprinted fromRef. [35], Copyright (2003), with permission
from Elsevier.

of the cavitation bubble. As shown in Fig. 10.17, the bubble expands to out of the
irradiated area. Thus, the suppression of the etching by every second pulse was
induced (Fig. 10.20). Given the results that the self-assembled monolayer (SAM) on
the fused silica around the irradiated area kept their function as reported by Ding
et al. [100, 101], gas phase chemicals inside the bubble induced minor effect on the
surface around the irradiated areas.

Although the results on single-shot LIBWE indicated the required action of liquid
for etching, the involvement of the surface modification was not ruled out. The
modified layer generation within the pulse duration was detected by time-resolved
reflection measurements, as shown in Fig. 10.21 [94]. An increase in reflectivity
observed within 15 ns indicated the generation of the modified layer within the pulse
duration. Meanwhile, the etch depth of up to 0.35μm in the single-shot LIBWE [84]
would be larger than the thickness of the modified layer, that are coincident with the
typical etch rates of a few tens nanometer. There should be additional mechanisms
for material removal. In a similar single-shot LIBWE, the decrease in etch rates by
adding PEG to the laser-absorbing liquid was confirmed [58]. The addition of PEG
as a surfactant reduces the surface tension of the liquid and results in a decrease
in the cavitation pressure as indicated by the measured pressure signal. The results
indicate that the removal of melted material by the initial high pressure of cavitation
is a possible additional mechanism. In the same study, the authors discussed the role
of etching with supercritical water. However, given the etching is relatively slow, an
etch rate of ca. 1 μm/min was observed in the etching of glass with supercritical
water [102], the role of etching with supercritical water would be minor.

The blue light plasma emission, including the atomic lines of Ca and Al, was
detected by Cheng et al., which indicated the direct ablation of glass materials [103].
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Fig. 10.18 Transient pressure signals observed in LIBWE using toluene and DPSS UV lasers at a
1 kHz (fluence: 520 mJ cm−2, laser spot: 50 μm) and b 20 kHz (fluence: 5.7 J cm−2, laser spot:
12 μm). Reprinted from Ref. [44], Copyright (2006), with permission from Elsevier.

Meanwhile, in the visible LIBWE of PMMA with In–Ga, the plasma emission of
In and Ga was observed [67], which indicated plasma formation from the liquid
media. The etching of transparent materials assisted by laser-induced plasma has
been studied as LIPAA. In these studies, it was confirmed that the major role of
plasma in LIPAA was the creation of an absorption site at the surface of the material
[13, 14]. In the LIBWE process, the laser-induced plasma may contribute to the
generation of an absorption site.
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Fig. 10.19 Maximum depths of the micropits fabricated with two laser pulses with different time
intervals. Reproduced from Ref. [84] with permission from Japan Laser Processing Society.

10.6 Summary

In this chapter, studies regarding the LIBWE process, that is the laser processing
based on the action of high-energy states formed in liquid layer, are reviewed. This
process achieves crack-free and debris-free precise micromachining of transparent
materials. Therefore, it can be applied to fabricate micro-optical and microfluidic
devices. The simple concept of this technique for utilizing the high-energy state in
liquid allows a variety of combinations of lasers and materials as well as a variety of
experimental setups for processing. While the concept for processing is simple, the
mechanism of material removal, the action of the generated high-energy states, is
rather complex. Several studies have been conducted to elucidate the actions of the
high-energy states formaterial removal,which revealed that severalmechanismswith
different contribution ratios are involved in this process. One important mechanism
is that the surface layer of thematerials is modified by the chemical species formed in
the high-energy state, and direct laser ablation of the laser-absorbing modified layer
is induced. This phenomenon can be induced within a single-pulse duration. This
process would be a major mechanism in the fabrication of microstructures on silica-
based transparent materials with organic laser-absorbing liquid that shows a low etch
rate up to a few tens of nanometers per pulse. For the etching of sapphire, the adhered
amorphous carbon layer would be act as the interface absorbing layer. However, it
is not clear that similar mechanism is involved in the etching of fluoride crystals or
polymeric materials, or the etching employing liquid metallic absorbers. In addition
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Fig. 10.20 Micropit array structures fabricated with pulse repetition and scan speed of a 10 kHz
and 750 mm/s, b 20 kHz and 1500 mm/s, respectively. Reproduced from Ref. [84] with permission
from Japan Laser Processing Society.

Fig. 10.21 Time-resolved
reflection measurements at
248 nm for LIBWE and the
backside ablation (BSA) of a
100-nm thick photoresist
film on fused silica (PR) and
LIBWE-modified fused
silica (mFS). Reprinted by
permission from Springer:
Ref [94], Copyright 2010.
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to the direct ablation of themodified layer, themechanical removal ofmeltedmaterial
by the high pressure induced in the initial stage of cavitation would be involved in the
etching process induced at a higher fluence. An increased contribution of the latter
mechanism was observed in the LDW-type LIBWE demonstrating incubation-free
etching.
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Chapter 11
Functional Nanomaterials Synthesized
by Femtosecond Laser Pulses

Yasuhiko Shimotsuma and Kiyotaka Miura

Abstract Femtosecond laser ablation in solution is a simple technique to synthe-
size nanomaterials from any solid materials in various solvent molecules. In typical
setups for laser ablation of solid-state target in liquid, the laser pulses have to
propagate through the solution layer before hitting the target. In this process, not
only Fresnel reflection at the boundaries, but also vaporization of the liquid, self-
focusing and optical breakdownwill occur. In this chapter, appropriate parameters for
laser ablation in liquid are discussed to achieve efficient nanomaterials generation.
Furthermore, characteristic advantages of this technique can apply to synthesize func-
tional nanomaterials such as fluorescent nanodiamonds. We demonstrated synthesis
of fluorescent nanodiamonds with interesting luminescent properties, which are
controllable by kind of solvent molecules.

Keywords Femtosecond laser · Double-pulse · Laser ablation in liquid ·
Nanoparticle · Nanodiamond

11.1 Introduction

The size, shape, structure, and composition of nanoscale materials extremely impor-
tant in controlling their physical and chemical properties, including electrical and
thermal conductivity, magnetic properties, luminescence, and catalytic activity. The
fabrication method of nanomaterials can be generally classified the following two
processes: (1) breakdown process of mechanically crushing particles and (2) buildup
process by physical and chemical reactions. In particular, the various liquid-phase
methods such as sol–gel [1], reduction [2], hydrothermal [3] and solvothermal [4],
spray pyrolysis [5], supersonic [6], and laser ablation [7] arewidely used for synthesis
of various functional nanomaterials. Recent progress in high-power ultrashort pulse
lasers has opened new frontiers in technology of material processing including
nanoparticle synthesis [8–13], because of its advantages, such as the applicability to
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various target materials in an ambient atmosphere. More recently, ultrashort pulse
laser ablation in liquid has become an increasingly popular approach for preparing
nanoparticles from the viewpoint of the concise procedures and ease of handling
[14]. Meanwhile, the biggest drawback of this technique is the low productivity.
In this chapter, the laser irradiation conditions for effective synthesis of nanoparti-
cles by femtosecond laser ablation in liquid are discussed. Furthermore, synthesis of
functional nanomaterials such as fluorescent nanodiamonds is also demonstrated.

11.2 Effective Synthesis of Nanoparticles by Femtosecond
Laser Ablation in Liquid

Our previous investigations have revealed that variety of nanoparticles ranging from
metal Cu nanorod and nanowire [15–17], ZnO nanorod and nanowire [18–20],
Nd2Fe14B single-domain nanoparticle [21], from fluorescent nanodiamond [22–26]
can be successfully synthesized by laser ablation in liquid. However, since the plasma
generation leading to ablation occurs only in the vicinity of the focus, the reaction
volume to generate nanoparticles is very small. Furthermore, the cavitation bubbles
andnanoparticles are generatedduring the ablationprocess block the laser beamprop-
agation, the number of nanoparticles synthesized by femtosecond laser ablation in
liquid is extremely small. To eliminate the influence of cavitation bubbles and gener-
ated nanoparticles, the solvent was flowed with various rate during laser ablation.
The Si wafer in a quartz vessel filled with 30 mL of ethanol was set on a XYZ stage
under an optical microscope. Figure 11.1 shows an optical system for femtosecond
laser ablation in liquid. The liquid flow rate was tuned by a syringe pump (Harvard,
PHD2000-P). Typical amount of flow was fixed to be 7 mL. A mode-locked, regen-
eratively amplified femtosecond laser pulse (Coherent, Legend), operating at 800 nm
with 120 fs pulse-width and 1 kHz repetition rate was focused via a 20 × (NA =
0.40) microscope objective lens on the wafer surface through quartz window. The
laser focus was moved perpendicularly to the direction of laser propagation with

Fig. 11.1 a Optical system for femtosecond laser ablation in liquid, b flow quartz vessel
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writing speed of 100 μm/s. Typical pulse energy was 500 μJ, corresponding to a
laser fluence of 1.1× 104 J/cm2. To estimate particle concentration during laser irra-
diation, the changes in the transmission spectra were monitored using spectrometer
(Ocean Optics, USB2000 + ) and used to evaluate the particle concentration based
on the calibration curve. The morphology of resultant Si nanoparticles was observed
with FE-SEM (JEOL, JSM-6705F). In order to extrapolate the number of Si nanopar-
ticles produced by laser ablation in ethanol, the transmission at 800 nm of an ethanol
suspension with a different amount of Si nanoparticles (US Research Nanomate-
rials, US1128) with an average size of 49.6 nm was measured (Fig. 11.2). In order to
estimate the effect of liquid flow rate on the laser ablation process, the Si nanopar-
ticle concentration was observed while changing liquid flow rate. The nanoparticle
concentration was saturated at the liquid flow rate more than 20 mL/min; finally, the
concentration attains 3 times (Fig. 11.3). Such improvement mainly due to removing
the interruption of laser beam propagation by the generated cavitation bubbles and
the ablated particles.

Although it should be generally considered the influence of the melt film and the
convective instabilities [27], assuming that the penetration depth of laser pulse is
sufficiently smaller than its wavelength, it is well known that the efficiency of laser
cutting depends on the absorption coefficient calculated from the Fresnel Eq. (11.1)
[28, 29].

Fig. 11.2 Calibration curve
of Si nanoparticle
concentration as a function
of transmission at 800 nm.
Inset shows the size
distribution of the reference
Si nanoparticles
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Fig. 11.3 Si nanoparticle
concentration as a function
of liquid flow rate. Dotted
line is guide for the eye
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ñ2 − sin2θ

∣
∣
∣
∣
∣

2

(11.1)

where Rp and Rs are the reflectivity of power for the perpendicular and parallel
component of the polarization, respectively. The angle θ is defined between the
surface normal and the laser incidence. ñ is the complex refractive index of material.
Figure 11.4 shows the Si nanoparticle concentration as a function of laser irradiation
time without liquid flow. The laser polarization was set to be parallel or perpendic-
ular to the writing direction. This graph indicates that amount of the Si nanoparticle
production in the case of the polarization parallel to the writing direction was approx-
imately twice as much as that in the case of the perpendicular direction. This is due
to the fact that the ablated surface is tilted to the laser incidence; therefore, the next
pulse is in an oblique incident state. Considering Fresnel reflection, the reflectance
of p-polarized light is lower than that of s-polarized light; consequently, the absorbed
laser energy becomes large leading to efficient laser ablation [27].

It is known that the femtosecond double-pulse train with a suitable delay time
improves the interaction with amaterial compared to that for the conventional single-
pulse train, although the irradiated total laser energy is the same [30, 31]. To enhance
the light–matter interaction, we configured the Mach–Zehnder type of double-pulse
optical setup [32]. The delay time between femtosecond double pulseswas controlled
by using an optical delay line. The total pulse energy of the equally divided double
pulses was set to be 500 μJ. The laser writing speed and the liquid flow rate were
set to be 100 μm/s and 40 mL/min, respectively. In addition, to clarify the effect
on the nanoparticle generation of the laser polarization, the double-pulse train with
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Fig. 11.4 Si nanoparticle
concentration as a function
of laser irradiation time
without liquid flow.
Schematic illustration of the
laser polarization direction
(E) and writing direction (S)
is also shown. The laser
polarization was set to be
parallel (E//S) or
perpendicular (E⊥S) to the
writing direction

four different polarization states was irradiated on the Si wafer surface in ethanol
solution.

Figure 11.5 shows Si nanoparticle concentration as a function of the delay time
between femtosecond double pulses. The polarization directions of the first (E1st)
and second (E2nd) pulse were set to be parallel or perpendicular to the laser writing
direction (S). For comparison, the results of single-pulse train are also shown. Similar
to Fig. 11.4, the amount of generated Si nanoparticles was large in the double-pulse
train parallel to the writing direction. Particularly, the amount of Si nanoparticles
generated by the double-pulse train was larger than that of the single-pulse train if
the delay time was 100 ps or less, independent of polarization direction. Compared
to the results of the single-pulse train, about 2.5 times as many Si nanoparticles were
generated at the delay time of 10 ps.Assuming the lifetime of the plasma is considered
to be several tens of ps, the second pulse can interact with the electron plasma
generated by the first pulse before the electron plasma is relaxed. Such electrons
are accelerated by the ponderomotive force, and the kinetic energy of the electrons
is increased by the inverse bremsstrahlung, leading to enhance the ionization [33].
Finally, the Si nanoparticles can be efficiently generated by the double-pulse train
compared to that for the single-pulse train. It should be noted that there is no big
difference in the size distribution of Si nanoparticles between produced by the single-
pulse train and the double-pulse train.

Furthermore, symmetric variation of the particle concentration to the delay
time between orthogonally polarized femtosecond double pulse was also observed
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Fig. 11.5 Si nanoparticle concentration as a function of the delay time between femtosecond
double-pulses with different polarization directions (S//E or S⊥E), where S is the writing direction.
E1st and E2nd show the polarization direction of the first and second pulses, respectively. Dotted
lines indicate the results of single-pulse train experiments. Schematics of double-pulse sequence
with different polarization direction are also shown. © IEEE. Reprinted, with permission, from [38]

(Fig. 11.6). When the delay time is 100 ps or less, the amount of generated Si
nanoparticles was increased compared to that for the single-pulse train, regardless
of the polarization directions of the first and second pulses. After about 100 ps, the
amount of generated Si nanoparticles was decreased and asymptotically approached
that for the single-pulse train in the polarization direction parallel to the writing
direction. This phenomenon was in good agreement with the result of Fig. 11.5. On
the other hand, when the delay time was 10 ps or less, the amount of generated Si
nanoparticles was dramatically decreased, and the amount of production was close
to the result of the single-pulse train in the polarization direction perpendicular to the
writing direction. Since the time resolution is 70± 40 fs in our experiments, assuming
the double-pulse trains are overlapped in time, it is considered that the polarization
direction was tilted to be 45° to the writing direction. From the above results, it is
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Fig. 11.6 Si nanoparticle concentration as a function of the delay time between orthogonally polar-
ized femtosecond double-pulse. Negative delay indicates that the first (second) pulses are polarized
perpendicular (parallel) to the writing direction, respectively. Positive delay indicates vice versa.
Dotted lines indicate the results of single-pulse train experiments. Schematics of orthogonally-
polarized double-pulse sequence are also shown. © IEEE. Reprinted, with permission, from
[38]

ideally possible to produce Si nanoparticles about 8 times as much as a conven-
tional single-pulse train experiment by flowing a solvent and using femtosecond
double-pulse configuration with suitable polarization direction.
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11.3 Synthesis of Fluorescent Nanodiamonds
by Femtosecond Laser Ablation in Liquid

11.3.1 Nanodiamond Synthesis from Solid-State Carbon
Source

The technique of pulsed laser ablation in liquid has become attractive as the method
to synthesize nanodiamond [34, 35]. Recently, Nee et al. reported that nanodiamonds
with the size of <5 nm can be directly synthesized from the dissociation of ethanol
(C2H5OH) by femtosecond laser irradiation [36]. More recently, Hao et al. also
showed a one-step synthesis method for fluorescent nanodiamonds by femtosecond
pulsed laser ablation of bulk diamond in water [37]. The maximum yield in this tech-
nique can be reached to 8.2 mg/h under 828 mW. Based on the previously mentioned
efficient liquid-phase laser ablation method, we applied to various solid-state carbon
sources [38]. We used the following three types of solid-state carbon sources: (1)
graphite carbon (10 × 10 × 0.5 mm), (2) glassy carbon (15 × 15 × 1 mm), and
(3) bagasse charcoal, which is a strained lee of sugarcane. The carbonized bagasse
powder was sintered by spark plasma sintering (SPS) equipment, and then a pellet-
like sample (φ = 10 mm) was obtained. As the solvent, ethanol, cyclohexane, and
acetone were used in the experiments. Transmission electron microscopic (TEM)
observation of the produced nanoparticles was performed by a high-resolution trans-
mission electron microscope (JEOL, JEM2100F). Figure 11.7 shows TEM images
and electron diffraction patterns of nanoparticles produced from different solid-state
carbon sources of graphite carbon, glassy carbon, and bagasse charcoal by laser abla-
tion in ethanol. Sugarcane bagasse is a waste material, which is fibrous production
in large quantities after sugar juice extraction from sugarcane stalks [39]. There-
fore, it is known that the crystal structure of carbonized bagasse is an amorphous
and includes many kinds of functional group derived from cellulose, hemicellu-
lose, and lignin [40]. Interestingly, clear crystal lattices are observed in the TEM
images, with interplanar spacing of 0.21 nm, which is assigned to (111) planes of
cubic diamond structure. These results clearly indicate that the produced nanoparti-
cles have a diamond structure with high crystallinity, regardless of the crystallinity
of starting carbon source. The size distributions of nanodiamonds produced from
different solid-state carbon sources by laser ablation in ethanol were estimated by
TEM observation (Fig. 11.8). The average size of nanodiamonds synthesized from
glassy carbon (~2.9 nm) was smaller than these of graphite carbon (~4.5 nm) and
bagasse charcoal (~5.4 nm). Further experiments should be needed to understand the
difference in the size distribution.

To clarify the influence of the solvent molecule, photoluminescence (PL) spectra
of the nanodiamonds produced from glassy carbon after liquid-phase laser ablation
in ethanol, cyclohexane, and acetone were measured (Fig. 11.9). The PL spectra
were measured by using a fluorescence spectrophotometer (Horiba Jobin Yvon Inc.,
FluoroMax-3).
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Fig. 11.7 TEM images and electron diffraction patterns of nanoparticles produced from different
solid-state carbon sources (a, d, e) graphite carbon, (b, e, f) glassy carbon, and (c, f, g) bagasse
charcoal by laser ablation in ethanol. Low (a, b, c) and high (d, e, f) magnification images are
shown. © Elsevier. Reprinted, with permission, from [23, 24]

The PL spectra of the nanodiamonds are dependent on the excitation wavelengths.
The emission of nanodiamonds produced in ethanol is mainly in the UV region
with the maximum intensity at 440 nm with an excitation wavelength of 360 nm.
Increasing the excitation wavelengths, the PL peak is red-shifted and the PL intensity
is gradually decreased. Although the PL spectra in the case of cyclohexane are similar
to that for ethanol, the main emission at green region from 500 to 600 nm is slightly
weak. The maximum emission of nanodiamonds produced in acetone is observed
at about 520 nm when excited by 420 nm. The red-shifted PL with increase of
excitation wavelengths is also observed. These results show that the optimal PL peak
of nanodiamonds can be tailored by changing the solvent molecule.

Different oxygen-containing functional groups of solvent molecule result in
different oxidation defect states on the surface of nanodiamonds, which are reflected
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Fig. 11.8 Size distribution
of the nanoparticles
produced from different
solid-state carbon sources by
laser ablation in ethanol

Fig. 11.9 PL spectra of
nanodiamond produced from
glassy carbon by laser
ablation in various solvent
(ethanol, cyclohexane and
acetone). Excitation
wavelength was varied from
300 to 440 nm. The
right-hand photos show
luminescence from
nanodiamonds in various
solvent under 365 nm
excitation
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in the excitation spectra [23, 26, 38].Well-defined peaks are also observed in the exci-
tation spectra. In the case of ethanol, there are several excitation peaks in the range
from 270 to 320 nm which are assigned to n-π* transition of carbonyl groups [41,
42]. For cyclohexane, there is no big difference in the excitation spectra compared
to that for ethanol. For acetone, the main excitation shoulders exist in the range from
380 to 500 nm with a common peak at 420 nm. These obvious π transitions indi-
cate the existence of highly localized π states and oxidation defect states, between
which two possible ways of radiative recombination, intrinsic direct transitions and
defect energy trapping (DET) state-related transitions could take place [43–45].Here,
we suggest that more DET states are created with enhancement of surface oxida-
tion degree, resulting in red-shifted PL. As discussed previously, from cyclohexane,
ethanol to acetone, the optimal PL wavelengths increase with the enhancement of
oxidation degree, which confirm the above hypothesis.

In order to evaluate the functional groups on the surface of nanodiamonds
produced from glassy carbon by laser ablation in various solvent, an infrared absorp-
tion spectroscopy was inspected by a FT-IR (Perkin Elmer, Spectrum Two) attached
with a diamond attenuated total reflection (ATR) unit. The dispersion solutions of
nanodiamonds were dropped and dried on themetal Cu plate, and then, FT-IR spectra
were measured by ATR method (Fig. 11.10). The FT-IR spectra for each solvent
without nanodiamonds are also shown in Fig. 11.10. From the comparison between
the FT-IR spectra of nanodiamonds and that of solvent, some characteristic peaks of
1633 cm−1 (C = O) and 1659 cm−1 (OH) for ethanol, 1081 cm−1 (C = O, OH) and
1712 cm−1 (C=O) for cyclohexane, 1659 cm−1 (C=O, OH), 3200 cm−1 (OH) and
3358 cm−1 (OH) for acetone were observed on the surface of nanodiamonds. These

Fig. 11.10 FT-IR spectra of
nanodiamond produced from
glassy carbon by laser
ablation in various solvent
(ethanol, cyclohexane and
acetone). These spectra were
measured by the attenuated
total reflection (ATR)
method. The blue curves
show FT-IR spectra for each
solvent without
nanodiamonds
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results support the change of fluorescence spectrum of nanodiamonds according to
solvent.

11.3.2 Nanodiamond Synthesis from Solvent Molecules

The laser ablation process in liquid is capable of removing the layer of amorphous
carbon and covalent bonds fromdetonation nanodiamonds,whichwerefirst produced
from detonation of explosives [46]. Furthermore, the use of starting carbon source
other than diamond may possibility include impurities derived from starting carbon
source and solvent molecules [36, 37]. Therefore, the purification and the dispersion
of nanodiamonds produced by laser ablation in liquid still need to be improved. In
this section, we used graphene oxide aqueous solution (Graphene Supermarket; 0.5
~5 μm in diameter), which was diluted by the two kinds of solvents of water or
ethanol. The concentration of graphene oxide was 0.5 mg/ml. Detailed laser ablation
experiments were reported in [26]. The laser ablation of ethanol or cyclohexane
without any solid-state carbon sources was also performed. The PL spectra and PL
excitation (PLE) spectra were measured by using a fluorescence spectrophotometer
(Horiba Jobin Yvon Inc., FluoroMax-3). Transmission electron microscopy (TEM)
and electron energy-loss spectroscopy (EELS) were performed by a high-resolution
transmission electron microscope (JEOL, JEM2100F).

Figure 11a, b show PL and PLE spectra maps of nanodiamonds produced from
graphene oxide by laser ablation in ethanol or water. PL and PLE spectra maps
of nanodiamonds produced from ethanol or cyclohexane without solid-state carbon
source by laser ablation are also shown in Fig. 11.11c, d. The nanodiamonds produced
from graphene oxide by laser ablation in ethanol show colorful luminescence, such
phenomenon is similar to the results of laser ablation of various solid-state carbon
sources in ethanol (Fig. 11.9). While in the case of graphene oxide in water, narrow
PL and PLE peaking at 450 nm and 350 nm, respectively, was apparently observed,
compared to that of graphene oxide in ethanol. Figure 11.11e show TEM image
obtained from of nanodiamonds produced from graphene oxide by laser ablation
in water. The nanodiamonds contain many point defects and multiple twins. Such
defects also play an important role on PL properties of nanodiamonds. TEM image
shows that nanodiamonds produced from graphene oxide by laser ablation in water
consist of polycrystalline diamond structure. The three different values (0.206 nm,
0.193 nm and 0.218 nm) of crystal lattice spacing in nanodiamonds were observed.
The crystal lattice spacing of 0.206 nm corresponds to that of (111) planes of cubic
diamond. On the other hand, the crystal lattice spacing of 0.193 nm and 0.218 nm is
considered to be attributed to the hexagonal diamond, which is known as lonsdaleite
[47]. The crystal lattice spacing of 0.193 nm and 0.218 nm correspond to that of
(101) and (110) planes of hexagonal diamond, respectively.

Figure 11.11f shows the electron energy-loss spectroscopy (EELS) spectrum of
carbon K-edge obtained from nanodiamonds produced from glassy carbon by laser
ablation in ethanol or graphene oxide by laser ablation in water. Reference EELS
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Fig. 11.11 PL and PLE spectra map of nanodiamonds produced from graphene oxide by laser
ablation in a ethanol or b water. PL and PLE spectra map of nanodiamonds produced from c
ethanol or d cyclohexane without solid-state carbon source by laser ablation are also shown. e TEM
image of nanodiamonds produced from graphene oxide by laser ablation in water. Light-blue lines
show multiple twins. f Carbon K-edge EELS spectra of nanodiamonds produced from (1) glassy
carbon by laser ablation in ethanol, (2) graphene oxide by laser ablation in water. Reference spectra
of (3) graphite and (4) diamond were also shown. © SPIE Publications. Reprinted, with permission,
from [26]

spectra of graphite and diamond were also shown. The EELS spectrum of nanodi-
amonds produced from glassy carbon by laser ablation in ethanol shows π* peak
at 285 eV followed by a relatively featureless, broad σ* peak at around 295 eV,
suggesting that nanodiamonds are hybridized with sp2 and sp3 carbon similar to
diamond-like carbon. The π* peak existence could be explained by the sp2 carbon
located in the structural defects and/or the surface. This diamond-like crystalline
character of nanodiamonds is also shown in electron diffraction pattern and Raman
spectra in the previous report [48]. On the other hand, it is suggested that nanodia-
monds produced from graphene oxide in water does not contain almost sp2 carbon
leading to the relatively homogeneous production.

Interestingly, ethanol and cyclohexane solvent without any solid-state carbon
sources after the femtosecond laser irradiation also indicates PL emission. It should
be noted that no PL peaks were observed before laser irradiation. In the case of
ethanol, weak PL was observed in bluer region below 400 nm (Fig. 11.11c). These
PL peaks suggest that any fluorescent molecules were generated from degradation
of ethanol molecules by the femtosecond laser irradiation. That is also confirmed
by the smell of the ethanol sample after laser irradiation, which obviously differed
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from the initial ethanol. While, the tendency of PL and PLE spectra map for cyclo-
hexane was quite different from that of ethanol, the maximum PL intensity was
obtained at about 470 nm (Fig. 11.11d). This result could indicate that fluorescent
carbon molecules with different PL properties were generated from cyclohexane.
It is known that polyyne molecules, which are linear carbon chains with alter-
nating triple and single sp-hybridized C–C bonds terminated by atoms or groups, are
directly synthesized in various solvent by dissociation using femtosecond laser irra-
diation [49, 50].We assumed that such polyynemolecules and/or nanodiamonds have
been generated from degradation of cyclohexane molecules. It should be noted that
PLE properties derived from the polyyne molecules and nanodiamonds are clearly
different, compared between Fig. 11.11b, d. Detailed investigations should be needed
to understand such differences in PL and PLE properties.

11.4 Conclusion

In summary, by using the femtosecond laser ablation in liquid, we have successfully
produced nanoparticles with higher yield by the double pulse with shorter delay
time than electron–ion relaxation time (<100 ps), considering polarization direction
regarding laser writing direction. We have also demonstrated nanodiamonds with
interesting fluorescent properties can be produced by this technique. The hexagonal
diamond was also synthesized. More interestingly, cyclohexane after femtosecond
laser irradiation without any solid-state carbon sources is suggested to undergo trans-
formation to fluorescent material such as polyyne molecules and/or nanodiamonds.
These techniques for nanoparticle preparation by femtosecond laser ablation in liquid
will open the door to the improvement of flexibility and productivity of functional
nanomaterials fabrication.
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Chapter 12
Preparation of Functional Nanoparticles
by Laser Process in Liquid and Their
Optical Applications

Hiroyuki Wada

Abstract Laser ablation in liquid is one of unique laser processing techniques
which has been studied recently. Functional nanoparticles such as metal, semicon-
ductor, inorganic, and organic materials can be created easily. This easiness is very
useful for the researches about applications of nanoparticles. In this chapter, prepa-
ration of nanoparticles of various materials by this method and their applications are
explained. Firstly upconversion nanoparticles, Y2O3:Er,Yb, are reported. Upconver-
sion material emits visible light by irradiation with infrared (IR) light. This material
is very useful for bioimaging and cancer therapy. Next one is afterglow material,
Sr2MgSi2O7:Eu,Dy. Afterglow material emits visible light even after blocking exci-
tation light. This material is also useful for bioimaging. Semiconductor nanoparticles
of Si are another important material. These nanoparticles are utilized for next gener-
ation’s solar cell. Last nanoparticle is organic material, naphthalocyanine. Because
naphthalocyanine absorbs IR light, it is also very attractive for next generation’s
bioimaging. These various nanoparticles easily prepared by laser ablation in liquid
are promising material for biomedical, electrical and energy fields.

Keywords Ablation · Nanoparticle · Cancer therapy · Bioimaging · Solar cell

12.1 Introduction

Recently nanoparticles have been studied extensively because of unique proper-
ties and the potentiality of wide application in biomedical, electronics, and energy
researchfields. Thematerials of nanoparticles are various, e.g.,metal, semiconductor,
ceramics, and organic compounds. Metal nanoparticles are widely studied in many
fields due to the easiness of synthesis. Ceramics nanoparticles can be applied with
various doping and expand their applications, although not so many researches on
ceramics nanoparticles have been done.
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In general, the preparation of nanoparticles is classified into gas-phase method,
liquid-phase method, and solid-phase method. Gas-phase method includes CVD,
which synthesizes nanoparticles through chemical reaction, and spray pyrolysis,
which synthesizes nanoparticles through thermal decomposition. Liquid-phase
method can create nanoparticles-dispersed liquid. These liquids can be utilized in
various research fields. Sol–gel method and co-precipitation method are classified in
the liquid-phase method. Solid-state reaction represents solid-phase method, which
usually synthesizes aggregated nanoparticles.

However, nanoparticles prepared by these conventional methods suffer from
several problems. (1) In the case of high temperature process, nanoparticles are
aggregated and secondary particle size is increased. Large particles cause many
problems. (2) In the case of liquid-phase method such as sol–gel method and co-
precipitation method used widely to obtain nanoparticles-dispersed liquid, and the
preparation of multi-elements nanoparticles is difficult. It is critical to prepare the
doped ceramics nanoparticles which include several elements. (3) The preparation of
highly crystalline nanoparticles is also difficult. The crystallinity of nanoparticles is
closely related to physical properties such as fluorescent intensity. (4) If the nanopar-
ticles prepared by the liquid-phase method are used for biomedical applications, the
unreacted starting materials included in the liquid often cause the problem such as
cell death.

To solve these problems, study on laser ablation in liquid was started.
Figure 12.1 shows the schematic of laser ablation in liquid [1]. In this method, target
in liquid is irradiatedwith focused pulse laser beam to obtain nanoparticles-dispersed
liquid. Extensive researches on preparation of nanoparticles by laser ablation in liquid
have been carried out in past decades [2–14]. The studies about laser ablation in gas
phase were started from the middle of the twentieth century [15], and the various
researches have been done, which was mainly related to preparation of thin films. In
contrast, the research on laser ablation in liquid was started recently, which generated
nanoparticles in liquid [2–4].

Advantage of this method is the followings;

(1) Nanoparticles-dispersed liquid can be prepared easily.
(2) Unreacted starting materials are not included in the liquid.
(3) Multi-elements nanoparticles such as doped phosphor can be prepared.
(4) Preparation of highly crystalline ceramics nanoparticles is possible.
(5) Particle size hardly increases because the duration of high temperature is short.
(6) Prepared nanoparticles are collected with high efficiency.

The advantage from two to four is attributed to the fact that the fragmentation of
highly crystalline target occurs by laser irradiation.

In the case of inorganic nanoparticle, preparation methods were classified to two
categories.One is nanosizing of targetmaterial, and the other one is usage of chemical
reaction between target and solvent. The former is similar to the preparation of
metal nanoparticles to irradiate a bulk target with laser beam. Preparation of TiO2

nanoparticles as a photocatalyst from a colloidal solution of TiO2 powder has been
studied widely, and the formation mechanism though thermal melting process was
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Fig. 12.1 Schematic of laser ablation in liquid [1]. Copyright (2015) The Chemical Society of
Japan

investigated [16]. The latter is preparation of oxide by the reaction between metal
and water. For example, the irradiation to Zn plate created ZnO nanoparticles and
the irradiation to Ti plate created TiO2 nanoparticles [17].

Generation of high temperature and pressure at the interface between target
and solvent has been discussed and chemical reaction and phase change would
proceed. Preparation of nanodiamonds at high pressure was reported [18]. Method
to control the shape of nanoparticles was to apply voltage during laser irradiation
[19]. Although pulse duration of laser which was used for laser ablation in liquid
was usually nanosecond, femtosecond laser was used for the reduction of thermal
effect. Millisecond and continuous wave (CW) lasers were also used [20].

In the early stage of laser ablation in liquid, metal target such as gold and silver
was used [2–4, 6–8, 10–12, 14]. A metal plate held with tweezers in liquid was
irradiated with focused laser beam [2]. Gold nanoparticles-dispersed liquid indicates
wine red color because of absorption of green related to surface plasmon resonance
(SPR). After the report that particle size of prepared nanoparticles was controlled
by the addition of surfactant [4], many researchers in various field started to utilize
this method. Ceramics nanoparticles were also prepared [9, 13, 21, 22]. Because
solvent was usually water, most of the ceramic nanoparticles were oxide. Nitride
nanoparticles were prepared by using aqueous ammonia [23] or liquid nitrogen [24]
as solvent. Sulfide nanoparticles prepared by laser ablation of CdS in acetone [25]
and chloride nanoparticles prepared by laser ablation of Ag in NaCl solution [26]
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were also prepared. In the case of ceramics, ceramics target was generally used for
the preparation of nanoparticles although some researchers utilized the oxidation
of metal in water. Semiconductor nanoparticles such as compound semiconductor
were prepared, which would be useful in electronics and energy fields [27]. Although
nanoparticles of semiconductors such as Si [7] and Ge [28] were investigated due to
easiness to obtain a wafer as target or various applications of nanoparticles, surface
of the prepared nanoparticles was usually oxidized. If ethanol was used as solvent,
the oxidation was prevented due to reduction effect [29]. Laser ablation in liquid
using carbon as target has been investigated because of the extension of research
of carbon nanotube. Preparation of nanodiamond by this method was reported [18].
High temperature and pressure in cavitation bubble created by laser irradiation were
indicated [30]. Recently, preparation of quantum dots such as ZnSe andCdS has been
tried [31].Biomaterials such as apatitewere also prepared [32].Organic nanoparticles
were prepared, which is promising materials in biomedical field [5].

The shapes of prepared nanoparticles were polygon, which was related to crystal
structure, or sphere, which was related to surface tension. Although prepared
nanoparticle is usually single material, core/shell structure is prepared under some
experimental conditions. Metal nanoparticles, surface of which was oxidized, were
easily prepared [33]. In this case, the source of oxygen such as dissolved oxygen
or water was not discussed well. Laser ablation in organic solvent which contains
thiol group created nanoparticle with metal core and metal sulfide shell. If alloy
such as brass (Cu 60%, Zn 40%) was used for target, core/shell structure was
also prepared [34]. Hollow nanoparticles were prepared by removal of core from
core/shell structure. Nanoparticles were absorbed to polystyrene as a mold, and then
mold was removed to prepare hollow nanoparticles. Leaf-like WO3 nanoparticles
were prepared by laser ablation in liquid [35].

12.2 Upconversion Nanoparticle

Y2O3:Er,Yb is upconversion material, which is a kind of phosphor. In the case of
upconversion, visible luminescence is observed by the excitation of infrared (IR) light
with low photon energy, while visible luminescence is observed by the excitation
of ultraviolet (UV) light with high photon energy in the case of normal phosphor.
Upconversion nanoparticles have the potentiality of promising practical usage [35–
37]. The potential applications of the upconversion nanoparticles are bioimaging and
cancer therapy in biomedical field.

The bioimaging is key technique for diagnosis, research, and development in this
field because of understanding of the position and the pathway of specific cells or
materials [38, 39]. Water which is one of the main components of a living body
has absorption in far-IR region, and hemoglobin in blood has absorption in visible
region. Near-IR region is called ‘optical window’ in biomedical field because of low
absorption [40]. Low absorption decreases thermal damage of a living body. More-
over, it reduces autofluorescence related to phosphor derived from a living body such
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as NADH. Autofluorescence is one of critical issues in bioimaging. Thus, the advan-
tages of upconversion nanoparticle in the biomedical field are high transparency, low
damage of a living body, and low autofluorescence.

The other important application of the upconversion nanoparticles is cancer
therapy. Photodynamic therapy (PDT) is one of the promising cancer therapies
because of less invasiveness. However, the large cancer and the non-dermatological
cancer cannot be cured by this therapy. The combination of PDT and upconversion
nanoparticles would solve these problems because of high transparency of a living
body [41, 42].

Moreover, the application of upconversion nanoparticles to solar cells increased
the energy conversion efficiency because of the effective utilization of IR light which
was not used in conventional solar cells [43].

Y2O3:Er,Yb is chemically and physically stable. The emissions attributed to Er3+

ion are green
(
2H11/2,

4 S3/2 → 4I15/2
)
and red

(
4F9/2 → 4I15/2

)
[44]. The fluo-

rescent intensity is increased by co-doping of Yb3+ ion. In the case of biomedical
usage, the particle size with the range from several tens nanometers to 200 nm is
desirable. This is because particleswith particle size of less than several tens nanome-
ters are excreted through kidney, and particles with particle size of more than 200 nm
are ingested by Kupffer’s cells in a liver; these nanoparticles cannot stay in blood
vessel for the circulation in a living body [45, 46]. Moreover, these particles are
passively ingested by cancer cells (EPR effect) [47]. Since solid-phase method and
co-precipitation method include high temperature process, the primary particle size
was increased and nanoparticles were connected each other. These high tempera-
ture processes create the particles with the secondary particle size of micrometers to
millimeters scale. Therefore, we used laser ablation in liquid to obtain the liquid in
which upconversion nanoparticles with desirable particle size were dispersed.

Upconversion nanoparticleswere prepared by laser ablation in liquid.Y2O3:Er,Yb
ceramics target in deionized (DI) water was irradiated with laser beam. Laser was
Nd:YAG (SHG, wavelength: 532 nm, pulse duration: 13 ns, repetition rate: 10 Hz).
Target was synthesized by co-precipitation method. Ammonia was added to nitrate
solution, and then the powder was calcined. Pelletized powder was sintered to obtain
highly crystalline Y2O3:Er,Yb target as a precursor of upconversion nanoparticle
dispersed in water.

The synthesized target placed in DI water was irradiated with focused pulse laser
beam to obtain upconversion nanoparticles dispersed inwater. Prepared nanoparticles
were identified with single phase matrix Y2O3 which is the same as target material.
The target did not react with the liquid in this case, although some targets reactedwith
the liquid in previous cases [22, 27]. Relation between particle size and energy density
of irradiated laser beam was investigated by the secondary particle size measured
by dynamic light scattering (DLS) [48]. Particle size was reduced with the decrease
in energy density. Nanoparticles were observed by scanning electron microscope
(SEM) after the nanoparticles-dispersed liquid was dropped on Cu grid with carbon
membrane and dried [48]. These nanoparticles were mixture of fine nanoparticles,
particle size of which was several tens nanometers, and coarse nanoparticles, particle
size of which was several hundred nanometers. Figure 12.2 shows SEM images of
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Fig. 12.2 SEM images of target (a) and coarse nanoparticles (b–d). Energy density: b 0.59 J/cm2,
c 1.06 J/cm2, d 1.61 J/cm2. Reprinted from [48], Copyright 2012, with permission from Elsevier

target (a) and coarse nanoparticles (b-d). Secondary particle size was decreased
with the reduction of laser energy density, as shown in Fig. 12.2b-d. These results
support that of DLS. Primary particles size and morphology of nanoparticles in
target shown in Fig. 12.2a are almost same as those of coarse nanoparticles prepared
by laser ablation in liquid. Therefore, these coarse nanoparticles would be created
by the fragmentation of ceramics target by the effects of thermal expansion and
shock wave of laser irradiation. Figure 12.3 shows SEM images of fine nanoparticles
[48]. Dot-like nanostructures were observed at low laser energy density as shown
in Fig. 12.3a, while string-like nanostructures were observed at high laser energy
density as shown in Fig. 12.3b. The dot-like nanostructures, particle size of which
are several tens nanometers, were created from target, particle size of which are
several hundred nanometers. According to transmission electron microscope (TEM)
images of string-like nanostructures shown in Fig. 12.3b, lattice fringes in TEM



12 Preparation of Functional Nanoparticles by Laser Process … 243

Fig. 12.3 SEM images of fine nanoparticles. Energy density: a 0.59 J/cm2, b 1.61 J/cm2. Reprinted
from [48], Copyright 2012, with permission from Elsevier

image indicate polycrystal [48]. And the results of energy dispersive X-ray analysis
(EDX) indicate that string-like nanostructures consisted ofY,O, Er, andYbwhich are
elements of Y2O3:Er,Yb [48]. The dot-like nanostructures created firstly would be
aggregated and then melted at high energy density to form polycrystalline string-like
nanostructures.

PL spectra of the target material with excitation wavelength of 380 nm and
upconversion spectra of them with excitation wavelength of 980 nm were measured.
Observed green and red emissions are attributed to Er3+ ion as shown in Fig. 12.4.
According to energy diagram of Er3+ ion [44], the luminescence process with
excitation wavelength of 980 nm is the following;

4I15/2 →4 I11/2
4I11/2 →4 F7/2
4F7/2 →2 H11/2,

4S3/2 (non - radiative relaxation)
2H11/2,

4S3/2 →4 I15/2.

In this case, the fluorescent intensity is increased by co-doping Yb3+ ion because
the excitation occurs by the energy transfer from Yb3+ ion

(
2F5/2 → 2F7/2

)
. In

contrast, red emission is the following:

4I15/2 →4 I11/2
4I11/2 →4 I13/2(non − radiative relaxation)
4I13/2 →4 F9/2
4F9/2 →4 I15/2.
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Fig. 12.4 Energy level diagrams of Er3+ and Yb3+. Reprinted from [48], Copyright 2012, with
permission from Elsevier

This emission is also increased by co-doping Yb3+ ion. In the photoluminescence
(PL) spectra, green emission is dominant because excitation by UV light increases
population at higher energy level.

Upconversion spectra of prepared nanoparticles with excitation at 980 nm were
measured [48]. Green and red emissions were observed, which was the same as
those of target material. Increase in energy density of irradiated laser beam in the
preparation process increased fluorescent intensity. In general, the increase in fluo-
rescent intensity is related to the increase in luminescent efficiency or the increase
in amount of phosphor. In general, the increase in energy density of irradiated laser
increases the amount of prepared nanoparticle. In this study, the amount of upcon-
version nanoparticles would also be increased by the increase in laser energy density,
and then upconversion intensity was increased.

The relation between excitation intensity Iex and emission intensity Iem of upcon-
version nanoparticles was investigated. The relation is given by the following
Eq. (12.1) [49].

Iem ∝ I nex (12.1)
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where n is the number of photons related to the upconversion process, which is the
slope of double logarithmic plot between excitation and emission intensity. There-
fore, upconversion intensity should be continuously increased with increase in exci-
tation intensity. However, it was discontinuously increased at excitation intensity of
about 100 mW [50]. In the case of bulk material, similar phenomena were observed
previously and called a photon avalanche [51–54]. The observed drastic increase in
upconversion intensity is ascribed to the photon-avalanche effect, induced by cross-
relaxation as explained below. According to the energy diagram of Er3+ ion as shown
in Fig. 12.5, excited Er3+ ion from 4F9/2 to 2H9/2 undergoes a non-radiative transition
to 4F9/2 accompanied by a cross-relaxation transition from 4I13/2 to 4F9/2. These tran-
sitions increase the population of 4F9/2 and then red emission increases significantly.
By this effect, upconversion efficiency is increased. The photon-avalanche is very
useful for practical usage of upconversion nanoparticles because emission is usually
reduced by nanosizing due to the increase in specific surface area.

Fig. 12.5 Energy level
diagram of Er3+. Reprinted
from [50], Copyright 2013,
with permission from Trans.
Mat. Res. Soc. Japan
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Single particle level spectroscopy was investigated with an optical microscopy
for bioimaging as future biomedical application [55]. Upconversion nanoparticles on
glass slide with excitation of femtosecond laser (wavelength: 793 nm, pulse duration:
100 fs, repetition rate: 80 MHz) were observed by CCD through objective lens.
Emissionof nanoparticleswas detectedby this setup.The size of emissionobserved in
themicroscope imagewas larger than that of SEM images. The fluorescent intensities
of eachparticle varied significantly due to the differences of crystallinity, particle size,
aggregation size, and surface condition. Next, we measured upconversion spectra of
single nanoparticle level by using a pinhole and a spectrometer instead of CCD
[55]. The spectra of each emission were measured. Upconversion intensity around
800 nm showed the maximum at 793 nm which was similar to energy level of
4I15/2 →4 I9/2. The reason of variation of upconversion intensity ratio of green
emission to red emission would be the same as that of the microscopic image. The
ratio was 0.27 ± 0.12. Luminescence process with excitation wavelength of 793 nm
was investigated by using energy diagram of Er3+ ion. The specific surface area
is increased by nanoparticle generation and/or disaggregation by laser ablation in
liquid. In general, there are many surface defects and the substances, which induce
the energy transfer, on the surface. These accelerate non-radiative transition. Red
emission is more related to non-radiative transition than green one. Therefore, the
ratio of red would be increased in the case of nanoparticles prepared by laser ablation
in liquid.

Upconversion nanoparticles are useful for biomedical field. One of the applica-
tions is bioimaging to know a lesion such as a tumor for diagnosis and to examine
molecular pathways within living organisms [56, 57]. If upconversion nanoparticles
are used as a marker for bioimaging, they can be excited by IR light and emit visible
light to recognize the position. Especially absorption at near-IR light to a living
body is very low, while strong absorption at visible and far-IR regions is due to the
existence of hemoglobin and water [40].

Another attractive application of upconversion nanoparticle is cancer therapy.
PDT is one of the promissing less invasive treatments. In the case of normal PDT, a
photosensitizer such as porphyrin compound accumulated in a cancer cell is irradiated
with visible light and then singlet oxygen (1O2), one of reactive oxygen species
(ROS), is generated. The singlet oxygen kills cancer cells. The problem of this
method is that a large cancer and a cancer at deep portion from skin surface cannot
be cured because of low transparency of visible light to a living body. To solve these
problems, upconversion nanoparticles would be used [42, 58–61]. The irradiation
with near-IR light to upconversion nanoparticles in a cancer cell emits red light, and
it excites photosensitizer to generate singlet oxygen. This process can kill a large
cancer and a cancer at deep portion.

Generation of singlet oxygen by upconversion nanoparticles and photosensitizer
was examined [62]. Because 1,3-diphenylisobenzofuran (DPBF) is decomposed by
singlet oxygen,DPBFcandetect singlet oxygen generation.Absorbance of upconver-
sion nanoparticles, photosensitizer, and DPBF in solvent was measured by changing
the irradiation time with near-IR light (Fig. 12.6). Absorbance peak of DPBF is
observed at 410 nm. Increase in irradiation time decreased absorbance of DPBF.
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Fig. 12.6 Absorbance of solution containing upconversion nanoparticles, photosensitizer, and
DPBF after irradiation with near-IR light. Reprinted from [62], Copyright 2015, with permission
from Elsevier

Control experiments were also performed by measuring time course of normalized
absorbance. Data (A) is result of above experiment. Data (B) is the case without
upconversion nanoparticle. Data (C) is the case without the irradiation with near-IR
light. The slight decrease in control experiments, (B) and (C), was observed, and it
would be attributed to the decomposition of DPBF by natural light. The decreasing
ratio of (A) is greater than those of (B) and (C). Therefore, singlet oxygen would
be generated by the irradiation with near-IR light to upconversion nanoparticles and
photosensitizer.

To examine the PDT effect by using upconversion nanoparticles, cytotoxicities
of upconversion nanoparticle and photosensitizer to cancer cells were investigated
firstly [62]. Cell viabilities as a function of concentrations of these materials were
investigated. Cell viability was measured by MTT assay. Under the existence of a
living cell, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) is
transformed to formazan, which is purple color. Therefore, absorbance of sample
indicates cell viability. When the concentration of upconversion nanoparticles was
1 mg/ml, cancer cells were killed. Cancer cells were also killed at the photosensitizer
concentration more than 10 µM. Experimental condition of PDT was decided by
these results. Because the number of cancer cells was decreased by the irradiation
with near-IR light to upconversion nanoparticles and photosensitizer, PDT effect was
confirmed by this experiment.
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Surface capping of nanoparticles is important for biomedical application because
problems in immune system such as nonspecific adhesion occur. Polyethylene glycol
(PEG) is one of biocompatiblematerials for surface capping [63–65]. Another reason
for surface capping is prevention of aggregation of nanoparticles by the steric effect
[66]. Y2O3:Er,Yb nanoparticles were capped with PEG by using silane coupling
agent, (3-aminopropyl)triethoxysilane (APTES) [67]. After the nanoparticles were
dispersed in 2-propanol, APTES was added to the solution and stirred to obtain
APTES-capped nanoparticles, on the surface of which amino groups existed. And
then they were dried. After the powder of nanoparticle was dispersed in dimethyl
sulfoxide (DMSO), N-Hydroxysuccinimide–PEG (NHS–PEG) with activated ester
was added to the solution and then stirred to obtain the PEG capped nanoparti-
cles by amide binding reaction. According to FT-IR spectra of prepared nanopar-
ticles, stretching mode of C–H bonding was observed at 2900 cm−1 and asym-
metric stretching mode of C–O–C bonding was observed at 1100 cm−1. The peaks
correspond to the PEG chain. Therefore, nanoparticles would be capped with PEG
by APTES as a linker. Turbidity of nanoparticle-dispersed solution as a function
of time was measured. Because absorbance is proportional to the concentration
of nanoparticles according to the Lambert–Beer law, increase in the concentration
increases turbidity. If nanoparticles are aggregated and then precipitated, the solution
is clear and the turbidity is decreased. Thus, the stability of nanoparticle-dispersed
solution can be examined. The solution of PEG-capped nanoparticles was stable,
while the other ones were not stable, showing decrease in turbidity. The stability
of nanoparticle-dispersed solution is improved by the electrostatic and steric effects
[66]. In this case, the steric effect of the PEG chain would improve the stability.

12.3 Afterglow Nanoparticle

Afterglow nanoparticles have the potentiality of promising practical usage [68,
69]. Sr2MgSi2O7:Eu,Dy was found as an afterglow material. In the case of after-
glow, luminescence is observed after blocking excitation light, while luminescence
is not observed after blocking excitation in the case of normal phosphor. After-
glow nanoparticles will be useful in biomedical research field. If we use an after-
glow nanoparticle as a marker for bioimaging, autofluorescence problem would be
solved [21, 22]. Autofluorescence makes the recognition of fluorescent markers of
bioimaging difficult because the fluorescence derived from a living body increases
background light in imaging. Afterglow nanoparticle is also useful for security,
energy saving, and dark place operation.

Afterglow nanoparticles-dispersed liquid was prepared by above-mentioned laser
ablation. Irradiated laser wavelength was 355 nm (Nd:YAG/THG). Target was
Sr2MgSi2O7:Eu,Dy, which was water-insoluble afterglow material. The pellet of
a target was fabricated by spark plasma sintering (SPS) [21].

The effect of liquid on the composition of nanoparticles prepared by laser ablation
in liquid was investigated [21]. According to the X-ray diffraction (XRD) patterns
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of target and nanoparticles prepared in DI water and ethanol, by-products depended
on the sort of liquid. Strontium carbonate was formed as by-product in the case of
DI water, while strontium formate was formed as by-product in the case of ethanol.
These results indicate chemical reaction between target and the liquid during laser
ablation. Relative intensity ratio (RIR) method indicated the by-product in DI water
was less than that in ethanol at same energy density.

The energy density of irradiated laserwas varied and then the composition, particle
size, and optical properties of nanoparticles prepared by laser ablation in liquid
were investigated [21]. According to RIR method of XRD pattern of nanoparticles
at each energy density, the decrease in energy density reduced the by-products.
The secondary particle size measured by DLS as a function of energy density was
measured; the decrease in energy density decreased the particle size.

PL spectra of the nanoparticles were almost same as that of target, which was a
broad peak at 467 nm [21]. Figure 12.7 shows afterglow properties of nanoparticles
prepared at each energydensity. The increase in the energydensity improved the after-
glow properties. In general, nanoparticles have large specific surface area. Defects on
the surface increase non-radiative transition and decrease photoluminescence. There-
fore, the afterglow properties of the nanoparticles prepared at high energy density,
particle size ofwhichwas large,would be improved. Surface coating of nanoparticles,
which would decrease the surface defects and would increase photoluminescence,
was important for the application of nanoparticles.

As mentioned before, surface capping of nanoparticle is important. It improves
biocompatibility and dispersibility in solvent due to steric effect. At the same time,
optical properties are also improved because defects exist on the surface of material.
Defects decrease optical properties as mentioned before. Specific surface area of
nanoparticle is larger than that of bulk material. These defects would be passivated
by capping material and optical properties are improved. The capping material is
classified to organic and inorganic material. Typical organic material is PEG and
inorganic material is silicon dioxide.

Fig. 12.7 Afterglow
properties of nanoparticles
prepared at each energy
density. Reprinted from [21],
Copyright 2011, with
permission from Elsevier
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For the capping, PEG was added to solvent for laser ablation in liquid [22]. Phys-
ical adsorption would progress PEG capping. According to PL spectra of afterglow
nanoparticles with changing concentration of PEG, the shape and peak wavelength
of spectra were not changed. This emission would be attributed to Eu2+ ion because
it is broad peak related to f-d transition [70]. Meanwhile, emission of Eu3+ ion is
usually sharp around 600 nm related to f-f transition shielded by the outer 5 s and 5p
electrons [70]. The shieldingmakes the peak wavelength of Eu3+ ion insensitive [70].
In contrast, the peak wavelength of Eu2+ ion is sensitive to the crystal [70]. Because
each spectrum of Eu2+ ion is almost same, the luminescent center, Eu2+, and the host
material were not transformed by the addition of PEG. According to quantum yield
of the nanoparticles as a function of the PEG concentration, an increase in the PEG
concentration increased the quantum yield of photoluminescence. At a high PEG
concentration, saturation of luminescent efficiency occurred because photolumines-
cence would not be increased after the complete passivation of defect. Previously
scientists reported that passivation of phosphor by polymers increased PL intensity
[71–73].

Decay curves of afterglow luminescence with changing concentration of PEG
were measured. Origin of afterglow luminescence is the recombination of the
trapped carriers [69, 74–78]. After a trapped hole is excited to the valence band
by thermal energy of room temperature, recombination of electron and hole occurs
[69]. Afterglow intensity I(t) is given by the following Eqs. (12.2–12.3) [79]:

I(t) = I0
(1 + γ t)n

, (12.2)

γ = N

ant
, (12.3)

where I0 is the initial value, t is time,N is the trap concentration, a is the probability of
a trapped carrier’s transition to the band, nt is the number of carriers per unit volume
in the trap level, and n is the value approximately 0.5–2. The values of n and γ were
calculated by the curve fitting of afterglow intensity. Relation between the value of
γ and the PEG concentration indicated that addition of PEG to solvent significantly
decreased the value of γ . Decrease in γ value improves the afterglow luminescence
as shown in Eqs. (12.2–12.3). PEG capping would passivate the surface defects and
increase the afterglow properties.

12.4 Semiconductor Nanoparticle

Semiconductor nanoparticle is called quantum dot. There are many applications for
quantum dots due to unique properties related to quantum confinement effect [80,
81]. One of the promising applications is solar cell. The structure of quantum-dot-
sensitized solar cell (QDSSCs) is the followings; the space between a transparent
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Fig. 12.8 I–V
characteristics of the
QDSSCs [86]. Copyright
(2014) The Japan Society of
Applied Physics

conducting oxide (TCO) electrode, on which TiO2 and Si nanoparticles are placed,
and Pt electrode is filled with electrolyte. The advantages of QDSSCs are low cost
production and high energy conversion efficiency bymultiexciton generation (MEG)
[82].

Si nanoparticles were prepared by laser ablation in liquid. Properties of prepared
nanoparticles were changed by changing wavelength of laser [83]. According to
TEM, decrease in wavelength from 1064 to 532 nm decreased size of prepared
nanoparticles from 7 to 3 nm. Same tendency was also observed by Raman spec-
troscopy. Raman peak position shift is a function of crystal size of silicon [84].
Blue shift was observed in PL spectra because quantum confinement increased the
bandgap of silicon. According to absorbance spectrum of the obtained colloidal
solution, decrease in wavelength from 1064 to 532 nm increased the amount of
prepared nanoparticle because absorbance is proportional to the concentration by
Beer–Lambert law.

The particle size of Si nanoparticles (less than 10 nm) was smaller than that
of inorganic nanoparticles in Sects. 12.2 and 12.3. It would be attributed to the
difference of target of laser ablation in liquid. The target of Y2O3:Er,Yb, which was
a sintered compact, was aggregate of coarse nanoparticle with the particle size of a
few hundred nanometer. The irradiation with laser beam to the aggregate partially
created the dispersed coarse nanoparticles by shock wave or thermal shock of laser
irradiation as I mentioned before. However, the ablation of a single-crystal wafer of
Si created the very fine nanoparticle.

According to TEM, size of prepared nanoparticle was not significantly changed
with the increase in energy density of laser from 0.17 J/cm2 to 0.45 J/cm2 [85].
According to inductively coupled plasma mass spectrometry (ICP-MS), the increase
in energy density proportionally increased the concentration of prepared Si nanopar-
ticles. The increase in energy density also increased it. According to absorbance
spectrum, the bandgap of prepared Si nanoparticle was 2.2 eV, which was higher
than that of bulk silicon, 1.1 eV, because of quantum confinement.

QDSSCwas fabricated by using iodide electrolyte [86]. Figure 12.8 shows the I–V
characteristics of theQDSSCs. The energy conversion efficiency of theQDSSCswith
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Si nanoparticles and TiO2 was 17 times greater than that of QDSSCs with only TiO2.
The short-circuit current density (JSC) significantly increased, while open-circuit
voltage (VOC) and fill factor (FF) were approximately constant during operation.
The phenomena would be related to the reduction of the series resistance due to the
removal of native silicon dioxide layer on the Si nanoparticle through electrochemical
reduction and photocorrosion dissolution.

QDSSC was fabricated by using polysulfide electrolyte [87]. In the case of poly-
sulfide electrolyte, JSC was higher than that of iodide electrolyte, although VOC and
FF were lower. The comparatively high stability was also obtained because of nonre-
activity of polysulfide with Si. QDSSCs with/without Si nanoparticles were investi-
gated by electrical impedance spectroscopy (EIS). The intercept at high frequency
region means the series resistance at electrolyte and conducting electrode. The semi-
circle at high-frequency region means the charge transfer resistance at the interface
between counter electrode and electrolyte, while that at low-frequency region means
the charge transfer resistance by ions in electrolyte [88–90]. Because the electrolyte
and counter electrode in iodide system were the same as those in polysulfide system,
the series resistances of both QDSSCs were almost equal. Because the resistances
of QDSSC with Si nanoparticles at low and middle frequency were decreased, the
current density would be increased.

12.5 Organic Nanoparticle

Naphthalocyanine nanoparticle is one of potential organic materials because of
absorption at IR light. One of important imaging methods in biomedical field is
photoacoustic imaging [91]. If contrast agent is IR-light-absorbing material, inside
of a living body can be observed without surgery. Naphthalocyanine nanoparticle is
IR-light-absorptionmaterial, which is suitable for contrast agent of the photoacoustic
imaging.

Naphthalocyanine nanoparticles were prepared by laser ablation in liquid [92].
According to SEM as shown in Fig. 12.9, nanoparticles were prepared by this
method from micron-size columnar powder. Increase in energy density of laser from
50 mJ/cm2 to 200 mJ/cm2 decreased the size of nanoparticle from 444 to 285 nm.
Same tendencywas observed byDLS. According to FT-IR spectroscopy, the increase
in energy density of laser increased peaks at 1420 and 1575 cm−1, which would be
asymmetrical and symmetrical stretching vibration of the carboxylate anion [93–95].
According to absorbance spectra nanoparticles, two peaks were observed at 700 nm
and 800 nm. Increase in energy density of laser decreased peak intensity at 800 nm.
The Q bands of naphthalocyanine and phthalocyanine are split into two peaks by
Davidov splitting [96, 97]. The intensity ratio of the two peaks is changed by the
crystal structure change [98–101]. Therefore, crystal structure of the nanoparticles
would be changed by laser irradiation.
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Fig. 12.9 SEM images of a the target and nanoparticles obtained at each fluence: b 50, c 100, and
d 200 mJ/cm2 [92]. Copyright (2018) The Japan Society of Applied Physics

Photoacoustic imagingwas performed successfully by using by naphthalocyanine
nanoparticle as contrast agent, as shown in Fig. 12.10 [92]. Nanosizing increased
photoacoustic signal. It would be attributed to increase in the specific surface area.

Fig. 12.10 Photoacoustic image of a naphthalocyanine nanoparticle colloidal solution prepared
by laser ablation in liquid, b suspension of naphthalocyanine before laser ablation in liquid, and c
DI water [92]. Copyright (2018) The Japan Society of Applied Physics
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12.6 Summary

Various functional nanoparticles were prepared by laser ablation in liquid and were
applied to applications in several research fields. The optical properties of these
nanoparticles such as inorganic, organic, and semiconductor materials are useful for
biomedical, electrical, and energy fields.
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Chapter 13
Novel Ingenious and High-Quality
Utilization of Microwave High Energy
in Chemical Reactions: Heterogeneous
Microscopic Heating, Promoted Electron
Transfer by Electromagnetic Wave
Energy, and Generation of In-Liquid
Plasma

Satoshi Horikoshi and Nick Serpone

Abstract The purpose of this chapter is to introduce the effective use of microwave
energy in chemical reactions. When microwave energy is effectively used in chem-
ical reactions, it can be used in the following roles, expected to have effects that
cannot be obtainedwith existing thermal energy: (a) conversion ofmicrowave energy
into microscopic distributed thermal energy (microwave heterogeneous microscopic
thermal effects: MHMEs), (b) direct use of microwave electromagnetic waves
(microwave electromagnetic effects: MEMEs), and (c) conversion of microwave
energy into in-liquid plasma energy (microwave-induced in-liquid plasma: MILP).
Three concrete examples are discussed to elaborate on the effective use ofmicrowaves
in chemical reactions: (i) how to generate hydrogen via a catalytic dehydrogenation
reaction of organic hydrides (for MHMEs), (ii) how to enhance a photocatalytic
reaction (for MEMEs), and (iii) how to synthesize a gel of considerable interest to
Green Chemistry (by the MILP method).
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13.1 Microwaves and Microwave Energy

Before entertaining an explanation of microwave chemistry, it is best and foremost
to explain the nature and characteristics of microwaves. So, what are microwaves?
Electromagnetic waves? Or for some, some horrible energy source? …… Unmis-
takably, people have different images and viewpoints of microwaves. Simply stated,
microwave radiation represents electromagnetic radiation that spans the frequencies
between 30GHz and 300MHz; that is, it spans the range of wavelengths from 1 cm to
1m. Electromagnetic waves in these frequencies are referred to as “radiowaves”, and
even those who are not familiar with “microwaves” they are certainly familiar with
“radio waves”. These radio waves are used daily: for example, in microwave ovens
(frequency, 2.45 GHz) and in wireless LANs communications (frequency, 2.4 GHz).
That is, the frequencies used are similar to radio waves.

Though these devices use radiowaves of the same frequency, their design concepts
are very different. If microwaves were used for communication purposes, they would
typically use adjusted waves in terms of phase, amplitude and frequency in order to
carry the information. They do not require large microwave output power. On the one
hand, what is a device’s utilitywhenmicrowaves are used as a thermal energy source?
The heating rate by microwaves depends on the output power, so that development of
“high-power microwave sources” and improvement of conversion efficiencies from
electricity to microwaves are required. Knowledge of how to prevent leakages of
high-power microwaves from an applicator in a given device is also very important.
In other words, the “quality” ofmicrowaves as electromagnetic waves is an important
aspect whenever they are used in communications. On the other hand, when using
microwaves as a thermal/heat energy source, then the “amount” as electromagnetic
waves is important.

In the early days, radiowaveswereused to send electrical energywirelessly (World
Wireless System). This idea was proposed long ago by Nikola Tesla [1]. It was a very
good idea, but the capabilities of the equipment at the time were either insufficient or
unavailable to make it happen. Today, the idea is being used as a wireless charging
technology for smartphones and charging electric toothbrushes. And as the number
of electrical vehicles (EV; cars) becomes more widespread, the tests on wireless
charging of EV cars are being continued with the power supply buried underground.
However, because of the failure of Tesla’s experiment, the attempt to use radio waves
as an energy source was forgotten by everyone for decades. In other words, Tesla’s
research has only recently resurfaced as a result of recent developments in wireless
power supply systems.

Originally, utilization of microwave energy was accidentally conceived from the
interaction of microwaves with chocolate after more than 30 years. This discovery is
frequently regarded as an example of serendipity. The first commercial microwave
oven was developed in 1952 by the Raytheon Company [2]. Nonetheless, there
were reports of microwaves being used to heat food well before this date: for
instance, during World War II, it was reported that placing sweet potatoes near
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a microwave device during radar development produced cooked/roasted sweet
potatoes. A commercial-based microwave device became available only after 1952.

Prior to using microwaves in chemical reactions, attempts were made to use
microwaves to sinter ceramics. A study was carried out in the early 1970s on the
calcination and sintering of ceramics bymicrowaves [3], with fundamental and appli-
cation studies following thereafter around 1980. Perhaps this was a natural way to
progress in the utilization ofmicrowaves. The sintering ofmany ceramics is a process
that proceeds under high-temperature conditions exceeding 1000 °C. To the extent
that the structure of the electric furnace heats the refractory inside the electric furnace
and heats the sample with the radiant heat, only about 20–30% of the input energy is
used [4]. Modern electric furnaces with improved heat insulation and energy savings
are no big change. In contrast, microwaves can heat ceramics directly that contributes
to significant energy savings. The early industrial use of microwaves as a heat source
was to remove water from inorganic materials. In this regard, a Symposium held
at a Conference on Materials Science in 1989 by the Materials Research Society
(MRS) revealed that materials processing by microwaves was a topic that drew a
great deal of interest [5]. Basic interactions between the microwaves and materials
were also widely discussed. Various kinds of ceramics have since been treated by the
microwavemethod (see, e.g., ref. [6]). In recent years, calcination of special ceramics
with a specific microwave method has been reported [7]. This microwave sintering
technology has led to the application of microwaves to environmental purification
of contaminated ecosystems and to organic syntheses implicating solid catalysts.
Several interesting review articles have appeared in the last few years that describe
the use of microwave radiation in several processes [8–10].

13.2 Microwave Chemistry Rules

When microwaves are directly incorporated into chemical reactions, two types of
phenomena {microwave heterogeneous microscopic thermal effects (MHMEs) and
microwave electromagnetic effects (MEMEs)} develop depending on the chemi-
cals used. The first is a chemical reaction in which microwave energy interacts
with a substance to convert the microwave energy into heat, as occurs in the daily
use of domestic microwave ovens. However, in the case of microwave chemistry,
as microwaves are electromagnetic waves, their absorption by substances is an
important factor that determines heat generation efficiency.

Organic chemical reactions typically involve the breaking and formation of chem-
ical bonds and so need external energy to overcome inherent barriers/obstacles.
Generally, microwaves deliver thermal energy to the whole bulk. Delivery of energy
by conventional means transfers the energy from heating sources via various media,
thereby losing efficiency and inducing side reactions. It has frequently been reported
that the use of microwaves shortens reaction times and improves the yield. If one
were to carry out microwave chemistry with a small amount of reaction substrate in a
solvent, with the latter being a highly absorber of microwaves, then the consequence



266 S. Horikoshi and N. Serpone

Table 13.1 Relationships between microwave absorption rate for reaction substrates, solvent, and
catalyst; and promotion of chemical reactions (especially organic reactions)

Promotion of chemical reactiona Chemical reactions not promoted

Reaction substrate High absb Low abs High abs High abs Low abs Low abs

Solvent Low abs Low abs Low abs High abs High abs High abs

Catalyst none High abs High abs none none Low abs

aTendency with some exceptions
bWhen it comes to a certain cluster size in a solvent [11, 12]

would be the generation of heat. In this case, the use of microwaves would be no
different than conventional heating using an oil bath, for example, because the heat
of the solvent heats the reaction substrates by heat conduction. Accordingly, there
would be no advantage in using microwaves.

In contrast,microwave heating is known to be highly efficient through dipole inter-
actions of the microwaves with polar media. For this reason, if a reaction substrate
that is a strong absorber of microwaves (e.g., polar or ionic molecules) were placed
in a solvent with low microwave absorption (e.g., non-polar solvents) and irradi-
ated with microwaves, only the reaction substrate will generate heat as microwave
heterogeneous microscopic thermal effects (MHMEs). Such selective heating can be
said to be the original microwave phenomenon. However, the presence of one polar
molecule in a non-polar solvent cannot be heated [11], as it would require a cluster
of polar molecules [12]. To clarify this MHME phenomenon, it is more important to
consider separating the intermolecular distances by means of using different phases,
namely solid/liquid, solid/gas, and liquid/gas systems (see Sect. 13.3 for a detailed
explanation). If you created such conditions, then you could benefit more on the use
of microwaves in chemical reactions. These combinations are organized in Table
13.1. Note that these arrangements show trends, as there are exceptions in every rule.
On the other hand, in some catalytic systems driven by energy other than heat (photo-
catalysts, etc.), the energy from the electromagnetic waves can be quite effective (see
Sect. 13.4 for a further explanation).

13.3 Microwave Heterogeneous Microscopic-Thermal
Effects (MHMEs) in Catalytic Chemistry

When microwave non-absorbing substrates, such as a non-polar solvent or non-
polar sample or gas sample, are involved in a catalyzed chemical process, only the
solid catalyst is selectively heated. Figure 13.1 illustrates the results of a simulation
experiment of the temperature distributions in water and in cyclohexane (a poor
microwave absorber) in the presence of an activated carbon (AC) catalyst support
(a strong microwave absorber) exposed to microwave radiation [13]. The activated
carbonwas selectively heated in cyclohexane.However, selective heating of activated
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Fig. 13.1 Simulated temperature distribution in water and cyclohexane solvents in the presence of
Pt/activated carbon (AC) catalyst particles subjected to microwave radiation. The simulation was
carried out using an RFmodule and the COMSOLMultiphysics software Version 4.3a. Reproduced
with permission from Horikoshi and coworkers [13]. Copyright 2014 by the Royal Society of
Chemistry

carbon did not occur in aqueous media as water is a strong microwave absorber.
Chemical reactions typically occur at the catalyst particle surface so that when only
dispersed catalyst particles are selectively heated by the microwaves, not only does
the reaction take place but significant energy conservation can be achieved.

Parenthetically, why is activated carbon heated by microwaves? Books
that describe introduces microwave ovens state that microwave heating is derived
from the vibration of water molecules. If that is the case, is the heat generated by
the activated carbon in Fig. 13.1 affected by the water contained in the activated
carbon? The heating of substances by microwaves is based on three types of heating
phenomena caused by microwaves: (a) conduction heating, (b) dielectric heating,
and (c) magnetic heating [4]. In this regard, the thermal energy P produced per unit
volume originating from microwave radiation can be estimated from Eq. 13.1 [14],

P = 1

2
σ |E |2 + π f ε0ε

′′
r |E |2 + π f μ0μ

′′
r |H |2 (13.1)

where |E| and |H| denote the strength of the microwaves’ electric and magnetic fields,
respectively; σ is the electrical conductivity; f is the frequency of the microwaves;
εo is the permittivity in vacuum; ε′′ is the relative dielectric loss factor; μo is the
magnetic permeability in vacuum; and μ′′ is the relative magnetic loss factor.

The first term in Eq. 13.1 expresses Joule heating (conduction heating), the
second term denotes dielectric heating, whereas magnetic heating is given by the
third term. Microwave heating of solutions is governed mostly by dielectric heating,
whereas conduction heating involves mostly, but not exclusively (see below), solid
materials.Generation of heat bymagnetic heating is expected only inmagnetic (solid)
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materials. Consequently, it is instructive to consider each of these forms of heating.
For example, when heating a saline aqueous solutionwithmicrowaves, Joule heating,
and dielectric heating take place at the same time. At this time, it is relevant to note
that the rate-determining factor is not the heating of water but the Joule heating of
Na+ and Cl- ions dissolved in water. In other words, Joule heating is a very effective
method of microwave heating.

What can we do then with this selective heat generation? For example, selective
heating of microwaves can be used to store and transfer hydrogen energy through
chemical reactions. As an example, reaction of 1 mols of hydrogen (H2) with 1/2 mol
of oxygen (O2) yields 1 mol of water (H2O) exothermally with a standard Gibbs free
energy of 237 kJ mol–1 at 298 K (Eq. 13.2).

H2 + 1/2O2 → H2O �G0 = −237KJ mol−1 (13.2)

From this point of view, hydrogen has attracted considerable attention as a clean
energy source. Additionally, the energy density per weight of hydrogen gas is high
(142 MJ kg−1) compared with other fuels (e.g., gasoline, 49 MJ kg−1), whereas
the energy density per volume is rather low (11.9 MJ m−3 versus 34.6 MJ m−3 for
gasoline) [15].

However, hydrogen energy has problems in terms of volume and safety in trans-
portation and storage because hydrogen is a gas at room temperature. Therefore,
there has been substantial interest in using organic hydrides as energy carriers, whose
volumetric energy density is higher than high-pressure hydrogen, in adition to which
these hydrides can be transported rather safely in liquid form under normal oper-
ating conditions of temperature and pressure [16–19]. This technology solves the
problems of storage and transportation by chemically bonding hydrogen to liquid
organic molecules. There is also the advantage that the existing oil infrastructure
can be used to transport these hydrides; expectations for its practical application are
increasing. For instance, methylcyclohexane (MCH: C7H14) is a hydrogen carrier
molecule, and after the necessary hydrogen (3H2) is extracted by a catalytic dehydro-
genation reaction, the resulting toluene (C7H8) can subsequently be re-hydrogenated
(recycled)with hydrogen to regenerateMCH.However, the problemwith thismethod
is that the removal of hydrogen from the MCH is an endothermic catalytic reaction,
which requires palladium (Pd) as a catalyst while being heated to a high temperature.
Since the purpose is to obtain hydrogen energy, the energy balance with the thermal
energy used for the catalyst is important. In the actual case, as the energy balance is
low, considerations are being given to extract the thermal energy required to drive
the reaction from the exhaust heat of an incinerator (or the like). Can this problem be
solved with selective heating by microwaves? To this question, a dehydrogenation
catalytic reaction was carried out using microwave selective heating. Note that MCH
and toluene are non-polar liquids, and there is no energy loss (no heat generation)
even when irradiated with microwaves. Accordingly, activated carbon particles were
used to support the Pd catalyst (Pd/AC) required for the reaction to occur with the
microwave absorbing AC generating the necessary heat. When this reaction system
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Fig. 13.2 Model of heat transfer direction: a under microwave heating (MWH): Tcatalyst >
Tsurrounding, heat transfers from the catalyst to the surroundings; mass also transfers in the same
direction because of the coupling vector, and b under classical convection heating (CH): Tcatalyst
≤ Tsurrounding, heat transfers from the surroundings to the catalyst. Reproduced from ref. [20].
Copyright 2016 by Elsevier B.V.

is irradiated with microwaves, only Pd/AC is selectively heated, so hydrogen can be
extracted with the minimum energy required for the reaction (Fig. 13.2a) [20].

The microscopic distribution of temperature of the Pd/AC catalyst and the
MCH (surrounding) from the simulation is illustrated in the cartoons of Fig. 13.2a.
The advantageous effect of microwaves on increasing species transport (Fig. 13.2a,
which demonstrates that to bringMCH from ambient temperature to 340 °C necessi-
tates the temperature of the Pd/AC particles to be at 557 °C, resulting in a temperature
gradient of 217 °C. On the other hand, the existing heat transfer requires heating the
entire system (Fig. 13.2b), which wastes most of the energy, owing to the direc-
tion of conventional heating (Fig. 13.2b; for Tcat < Tsurrounding) – see Fig. 13.2b.
Under microwave irradiation then, the Pd/AC particles are continuously heated by
the microwave radiation field, with much of the resulting thermal energy in the
catalyst bed being spent to heat methylcyclohexane.

The amount of hydrogen produced was analyzed by immobilizing the Pd/AC
catalyst in a flow-type reaction vessel, continuously irradiating it with microwaves,
and circulating the MCH organic hydride. MCH and Pd/AC were placed in a test
tube, and the effects of microwaves on Pd/AC during the reaction were observed
using a high-speed camera (Fig. 13.3a) [22]; based on the emission spectrum, the
temperatures reached were 600 °C to 1200 °C. Hydrogen was rapidly generated
at the initial stage of microwave irradiation, but decreased sharply when microwave
irradiationwas continued,whichwas attributed to the presenceof hot spots in the solid
catalysts [21]. This microplasma Is a negative characteristic peculiar to microwaves,
which causes particle aggregation and deactivation of the nano-sized Pd catalyst
(Fig. 13.3b). Accordingly, it was relevant to examine which factors were responsible
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Fig. 13.3 aHigh-speed-camera photographs of electrical arc discharge occurring onPd/ACcatalyst
surface during a reaction in the 25 mm wide tube reactor under microwave irradiation. b TEM
images of aggregated Pd particles on activated carbon surface after 30min of microwave irradiation.
Reproduced from ref. [22]. Copyright 2014 by American Chemical Society

and to find ways to suppress the generation of hot spots, also a problem peculiar to
microwaves.

Consequently, a prototype microwave heating (MWH) device was developed that
did not generate hot spots. This permitted the continuous generation of hydrogen
with the MCH ⇔ toluene system using the microwave organic hydride method [20].
For comparison, studies were also carried out, under otherwise identical conditions,
by a conventional heating method (CH method) using a ceramic heater and a heat
insulating material. The rate of hydrogen generation of each method was 95% or
more, except that the CHmethod required 136W of power consumption for heating,
whereas the MWHmethod could keep it at 15 W. Hence, energy saving by the latter
method was nearly tenfold through selective heating. As well, the residual time for
heating the catalyst was kept to within 10 s with the MWH method (Fig. 13.4),
in addition to which cooling could be performed immediately after termination of
microwave irradiation. This suggests that hydrogen generation of hydrogen can be
turned ON and OFF as needed, just like tap water.

Interestingly, microwaves can also be used as an energy source for extracting
hydrogen energy from water. n this regard, when activated carbon packed in a
flow-type reaction vessel was microwave-heated and water was passed through it,
hydrogen was generated in yields of 80% [23]. The hydrogen is generated after water
encounters the microwave-hot activated carbon causing the gasification reaction to
proceed yielding carbonmonoxide and hydrogen (syngas; Eq. 13.3). No doubt, water
was also involved with carbon monoxide in the water–gas shift reaction (Eq. 13.4
) to generate additional hydrogen, together with carbon dioxide. Note that genera-
tion of carbon monoxide was not detected by gas chromatographic analysis, which
suggested that CO was a short-lived transient intermediate.
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Fig. 13.4 Hydrogen gas
generation yields with a
16-mm quartz flow reactor in
the presence of Pd/AC under
microwave heating (MWH)
and under traditional
convection heating (CH)

C + H2O → H2 + CO (13.3)

CO + H2O → H2 + CO2 (13.4)

or else (Eq. 13.5):

C + 2H2O → 2H2 + CO2 (13.5)

The temperature of activated carbon can be set to ca. 600 °C even with a weak
microwave output power of about 30 W, which allows a process that mimics the
steam reforming and water–gas shift processes to occur albeit at lower temper-
atures. Hydrogen generation by the conventional steam reforming method is not
particularly efficient at reaction temperatures around 600 °C, while the microwave
method performed efficiently at 600 °C to produce hydrogen in the presence of acti-
vated carbon through microscopic local microwave heating of the Pd catalyst on the
activated carbon particulate surface.

Further clarification of the advantages of the microwave method (MWH) was
obtained using waste activated carbons that had been used in water and sewage treat-
ments [23]. Even with the waste activated carbons, the same amount of hydrogen was
generated from pure water. As well, hydrogen was also extracted from contaminated
water containingmacromolecules and pesticides, as well as from seawater [23]. Even
with these problematic waters, more than 80% of hydrogen could be extracted in an
energy-saving manner by using selective heating with microwaves.
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13.4 Microwave Electromagnetic Wave Effects (MEMEs)
in Photocatalytic Reactions

Irradiation of the photocatalyst TiO2 with UV light leads to the generation and sepa-
ration of charge carriers (electrons in the conduction band and holes in the valence
band of this semiconductor) such that redox reactions can take place to yield reactive
oxygen species such as the •OH radicals via the oxidation of the hydroxyl (OH–) func-
tions on the surface of TiO2 or else from the surface-adsorbed water. This knowledge
stems from the hundreds of studies into the fundamentals of semiconductor-based
photocatalysis, particularly with the TiO2 photocatalyst, among others, since the
early 1980s as part of efforts in environmental detoxification [24]. However, when
used for water treatments and with catalyst nanoparticles, it was important to immo-
bilize the particles onto some suitable supports, which makes contact efficiency with
the pollutants a serious problem. The reason is that the lifetime of generated •OH
radicals is short (e.g., the lifetime of •OH radicals are less than 2.7 µs [25]), and the
decomposition of pollutants proceeds on the TiO2 surface. In addition, the rate of
degradation of the pollutants is slower vis-à-vis other chemical treatment methods
(e.g., ozone oxidation). The TiO2 catalyst works well even with sunlight UV radi-
ation; there are very few cases where this technology has been put into practical
use.

A relevant question then is: can microwaves improve/enhance the photocatalytic
activity of TiO2, a non-insignificant problem with photocatalysts? The UV light
required to drive the photocatalyst (anatase polymorph) is at wavelengths ≤ 387
nm (i.e., at energies ≥ 3.2 eV). Domestic and industrial microwave ovens generally
operate at a frequency of 2.45 GHz, which corresponds to a wavelength of 12.24 cm
and a quantum energy of only 1.02 × 10–5 eV; that is, microwaves are 10–5 times
weaker than the energy required to drive/activate the photocatalyst. If a contaminated
aqueous dispersion of the photocatalyst TiO2 were irradiated with microwaves, the
only effect would therefore be an increase of the water temperature without any
effect on the photocatalyst. Part of our initiation into microwave chemistry involved
the question:What if the dispersion were simultaneously irradiated with microwaves
and with UV light? What then?

To answer such a query, our earlier studies [26, 27] explored the photocatalytic
degradation of the cationic dye rhodamine-B (Rh-B) in ion-exchanged water in the
presence of TiO2—the suspension was irradiated with both UV and microwave radi-
ations (Fig. 13.5). Irradiation with only UV light—the conventional photocatalytic
method—brought about but a slight discoloration of the Rh-B aqueous suspension
(TiO2/UV). Of course, continued irradiation for longer periods would ultimately
lead to a fuller discoloration of Rh-B. In contrast, simultaneous irradiation with
both microwaves and UV light (TiO2/UV/MW) led to complete discoloration of
the Rh-B suspension and to the decomposition of Rh-B, as evidenced by the red
aqueous solution turning completely colorless and transparent; the temperature of
the Rh-B aqueous suspension reached 100 °C. Was the role of microwave irradia-
tion only to heat the Rh-B aqueous solution? To examine this query, the Rh-B/TiO2
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Fig. 13.5 Visual comparison of color fading in the degradation of RhB solutions (0.05 mM)
after being subjected to various degradation methods for 150 min. From left to right: initial RhB
solution; photo-assisted degradation (TiO2/UV); integrated microwave-/photo-assisted degrada-
tion (TiO2/UV/MW); thermal- and photo-assisted degradation (TiO2/UV/CH). Reproduced from
ref. [28]. Copyright 2009 by Elsevier B.V.

aqueous suspension was then subjected to UV radiation at a temperature of 100 °C
obtained through conventional heating with a heater (TiO2/UV/CH) under the same
conditions as when irradiating with microwaves. Under the latter conditions, there
was no accelerating effect on the photocatalytic decomposition of RhB. Obviously,
the photocatalytic reaction did not respond to heat, but to microwave energy as an
electromagnetic wave.

Why then did irradiation with microwaves at the same time as UV light promote
the decomposition of RhB? The amount of •OH radicals (active species) produced
by the decomposition of water by TiO2 is a factor that determines the decomposition
rate of pollutants using the photocatalyst TiO2. Therefore, generation of •OH radicals
during TiO2-photooxidations driven simultaneously by UV light and microwave
radiation was probed by electron spin resonance spectroscopy employing a novel
setup in which the EPR sample (containing the DMPO spin-trapping agent and TiO2

particles in aqueous media) could be irradiated by both UV light and microwave
radiation (UV/MW) [29, 30]. Microwave radiation was produced with a magnetron
microwave generator (frequency, 2.45 GHz), a three-stub tuner, a power monitor,
and an isolator (Fig. 13.6). The setup was coupled to a monopole antenna with a
microwave coaxial cable via a power monitor. The input power of the microwave
radiation was about 3 and 16W incident on the sample solution in the flat cell located
in the EPR cavity. The irradiation source was an Ushio 250-W Hg lamp, whose UV
light irradiated the sample at an angle to the horizontal plane using a fiber-optic light
guide (see Fig. 13.6).
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Fig. 13.6 Setup used to generate •OH radicals in water alone under MW irradiation, in an aqueous
TiO2 dispersion by MW irradiation alone, and by the UV and UV/MWmethods. Reproduced from
ref. [30]. Copyright 2003 by Elsevier B.V.

The number of •OH radicals produced by the UV/MW method was nearly 30%
greater than the quantity generated by the UV method alone. A fivefold increase
in incident microwave power from 3 to 16 W caused an increase (ca. 40%) in
the number of •OH radicals produced. Such an increase was significant enough to
increase the efficiency of photooxidation of the organic pollutant in water. Nonethe-
less, the temperature of the aqueous solution hardly increased even if it were irradi-
ated with 3-W microwaves. In addition, the amount of •OH radicals decreased even
when the sample was heated with hot air during the EPR measurement. Evidently,
an increase in temperature reduced the lifetime of the •OH radicals. Thus, the role
of microwaves (electromagnetic waves) seems to be the effect on the photocatalyst
TiO2.

Another question that has been elusive for some time is: what are the microwave
electromagnetic effects (MEMEs) in photocatalytic reactions? Most major ceramics
such as TiO2, ZnO and SiO2 tend to be rather poor absorbers of microwaves, as
observed for TiO2 [31]. On the other hand, if impurities or oxygen vacancies were
introduced in TiO2 particles, the microwaves would then be concentrated at those
irregular places in the TiO2 crystallites. This phenomenon has been observed by in-
situ Raman spectroscopy [32, 33]. As a result, TiO2 with imperfect crystals is heated
by microwaves. That is, a perfect crystal TiO2 transmits the microwaves, while the
problematic crystalline TiO2 converts the microwave energy into thermal energy.
Note that these phenomena do not improve the activity of the photocatalyst. What
then is the interaction between microwaves and TiO2 that promotes photocatalytic
reactions? The MEMEs were related to the degree of lattice distortions in the TiO2

crystallites [34] that depended on the amount of “impurities” in the TiO2 [32] and
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on the number of oxygen vacancies [33]. Consequently, the efficiency of electron
transfer in photocatalytic reactions will increase by the MEMEs. In our experience,
the commercially available photocatalyst TiO2 that responded to microwaves was
the Evonik P-25 TiO2 [31] as the crystallites show some oxygen deficiency. In this
regard, if a stoichiometric TiO2 system that does not respond to microwaves were
reduced to generate the same number of oxygen deficiencies, then it would respond
to microwaves as demonstrated earlier by Horikoshi and coworkers [33, 34]. In
other words, TiO2 is a microwave- and photo-driven catalyst that responds to the
microwaves’ electromagnetic fields. It seems that the use of microwave energy in
chemical reactions is either the use of heat generated by interaction with molecules
or the use of its electromagnetic energy.

13.5 Microwave-Induced In-Liquid Plasma (MILP)
in Green Gel Synthesis

People routinely use microwave energy in the kitchen to convert it into thermal
energy to cook or re-heat foods. On the other hand, we have shown in Sect. 13.4 that
microwaves can also be used in the form of electromagnetic waves in photocatalytic
reactions without converting the microwave energy into heat. Is there another novel
way to use microwave energy? For example, can it be used to generate submerged
plasma (i.e., in-liquid plasma) [35]. When you hear someone mention the word
plasma, you will likely think of plasma as being generated in the gas phase such as in
semiconductormanufacturing and in air purifiers, ormore likely as in “bloodplasma.”
However, this submergedplasmacanbegenerated even in liquids, although it requires
a conductive aqueous medium, which can severely limit its range of applications.
However, plasma can now also be generated in pure water using microwaves as the
energy source. Therefore, various applications are now being envisioned in countless
chemical reactions within this new high-energy field.

As an example, this section will now describe the synthesis of a gel using
microwave-induced in-liquid plasma (MILP) that may be important in Green Chem-
istry. For instance, dissolving polyvinylpyrrolidone (PVP) in water and subsequently
irradiating the transparent aqueous PVP solution (Fig. 13.7b) with in-liquid plasma
(Fig. 13.7a) for 5 min yielded a fluffy yellow fine solid in the aqueous medium
(Fig. 13.7c). When this aqueous solution was dried and the solid placed in a variety
of solvents, from polar to non-polar, it swelled without dissolving in the solvent
with the PVP taking on a typical gel structure. Normally, to gel PVP, cross-linking
gelation is performed chemically in an organic solvent using an initiator and/or a
cross-linking agent. However, if submerged plasma were used, there would be no
need for these chemicals nor the organic solvents, as the initiators and cross-linking
agents are often highly toxic and the organic solvents my cause formation of volatile
organic chemicals (VOCs). Thus, it is possible to gel the polymer using a method
favored by green chemistry.
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Fig. 13.7 Photographs of a the generated in-liquid plasma in the quartz reactor, poly- vinylpyrroli-
done (PVP) in aqueous media b initial solution and c by the microwave-induced in- liquid-plasma
(MILP) method

As well, gelation of water-insoluble polymers, such as silicone, can also be
performed with the submerged plasma. Silicone is a hydrophobic liquid, and when
mixed in ion-exchangedwater, the silicone is present in a separated form (Fig. 13.8a).
Irradiation of the latter by the MILP method causes the transparent silicone to turn
(Fig. 13.8b) [35]. When the generated silicone gel was added to various kinds of
solvents, swelling occurred without dissolving.

Fig. 13.8 Photographs of a dimethylpolysiloxane (silicone) and b a silicone gel produced after a
5 min MILP irradiation period. Reproduced from ref. [35]. Copyright 2021 by the Royal Society
of Chemistry
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The viscosity of this silicone gel was about 62 times higher than the existing
silicone synthesized in an organic solvent using an initiator and/or a cross-linking
agent. The molecular chain of the silicone can be sufficiently crosslinked, even when
carrying out the gel synthesis with submerged plasma.

13.6 Concluding Remarks

This chapter has described three examples of chemical processes that made use of
microwaves as a specific thermal energy source, as electromagnetic waves, and their
conversion into other energy forms. Although the complete scientific principles of
these phenomena have yet to be fully elucidated,microwaves can nonetheless be used
as an energy source for new chemical reactions. We heat food daily in the microwave
oven, but we seldom consider the details of what happens within the oven. In Japan,
there is a saying—“develop new ideas based on studies of the past”. Accordingly, if
you could envision the outcome of “familiar energy coupled to chemistry”, then
you might be able to create yet undiscovered chemistry.
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Chapter 14
Defect Engineering Using
the High-Energy Laser-Processing
Techniques and Their Application
to Photocatalysis

Yoshinori Murakami

Abstract Laser processing to the photocatalytic powders inwaterwas performed for
the BiVO4-based photocatalyst as well as metal oxide photocatalyst. For BiZn2VO6

and BiCu2VO6 photocatalysts, photocurrent enhancement was observed after a few
hours’ irradiations to those photocatalytic powders. The particle size distribution after
the irradiation of the focused laser beams was also investigated, and it was suggested
that not only the size reduction but also the defect formation on the photocatalytic
surfaces played important roles in the enhancement of photocurrents. Defect forma-
tion of metal oxide photocatalysts such as TiO2, SnO2, ZnO, and SrTiO3 using the
laser-processing techniques was also carried out. It was suggested that active oxygen
species formed by the oxidation reaction on the defect sites of black TiO2 photocat-
alyst might be different from those formed by TiO2 without any laser modification.
The amount of OH radicals formed by UV irradiation to the photocatalytic reactions
for all of the laser-irradiated defect-rich photocatalytic powers of SnO2, ZnO, and
SrTiO3 was also investigated and it was confirmed that the amount of OH radicals
were increased by the laser processing and defect formation to these photocatalytic
powders.

Keywords Laser processing · Photocatalysis · Defect formation · Photocurrent ·
OH radicals

14.1 Introduction

Since the pioneering work of Honda and Fujishima on the photo-induced splitting of
water into hydrogen and oxygen by the irradiation of TiO2 with UV light in water [1],
numerous works have been carried out in the fields of semiconductor photoelectro-
chemistry and photocatalysis from fundamental research to their applications. The
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use of photocatalysis not only for solar energy conversion but also for the degrada-
tion of harmful organic contaminants is also an intriguing concept. However, TiO2

is a high bandgap material that can only be excited by high-energy UV radiation
with a wavelength of no longer than 380 nm. This practically rules out the use of
sunlight as an energy source. Therefore, attempts to extend the absorption range of
the photocatalyst have been performed using bulk or surfacemodification usingmetal
ion implantation [2] and anion doping such as nitrogen [3], sulfur [4], and carbon
[5] to the semiconductor photocatalyst. Recently, the effects of the surface oxygen
vacancies of photocatalyst, especially of TiO2, on the photocatalytic activities have
been extensively investigated by several researchers, and successful fabrication of
the visible-light responsive photocatalysts by the bandgap narrowing was reported
by several researchers [6, 7].

In addition to those techniques mentioned above, modification of materials using
the process under extreme conditions created by the focused laser beams is also
another candidate to improve the chemical and physical properties of materials.
Although laser annealing techniques are now commonly used for the melting and
explosive crystallization of the metal [8] or semiconductor materials [9], very few
works have been done for the modification of the photocatalytic materials probably
due to the expected negative effects of the generation of defect sites which act as
the recombination centers, which will also promote the charge recombination of the
photogenerated holes and electrons. In our previous work [10], it was observed by
the pulsed laser irradiation to aerosol metal nanoparticles that were irradiated by the
pulsed 1064-nm laser beams were initiated with the absorption of the photon energy,
followed by the evaporation of metal and heat release to the surrounding medium,
which was unique to the pulsed laser heating techniques. Laser fragmentation or size
reduction ofmetal nanoparticles by the pulsed laser irradiation to the solidmetal in the
solution was also observed by several authors [11, 12]. It would be expected that new
phenomena would be expected by the pulsed laser irradiation to the photocatalytic
materials. In this chapter, our previous investigations about the effects of the pulsed
laser irradiation to the photocatalytic materials on the photocatalytic activities such
as photocurrent and degradation mechanism were summarized.

14.2 Experimental Methods

Similar to the laser ablation of metals [13] or organic crystals [14] in solution, which
was extensively investigated by many researchers, focused laser beams were irradi-
ated to the suspension of the photocatalytic powders from the top for up to several
hours. The focus of the lens was 150 mm, and the typical laser fluence of the laser
was 200 mJ/pulse. 2nd (532 nm) or 3rd (355 nm) harmonic of the Nd: YAG laser
with the repetition rate of 10 Hz was used for the laser ablation of photocatalysis.
To avoid the precipitation at the bottom of the cell, the suspension of the photocat-
alytic powers was continuously stirred by the magnetic stirrer until the termination
of the irradiation of the focused laser beam. A typical example of the experimental
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Fig. 14.1 a Schematic figure of the experimental setup of the laser ablation for the water-splitting
photocatalysis. b Schematic figure of the photocurrent measurements

setups for the laser ablation system was shown in Fig. 14.1a. After the few hours’
focused laser beam irradiation to the suspension of the photocatalytic powders, the
laser-ablated suspensions were pasted to the glass plate coated with F-doped SnO2

(FTO) films repeatedly for six times and heated at 450 °C for 30 min. The surfactants
(Kao, POIX532A) were added to the colloidal solution of the laser-ablated photocat-
alytic suspensions. Typical experimental setups for the photocurrent measurements
were shown in Fig. 14.1b. Pt plate was employed as a counter electrode, and an
Ag/AgCl/sat KCl was used as a reference electrode. The photocurrent of this laser-
ablated photocatalysis was measured at the applied voltage of+1.0 V (vs. Ag/AgCl)
as a function of the wavelength of the 300 W Xe lamp, which was equipped with
a single monochromator. The 0.5 M Na2SO4 solution was used as an electrolyte
solution and removed oxygen by bubbling with N2 gas in advance.

Recently, several researchers [15, 16] reported that oxygen vacancies could be
easily introduced to the TiO2 photocatalyst by the unfocused UV laser beam to the
suspension containing the TiO2 photocatalytic powders in water. Our group also
attempted the experiment on the laser-induced formation of the oxygen vacancies of
several photocatalytic powders in similar techniques. In such experiments, the laser
beam was directly irradiated to the suspension of the photocatalytic powders in the
quartz cell without any focusing lens in the course of the laser light beam as shown
in Fig. 14.2. Then the laser-irradiated photocatalytic powders were centrifuged and
dried in vacuum or air for several hours and then used for the photocatalytic activity
tests.
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Fig. 14.2 Schematic figure of the experimental setup of the laser ablation for the water-splitting
photocatalysis

14.3 Laser Ablation to the Water-Splitting Photocatalysts
and Photocurrent Measurements

As was previously reported in [17], BiVO4, which was well known as the highly
efficient water-splitting photocatalyst that was able to evolve oxygen, was used as
a target material for the laser ablation. Here, our group synthesized another water-
splitting photocatalyst ofBiZn2VO6 andBiCu2VO6 and investigated the effects of the
photocurrent efficiencies on the irradiation of the focused laser beams. Figure 14.3
was the XRD pattern and the absorption spectra of BiZn2VO6 photocatalysts synthe-
sized in our laboratory. By comparing the XRD patterns and UV–VIS absorption
spectra of the BiZn2VO6 photocatalysts reported by Liu et al. [18], it was confirmed
that BiZn2VO6 photocatalysts were properly synthesized in our laboratory. As shown
in Fig. 14.3, BiZn2VO6 photocatalysts absorbed below 550 nm, attempts to irradiate
to the BiZn2VO6 photocatalytic powders with two different wavelengths of 355 nm
and 532 nm using the third and second harmonic of Nd:YAG laser, respectively.

Fig. 14.3 a XRD patterns of BiZn2VO6 photocatalytic powders. b Diffuse reflectance spectra of
BiZn2VO6
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Fig. 14.4 XRD patterns (left) and photos of the susupension (right) of BiZn2VO6 photocatalytic
powders for a 532-nm laser irradiation, b 355-nm laser irradiation, and c no laser irradiation. The
time for the laser irradiation was 1 h

The results were shown in Fig. 14.4. Suspension of the BiZn2VO6 photocatalytic
powders was yellowish similarly to that of BiVO4 photocatalytic powders, but when
the focused laser light of 532or 355nmwas irradiated to theBiZn2VO6 photocatalytic
powders the color of the suspension was changed from yellow to dark gray, and the
suspension was precipitated to the bottom of the container, which indicated the elec-
trostatic repulsions between the BiZn2VO6 photocatalytic powders became weaker
due to the focused laser irradiation, regardless of the wavelength of the laser lights.
For the focused laser beam irradiation to BiVO4 photocatalytic powders previously
reported in [17], the color of the suspension became from yellow to green, which
was resembled the results of BiZn2VO6 photocatalysis that the color was changed
from yellow to dark gray. However, although BiVO4 photocatalytic powders were
suspended even after the focused laser beam irradiation of 532 nm laser light for
few hours, precipitation to the bottom of the container was observed in the case
of the laser ablation to the suspension of the BiZn2VO6 photocatalytic powders.
The XRD patterns of BiZn2VO6 photocatalytic powders before and after the laser
irradiation processed were investigated but no distinct differences were observed
between the BiZn2VO6 photocatalytic powders and those after a few hours’ irradia-
tions of the focused 355-nmor 532-nm laser lights. Since laser fragmentation ofmetal
nanoparticles by irradiation of the focused laser light has already been reported by
several researchers [11, 12, 19], fragmentation of BiZn2VO6 by the laser ablationwas
expected. To investigate whether the laser fragmentation occurred for the laser abla-
tion process to the BiZn2VO6 photocatalytic powders, measurement of particle size
distribution using the laser diffraction and optical scattering particle size analyzer.
The results are given in Fig. 14.5. Change for the particle diameter distribution of the
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Fig. 14.5 Time evolution of particle diameter distributions of BiZn2VO6 photocatalytic powders
for a 532-nm laser irradiation, b 355-nm laser irradiation measured by the laser diffraction and
scattering analyzer

BiZn2VO6 photocatalytic powders by the 355-nm laser ablation was larger than that
of 532-laser irradiation, which was consistent with the fact that the absorbance of
BiZn2VO6 at 355 nm was larger than that at 532 nm as was illustrated in the absorp-
tion spectra of Fig. 14.3. Finally, the photocurrent measurements of the BiZn2VO6

photocatalytic powders with and without the focused laser beam irradiation were
investigated. The result was given in Fig. 14.6. As shown in Fig. 14.6, photocur-
rent efficiency was increased by the focused laser beam irradiation to BiZn2VO6

photocatalytic powders irrelevant to the wavelength of the laser light between 400
and 500 nm. It is an interesting point that the photocurrent efficiency of 532-nm
laser irradiation was slightly larger than that of 355-nm laser irradiation, although
the particle diameter distribution of the BiZn2VO6 photocatalytic powders by the
532-nm laser ablation was smaller than that by the 355-nm laser ablation process.
Furthermore, the photocurrent efficiency of the BiZn2VO6 photocatalytic powders
by the 532-nm laser ablation showed a small peak around 470 nm. The reason for
such a small shoulder was not clear, but it was not due to the increase of absorbance
and not due to the size reduction of the BiZn2VO6 photocatalytic powders by the
532-nm laser irradiation. Thus, it was suggested that not only the size reduction but
also the defect sites on the BiZn2VO6 photocatalytic surfaces played key roles in
such enhancement of the photocurrent efficiencies.

To further confirm that effects, BiCu2VO6 photocatalytic powders were also
synthesized and investigated the effects of the photocurrent efficiencies on the
focused laser beam irradiation to the BiCu2VO6 photocatalytic powders. The
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Fig. 14.6 Photocurrent efficiency versuswavelength of BiZn2VO6 photocatalytic powders for 532-
nm laser irradiation (green), 355-nm laser irradiation (blue), and no laser irradiation (purple). The
laser was irradiated for 1 h

synthesis of BiCu2VO6 photocatalysis was carried out using the synthetic proce-
dure previously reported by Liu et al. [20]. Using the same procedure for preparing
the BiZn2VO6 photocatalytic electrode with and without focused laser beam irradia-
tion, the thin-film electrode of BiCu2VO6 photocatalytic powders was prepared and
these photocurrent efficiencies were measured. In this study, 532 nm laser was used,
and it was also confirmed that the particle size of BiCu2VO6 photocatalytic powders
was nearly the same particle size distribution as those before the 532-nm focused
laser irradiation from the laser diffraction and scattering particle size analyzer, which
was consistent with the fact that BiCu2VO6 photocatalysis has very small absorbance
at 532 nm, which resembled the case of BiZn2VO6 photocatalysis. Figure 14.7 is
the results of the photocurrent efficiencies of the BiCu2VO6 photocatalytic thin-
film electrodes. Photocurrent efficiencies of the BiCu2VO6 thin-film electrode were

Fig. 14.7 Photocurrent
efficiency versus wavelength
of BiCu2VO6 photocatalytic
powders for 532-nm laser
irradiation (closed circle)
and no laser irradiation (open
circle). The laser was
irradiated for 30 min
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increased when the BiCu2VO6 photocatalytic powders were irradiated by the 532-
nm laser light with a focused lens in advance. Analogous to the experimental results
of the BiZn2VO6 photocatalysis, it was suggested that not only the particle size but
the defect sites on the BiCu2VO6 photocatalytic surfaces played key roles in such
enhancement of the photocurrent efficiencies.

14.4 Preparation of Black TiO2 Using the Laser Ablation
Techniques and the Photocatalytic Activity

Black TiO2 is now extensively investigated by numerous researchers because black
TiO2 has also very high visible light absorption and can be easily fabricated by
the reduction reaction such as hydrogen thermal treatment and chemical reduction
method. Black TiO2 is defined as defective crystals, and therefore, experimental and
theoretical studies on the roles of such defective sites in photocatalytic activities were
also intrigued by a lot of researchers so far. Recently, Song et al. [21] reported that
black TiO2 showed efficient solar-driven water-splitting reactions and they specu-
lated that the reason for the increase of the hydrogen evolution in black TiO2 was the
existence of oxygen vacancies in black TiO2 nanostructures, which could increase
the donor density and effectively promote the separation and transportation of photo-
generated electron−hole pairs. Thus, attempts to generate visible-light responsive
high-efficient photocatalysts with oxygen vacancies using high-energetic techniques
such as plasma and laser were also performed by several researchers. For example,
Chen et al. [22] reported that blackTiO2 prepared 355-mn laser irradiation to theTiO2

suspended solution. They have also reported that the particle size became smaller
and enhancement of photocatalytic degradation of Rhodamine B with green LED
(533 nm). Zuniga-Ibarra et al. [23] prepared black TiO2 using the 532-nm laser light
and characterized these black TiO2 using various analytical techniques. Thus, our
group also attempted to fabricate black TiO2 using the 355-nm laser irradiation to
the suspension of TiO2 photocatalytic powders. Anatase form of TiO2 powders was
purchased from Kanto Chemicals and used as received. 355-nm laser irradiation for
2 h made the color of TiO2 black as was previously reported by Chen et al. [22].
Figure 14.8a was the diffuse reflectance spectra of TiO2 and black TiO2 prepared
by the 355-nm laser irradiation. It was confirmed that laser irradiation to the TiO2

photocatalytic powders changes the color of TiO2 from white to black, suggesting
that oxygen vacancies of TiO2 were generated by the unfocused 355-nm laser light.
The crystal phase of TiO2 after the 355-nm laser irradiation was investigated by
measuring the XRD patterns before and after the laser irradiation. The results are
given in Fig. 14.8b. TiO2 photocatalysts are known to have three crystal phases of
anatase, rutile, and brookite [24]. As shown in Fig. 14.8b, it was observed that XRD
peaks of anatase TiO2 decreased and those of rutile TiO2 increased, suggesting that
anatase TiO2 was changed to rutile TiO2 by the 355-nm laser irradiation. High-
temperature anatase–rutile transformation of TiO2 photocatalyst is a well-known
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Fig. 14.8 a Diffuse reflectance spectra of TiO2 with 355-nm laser irradiation from 0 min to 1 h. b
XRD patterns of TiO2 with 355-nm laser irradiation from 0 min to 2 h. The designation of “A” and
“R” indicate the anatase and rutile phase, respectively

phenomenon, and there are several reviews on this phase transition of TiO2 [25]. The
present anatase to rutile transformation was due to the photothermal conversion and
the temperature jump of TiO2 particles irradiated by the 355-nm laser light. Finally,
the photocatalytic activities were investigated for the present black TiO2 prepared by
355-nm laser irradiation in water. To investigate the photocatalytic activities of black
TiO2, the amount ofOH radicals formedby the 355-nm laser-irradiatedTiO2 (namely,
Black TiO2) were investigated using the coumarin fluorescence probe techniques
since OH radicals were known as the key species in the photocatalytic reactions.
This coumarin probe method is now accepted as one of the standard methods used as
the probe of OH radicals formed in various environments [26, 27]. Since coumarin is
easily oxidized byOH radicals to form 7-hydroxycoumarin by the following reaction
scheme

Coumarin + OH → 7-hydroxycoumarin (14.1)

and 7-hydroxycoumarin is much more fluorescent than coumarin, the amount of
OH radicals can be easily monitored via the fluorescence of 7-hydroxycoumarin
around 450 nm formed by the reaction (1) in a coumarin solution. As you can see
in Fig. 14.9a, OH radical formation by the UV-irradiated TiO2 or black TiO2 made
by the 355-nm laser irradiation showed the formation of 7-hydroxycoumarin around
450 nm with nearly the same tendency. On the other hand, black TiO2 photocatalyst
with visible light excitation gave another fluorescence peak around 530 nm, which
was not observed in TiO2 without any laser modification (see Fig. 14.9b). Defects in
TiO2 narrow the bandgap as shown in Fig. 14.10, but active oxygen species formed
from the defect sites might be different from those formed by TiO2 without any laser
modification.
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Fig. 14.9 Fluorescence spectra of coumarin solution obtained by the 30-min irradiation to to the
black TiO2 and TiO2 photocatalytic powders. a UV light and b visible light irradiation

Fig. 14.10 Schematic figure of TiO2 and black TiO2 and the mechanism of O2
− and OH radical

formation

14.5 Laser Ablation to the Photocatalytic Oxide
Semiconductors: Defect Formation Versus
Photocatalytic Activities

In the previous section, oxygen defect formation of TiO2 by the 355-nm laser irradi-
ation and the effects on the photocatalytic activities were reported. Although several
studies have been done for the black TiO2 photocatalyst, very few works have been
done for the other photocatalytic oxide semiconductors. Here, 355-nm laser irra-
diation to the ZnO, SnO2, and SrTiO3 photocatalytic powders was performed and
investigated the effects of the amount of OH radicals for such laser irradiation. The
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results of the color change by the 355-nm laser irradiation were shown in Fig. 14.11.
The color for the photocatalysis of SnO2 became black as the 355-nm laser was irra-
diated formore than 1 h, but the color for the photocatalysis of ZnO became yellow as
the 355-nm laser was irradiated for more than 1 h. By the diffuse reflectance spectra
of ZnO photocatalytic powders irradiated by the 355-nm laser light for 1 h, the edge
of absorption spectra was found to extend from around 380 to 450 nm. The effects
of the defects for the diffuse reflectance spectra of ZnO were investigated by Chen
et al. [28]. They formed the defects of ZnO using ball-milling, but their results of
the diffuse reflectance spectra of the ZnO after the ball-milling were very similar to
those of our laser-irradiated ZnO photocatalytic powers. Thus, it was suggested that
not only TiO2 [29, 30] but also other oxide semiconductor photocatalytic powders
generate defects by the 355-nm laser irradiation to the suspension of the photocat-
alytic powders in water. For the SrTiO3 photocatalytic powders, on the other hand,
355-nm laser irradiation did not change the color. Thus, the effects of the laser irradi-
ation on the color change, that is absorption spectra of the semiconductor materials,
were found to be different from each other.

To further investigate the effects of the OH-radical formation by the UV irradia-
tion to these laser-modified photocatalysts, coumarin fluorescence probe techniques
were applied to these photocatalysts. The light source for these experiments was a
high-pressure mercury lamp and was used without any cut-off filters. The results
were given in Fig. 14.12. For all of the photocatalytic powers of SnO2, ZnO, and
SrTiO3, the amount of OH radicals formed by UV irradiation to the photocatalytic
reactions were increased. Techniques for generating defect sites in photocatalysis
are now investigated by a lot of researchers to develop new strategies for visible
light-responsive photocatalysts. Comparisons of the characteristics of the defects on
the surface or inner part of the photocatalysis between the present laser irradiation
techniques and the other techniques are still unknown. Thus, application of the laser

Fig. 14.11 Photos for the SnO2, ZnO, and SrTiO3 photocatalytic powders after the 355-nm laser
irradiation up to 3 h
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Fig. 14.12 Detection of OH radicals with coumarin fluorescence method. Fluorescence spectra
(wavelength of excitation is 350 nm) of coumarin solution after 30 min of the UV irradiation to a
SnO2, bZnO and c SrTiO3 photocatalytic powders. Solid lines: the 355-nm laser-irradiated, Dashed
lines: no laser irradiation

ablation to photocatalysis is still unexplored so far and, indeed, further works are
still open for researchers.

14.6 Conclusions

Laser ablations to the Bi-containing photocatalysts that can water-splitting under
visible light irradiation were performed, and the enhancement of the photocurrent
efficiencies was observed. It was also confirmed that not only the size reduction but
also the surface defect formation played key roles in such photocurrent enhancement.

Unfocused laser beam irradiation to the metal oxide photocatalysts such as TiO2,
SnO2, ZnO, and SrTiO3 was performed, and it was observed that some of the photo-
catalysts showed the change of the color as well as the absorption spectra. Thus,
it was concluded that defects of the photocatalysts were easily generated even in
the unfocused laser beam irradiation. The photocatalytic activity of these laser-
modified photocatalysts was checked by monitoring the amount of OH radicals,
and it was found that laser irradiation to the photocatalysts changes or enhances the
photocatalytic activities.
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Chapter 15
Crystallization and Polymorphism
of Amino Acids Controlled
by High-Repetition-Rate Femtosecond
Laser Pulses

Teruki Sugiyama

Abstract This chapter first reviews the history of laser-induced crystallization and
polymorphism control and then presents the experimental results on crystallization
and polymorphism obtained by high-repetition-rate femtosecond laser irradiation,
which is based on various physical phenomena (optical trapping and laser abla-
tion). Femtosecond laser pulses are focused on clusters of amino acid solutions (L-
phenylalanine (L-Phe) and L-serine (L-Ser)) in solution. These clusters are gathered
at a high local concentration in the focal volume, eventually leading to crystal nucle-
ation. This phenomenon is called optical trapping-induced crystallization (OTIC).
OTIC yields crystals with differentmolecular arrangements (polymorphs) depending
on the laser irradiation conditions. Among the reported polymorphs aremonohydrate
and anhydrous crystals of both L-Phe andL-Ser, which exhibit similar thermal behav-
iors. However, unlike L-Ser, L-Phe has a benzene moiety in its chemical structure,
so its crystallization and polymorphism phenomena are governed by multiphoton
absorption under femtosecond laser irradiation and essentially differ from those of
L-Ser. Herein, the mechanism of polymorph control is uniformly discussed in terms
of classical nucleation theory. Polymorphs are controlled by the degree of local
concentration achieved by laser irradiation. All phenomena and experimental results
presented in this chapter are characteristic of high-energy lasers and provide many
insights into the emerging field of high-energy chemistry.

Keywords High-repetition-rate femtosecond laser · Optical trapping ·
Crystallization · Polymorphism · Amino acids

15.1 Laser-Induced Crystallization and Polymorphism

Crystallization methods using high-intensity lasers have recently attracted much
attention owing to their clean process, spatiotemporal controllability, and unique
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crystallization mechanism. Various laser-induced nucleation methods based on
different photophysical and photochemical phenomena have been proposed thus
far [1–6]. For example, Garetz and Myerson triggered crystallization by irradiating
nanosecond laser pulses into a supersaturated aqueous solution of target compounds
[1]. This technique, called non-photochemical laser-induced nucleation (NPLIN)
because the crystallization proceeds without chemical reactions, is a pioneering
laser-based crystallization technique. The nanosecond laser pulses cause nonlinear
optical effects (optical Kerr effects) that align the target molecules. Under the strong
electric field of the laser pulses, the target molecules form a highly ordered spatial
arrangement that triggers nucleation in supersaturated solutionwithout concentration
change.

The optical trapping-induced crystallization (OTIC) method [7], first demon-
strated by the authors in 2007, is another laser-induced nucleation method. This
method triggers crystallization in solution using an optical technique called optical
trapping or optical tweezers [8] implemented by a focused laser beam. Figure 15.1 is
a schematic of the OTIC method. The usual light source is a continuous-wave
(cw) near-infrared laser beam, which is focused on the solution containing the
target molecules. Light–cluster interactions in the solution generate a gradient force
(Lorentz force) that collects the target clusters into the focal volume, and the real-
ized local concentration increase triggers crystallization. Uniquely among the laser-
induced crystallization methods, OTIC achieves crystallization even in unsaturated
solutions because concentration increases [9, 10]. In other words, this method can
systematically investigate polymorphism in unsaturated solutions, which has been
impossible in principle. The OTIC method also enables real-time monitoring of
the crystallization dynamics. As the time and location of crystallization cannot be
predicted, this feature is intriguing and valuable for spectroscopic elucidations of the
crystallization mechanism.

On the other hand, polymorphismmeans that a molecule crystallizes into multiple
molecular arrangements without changing its chemical structure. Polymorphism
control has attracted much attention in crystal engineering, and pharmaceutical
research since polymorphs differ in their density, solubility, melting point, shape,

Fig. 15.1 Schematic of the OTIC method
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bioavailability, and other physical and chemical properties [11–15]. In 2001, Garetz
andMyerson experimentally demonstrated the polymorphism control of glycine, the
simplest amino acid, bymanipulating laser polarization in theNPLINmethod [16]. In
this experiment, linear polarization (LP) yielded the most thermodynamically stable
γ -glycine crystals, whereas circular polarization (CP) obtained metastable α-glycine
crystals. In 2010, the authors also reported the polymorphic control of glycine using
the OTICmethod. The results in unsaturated glycine solution were similar to those of
NPLIN: LP achieved a 90% probability of producing γ -glycine crystals (Fig. 15.2a),
whereas CP yielded only α-glycine crystals (Fig. 15.2b) [10]. However, the results
of various OTIC experiments imply different mechanisms of polymorph control in
the OTIC and NPLIN methods [17].

This chapter presents crystallization and polymorphism control of two amino
acids by the OTIC method using a focused high-repetition-rate femtosecond (fs)
laser beam. The plausible controlmechanisms are also discussed. As the amino acids,
we selected L-phenylalanine (L-Phe) and L-serine (L-Ser). L-Phe (Fig. 15.3a) is an
essential compound in the food industry and an active pharmaceutical ingredient used
in the pharmaceutical industry [18, 19]. L-Ser (Fig. 15.3b) is found in the membrane
of brain cells (neurons) and is an essential amino acid for phosphatidylserine synthesis

Fig. 15.2 Bright-field images of α- (a) and γ -glycine (b) crystals formed by the OTIC method
with a continuous-wave near-infrared laser

Fig. 15.3 Chemical structures of L-phenylalanine (a, L-Phe) and L-serine (b, L-Ser)
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Table 15.1 Comparison of
physical phenomena induced
by cw and fs lasers

Light source cw laser fs laser

Gradient force Small Large

Laser ablation Rare Frequent

[20]. The chemical structures of these two amino acids differ mainly by the presence
or absence of a benzene ring. The benzene ring of L-Phe significantly alters the
multiphoton absorption cross section, leading to large differences in the laser-induced
physical phenomena.

15.2 Comparison of Physical Phenomena Under cw and fs
Laser Irradiation

Since the first demonstration of OTIC in 2007, most OTIC experiments have applied
cw lasers as the trapping light source. Why, then, was the light source changed
from a cw laser to a high-repetition-rate fs laser? To answer this question, Table
15.1 compares the crystallization-related physical phenomena triggered by fs and
cw lasers.

Experimentally and theoretically, researchers have demonstrated that the gradient
force is higher under high-repetition-rate fs laser pulses than under cw lasers with the
same average power [21, 22]. The repetition rate of the fs laser pulses is also essential
for optical trapping. Although fs laser pulses produce a stronger gradient force than
cw lasers, the force is periodic and acts on the target with the same period as the pulse
width. Therefore, a high repetition rate is necessary to accumulate sufficient effect of
the gradient force for stable trapping of the target. In other words, at the low repetition
rate (10 Hz) used in NPLIN, the effect of optical trapping is ignorable. Second, the
energy of the focused fs laser should exceed a certain threshold, generating cavitation
bubbles. For example,Yoshikawaet al. showed that cavitation bubbles or shockwaves
generated by fs laser ablation of a solution could locally and temporarily increase the
concentration of the target, leading to crystal nucleation [6, 23]. This phenomenon
increases the degree of freedom of polymorphic control.

15.3 Theoretical Treatments

15.3.1 Optical Trapping with High-Repetition-Rate
Femtosecond Laser Pulses

Optical trapping is governed by the gradient (Lorentz) force of a focused laser beam.
Under irradiation with a fs laser, the high peak intensity enhances nonlinear effects
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that increase the gradient force. The gradient force (Fgrad) and trapping potential
energy (Utrap) with nonlinear effects are, respectively, given by [22, 24, 25]

Fgrad = (μ/ε)1/2[α0 + α1 I (r, t)]∇ I (r)/2, (15.1)

Utrap = −(μ/ε)1/2[α0 + α1 I (r, t)]I (r)/2, (15.2)

where μ and ε are the permeability and permittivity of the surrounding medium,
respectively, α0 and α1 are the linear and nonlinear polarizability, respectively, and
I(r,t) is the laser intensity, which is a function of time and distance from the laser
focus.With the second term removed, Eqs. 15.1 and 15.2 represent the gradient force
and trapping potential energy of cw lasers. Note that the nonlinear gradient force and
trapping potential energy are functions of polarizability (α0 and α1), which defines
the ability to acquire an electric dipole moment. The linear polarizability (α0) is a
function of the target refractive index (np) and the refractive index of the surrounding
medium (nm):

α0 = 4πεa3

(
np/nm

)2 − 1
(
np/nm

)2 + 2
(15.3)

Here, a is the radius of the target. FromEqs. 15.1, 15.2, and 15.3, the gradient force
clearly increases with target volume. The polarizability (α) with nonlinear effects
can also be approximated as

α ≈ α0 + α1 I (r). (15.4)

Equation 15.4 means that the polarizability of the target increases with incident
laser intensity. In otherwords, ultra-short laser pulseswith high peak intensities (such
as fs lasers) enhance the nonlinear effects and hence the gradient force.

15.3.2 Nucleation Rate Based on Classical Nucleation
Theory

When polymorphs precipitate in solution, their nucleation rate (J) is given by

J = Aexp
−16πσ 3ν2

3(kT )3(lnSS)2
(15.5)

based on classical nucleation theory. In Eq. (15.5), A is the frequency factor, σ

and ν are the surface energy and density of the polymorph, respectively, SS is the
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supersaturation degree of the sample solution, T is the absolute temperature, and
k is the Boltzmann constant. Clearly, J is determined by the relative effects of the
supersaturation degree and the surface energy of each polymorph. In a solution with
a certain supersaturation degree, the thermodynamically most stable phase is always
more supersaturated than the less stable phases. Meanwhile, the surface energy of
each polymorph is related to the enthalpy of the polymorph, and the metastable
phases usually have smaller surface energy than the most stable phase. Therefore, in
solutions with sufficiently large supersaturation, the precipitation of the metastable
phases with low surface energy is kinetically accessible. Such a phenomenon is
known as the Ostwald step rule [26]. On the contrary, in a solution with a low
SS value, the effect of SS dominates the surface energy, and the thermodynamically
stable phase precipitates preferentially. In this chapter, which polymorphs precipitate
is discussed in terms of nucleation rate theory.

15.4 Crystallization and Polymorphism of L-phenylalanine
via High-Repetition-Rate Femtosecond Laser Pulses

15.4.1 Bidirectional Polymorphic Conversion [27]

This section presents the crystallization and polymorphism dynamics of L-Phe by
the OTICmethod with focused high-repetition-rate fs laser pulses. The experimental
sample was an unsaturated aqueous solution of L-Phe. The supersaturation value of
L-Phe (SS ~ 0.8) was determined as C/C0, where C and C0 are the sample and satu-
rated solution concentrations, respectively [28, 29]. Figure 15.4 shows the time evolu-
tion of the crystallization behavior under high-repetition-rate fs laser pulses (800 nm,
80MHz, 100 fs, and 300mW). The beamwas focused on the air/solution interface of

Fig. 15.4 Transmission images of the time evolution of L-Phe crystallization by the OTIC method
with high-repetition-rate fs laser pulses. Modified with permission from The Japan Society of
Applied Physics [27] Copyright 2020



15 Crystallization and Polymorphism of Amino Acids … 301

an unsaturated thin-film solution of L-Phe (Fig. 15.4a). After three minutes’ irradia-
tion, brightwhite emissionwas observed at the laser focus (Fig. 15.4b). This emission
broadly covered the visible light region and was attributed to white supercontinuum
(SC) light caused by self-phase modulation of the focused fs laser [30–32]. During
the SC light emission, cavitation bubbles were continuously generated from the focal
point and instantly and rapidly diffused outward (Fig. 15.4c). This result strongly
supports that optical trapping for three minutes increases the local solute concen-
tration (refractive index) because the efficiency of SC generation increases with a
refractive index of the medium. Meanwhile, cavitation bubbles formed because the
multiphoton absorption was enhanced by the high local concentration. After around
12min, micrometer-sized crystals formed at the laser focus (Fig. 15.4d), which grad-
ually grew over the next few minutes (Fig. 15.4e). Intriguingly, under the long-time
irradiation to the formed anhydrous crystal, the whisker-like monohydrate crystals
continuously formed on the surface of the anhydrous crystal (Fig. 15.4f).

Figure 15.5 shows the probability that crystallization is realized by 1 h of the fs
laser irradiation after ten experiments at each laser power of 100–400 mW (0.14–
0.54 J cm−2). From Fig. 15.5, there appears to be a clear laser threshold between
100 and 150 mW to trigger crystallization. This indicates that not only the local
concentration increase due to the optical trapping of the clusters but also the subse-
quent formation of the cavitation bubble plays a critical role in inducing crystalliza-
tion. As the cavitation bubble formation also requires a concentration increase, we
can consider that the gradient force triggers crystallization. As the laser power is
increased, the crystallization probability decreases tremendously between 300 and
400mW.At higher laser powers, a strong gradient force increases local concentration
but simultaneously makes the generation of cavitation bubbles occur very frequently.
Such continuously generated cavitation bubbles accelerate the diffusion of localized

Fig. 15.5 Probability of the anhydrous crystal formation over average laser power. Modified with
permission from The Japan Society of Applied Physics [27] Copyright 2020
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clusters at the focal point rather than increasing the local concentration at the bubble
surface. In other words, stable optical trapping of the clusters is suppressed due to
the frequent bubble generation, resulting in no crystallization.

In-situ Raman spectroscopy confirmed that the formed crystals were anhydrous
crystals of L-Phe. Note that the threshold laser power for crystal nucleation is approx-
imately 3–4 times lower in the OTIC method than the case upon the cw laser, and the
crystallization time is about half that of the cw laser technique. Judging from these
results, the focused fs laser irradiation indeed increases the gradient force.We further
confirmed that anhydrous crystals form at laser energies above a certain threshold,
indicating that the generation of a cavitation bubble is involved in the crystal nucle-
ation mechanism. Therefore, the gradient force of the focused fs laser enhanced the
local concentration of L-Phemolecules, and crystallization is generated at the surface
of the cavitation bubble formed via multiphoton absorption. Two crystal polymorphs
of L-Phe have been reported: monohydrate and anhydrate [29, 33], which are easily
distinguishable by their apparent crystal shapes (whisker and plate), respectively. At
room temperature, the monohydrate crystal is thermodynamically more stable than
the anhydrate one, but this characteristic reverses above 310 K. Note that this OTIC
experiment with high-repetition-rate fs laser always fields the thermodynamically
metastable anhydrous crystals, regardless of laser power and polarization.

Very intriguingly,when the spontaneously precipitatedmonohydrate crystalswere
irradiated with a focused fs laser, they oppositely transitioned to the anhydrous
form (Fig. 15.6). Immediately after irradiating the crowded monohydrate crystals
(Fig. 15.6a) with focused fs laser pulses, a single stable cavitation bubble-sized
several tens of micrometers formed at the laser focus (Fig. 15.6b). These cavitation
bubbles obviously differed from those shown in Fig. 15.4c. As the laser irradia-
tion continued, anhydrous crystals formed near the surface of the cavitation bubble,
not at the laser focus (Fig. 15.6c). As anhydrous crystals are thermodynamically
unstable at room temperature, their formation from the stable monohydrate form
is an astonishing outcome, confirming that a high-intensity focused fs laser can
arbitrarily control the polymorphic transition and achieve bidirectional polymorphic
conversion. Themechanismof this bidirectional polymorphic conversion is discussed
next.

Fig. 15.6 Polymorphic transition from monohydrate to anhydrous crystals of L-Phe under high-
repetition-rate fs laser irradiation. Modified with permission from The Japan Society of Applied
Physics Ref. [27] Copyright 2020
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15.4.2 Polymorphic Transition Mechanisms

This section discusses the mechanism of the bidirectional polymorphic conversion
under focused fs laser pulses. Figure 15.7a shows the mechanism by which anhy-
drous crystals convert to the monohydrate form. When an anhydrous crystal (panel
i in Fig. 15.7a) is irradiated by focused fs laser pulses, it dissolves while many cavi-
tation bubbles are continuously generated (panel ii in Fig. 15.7a). Similar behavior
of cavitation bubble generation is observed in amplified fs laser-induced nucleation
[34], suggesting that crystal nucleation is triggered when the solute concentration
increases to sufficient levels at the cavitation bubble surface. However, in the orig-
inal unsaturated solution, the concentration increase at the cavitation bubble surface
cannot be significant. Based on classical nucleation theory (see Sect. 15.3.2), it is
considered that a thermodynamically more stable monohydrate crystal formed on
the anhydrous crystal surface (panel iii in Fig. 15.7a).

Figure 15.7b shows the mechanism by which monohydrate crystals transition to
the anhydrous form. When exposed to fs laser pulses, the spontaneously precipitated
monohydrate crystals (panel i in Fig. 15.7b) immediately convert to the anhydrous
form. The monohydrate to anhydrous polymorphic transition always proceeds when
the laser fluence exceeds a clearly defined threshold but never proceeds when the fs
laser is replaced by a cw laser. In addition, the laser fluence in this experiment is ~30
times lower than the threshold energy of laser ablation of themother crystal, implying
that laser ablation of the crystals is unlikely to trigger the polymorphic transition.
The critical aspect of this mechanism is the formation of one stable cavitation bubble
under laser irradiation (panel ii in Fig. 15.7b). This cavitation bubble remains on the
cover glass (inside the monohydrate crystals) and never floats to the outside, possibly
because a large number of monohydrate crystals dramatically increases the viscosity

Fig. 15.7 Schematics of bidirectional polymorphic conversion mediated by high-repetition-rate fs
laser irradiation. Modified with permission from IOP Publishing Ref. [27] Copyright 2020
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of the solution. A single stable cavitation bubble is also formed by focusing a cw
laser on a gold substrate in aqueous solution [35]. Referring to the discussion in [35],
it is inferred that both thermal convection caused by laser irradiation and the surface
tension of the cavitation bubble promote the efficient mass transfer of clusters in
solution to the stagnation point (panel ii in Fig. 15.7b) between the surface of the
cavitation bubble and the glass. Under the thermocapillary effect, the concentration
becomes exceptionally high at the stagnation point, promoting the formation of anhy-
drous crystals (panel iii in Fig. 15.7b). This mechanism is consistent with classical
nucleation theory (Sect. 15.3.2). Thus, the mechanism of bidirectional polymorphic
conversion can be explained by the difference in the degree of concentration increase
at the surface of the generated cavitation bubble.

15.5 Crystallization and Polymorphism of L-serine Under
a High-Repetition-Rate Femtosecond Laser

15.5.1 Crystallization and Polymorphism Dynamics
of L-serine [36]

This section outlines the crystallization and polymorphism dynamics of L-Ser under
high-repetition-rate fs laser pulses in the OTIC method. The L-Ser solution was
exposed to the same laser conditions as the L-Phe solution discussed above, but
note that L-Ser lacks a benzene ring, so its multiphoton absorption cross-section is
significantly lower than that of L-Phe. Accordingly, L-Ser and L-Phe should exhibit
different physical phenomena under laser irradiation. Unlike the L-Phe experiment,
the fs laser pulses in the L-Ser experiment were shifted from air–solution interface
to near the contact line of the saturated L-Ser solution (SS = 1.0 [37]) because the
crystallization probability of L-Ser is extremely low when the laser is focused at
the air/solution interface. This result may indicate that L-Ser is more difficult to
crystallize by the OTIC method than L-Phe.

Figure 15.8 shows the time evolution of L-Ser crystallization and polymorphism
by the OTIC method with high-repetition-rate fs laser pulses. White SC light was
observed immediately after the laser irradiation started (Fig. 15.8a). Given that the
appearance time of the SC light lengthens with decreasing laser intensity, the concen-
tration increase is much faster in L-Ser than in L-Phe, partly because the convection
flow is tremendously suppressed along the thin contact line [38, 39]. Therefore, stable
optical trapping is achieved in the L-Ser solution. After several seconds of laser irra-
diation, a spherical material was confirmed at the laser focus (Fig. 15.8b). Whether
this spherical material is a highly concentrated droplet with a higher refractive index
than the surroundings or a cavitation bubble (as observed in L-Phe) is not yet clar-
ified. However, the generated cavitation bubble appeared to be highly viscous and
did not diffuse into the surroundings; rather, it was trapped at the focal point. After a
few more minutes of laser irradiation, plural crystals formed around the focal point
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Fig. 15.8 Bright-field images of the time evolution of L-Ser crystallization and polymorphism by
the OTIC method with high-repetition-rate fs laser pulses. Modified with permission from Wiley
Ref. [36] Copyright 2021

(Fig. 15.8c). However, unlike the L-Phe crystals, L-Ser crystals sometimes precipi-
tated outside the laser focus. The details of this experimental result are not described
here, but the local concentration increase spreads outward from the laser focus, as
frequently observed in other OTIC experiments [9, 10, 17, 27]. The crystals grew
under further laser irradiation (Fig. 15.8c and d) without the dissolution observed in
the L-Phe solution. These results suggest a much smaller temperature increase in L-
Ser than in L-Phe, likely owing to the small multiphoton absorption cross-section of
L-Ser. Incidentally, when the pulsed fs lasers in the OTIC crystallization experiments
were replaced with cw lasers at the same average power and wavelength, no crystal
precipitated even after 30 min of irradiation. This result strongly supports that the
enhanced gradient force under the high-repetition-rate fs laser pulses significantly
improves the crystallization probability.

As confirmed by in-situRaman spectroscopy (Fig. 15.9), the obtained L-Ser crys-
tals can be monohydrate [39] or anhydrous [40]. The most thermodynamically stable
form is monohydrate at temperatures below 311 K and anhydrous above 311 K [41].
Recall that the L-Phe polymorphs exhibit very similar thermal behaviors. In fact, the
monohydrate form always precipitates by spontaneous evaporation at room temper-
ature. However, unlike the L-Phe polymorphs, the two L-Ser polymorphs cannot
be distinguished by their apparent shapes. Next, it was confirmed that the pulsed
fs lasers in the OTIC crystallization experiments almost yield the metastable anhy-
drous form in the laser fluence range from 100 to 400 mW (0.14–0.54 J cm−2).
What increases the formation probability of the metastable anhydrous phase over the
thermodynamically stable monohydrate phase is an open question. Considering the
above-mentioned thermal behavior of L-Ser polymorphs, one guess that temperature
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Fig. 15.9 Raman spectra of the two types of L-Ser polymorphs produced by fs laser irradiation at
300 mW. Modified with permission from Wiley Ref. [36] Copyright 2021

Fig. 15.10 Schematic of L-Ser polymorphism under high-repetition-rate fs laser irradiation.
Modified with permission from Wiley Ref. [36] Copyright 2021
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elevation by laser heatingmay be a reasonable explanation.However, the temperature
elevation in this experiment was minimal because the laser wavelength is 800 nm,
which is minimally absorbed by water molecules [42]. Moreover, unlike L-Phe, L-
Ser undergoes a negligible quantity of multiphoton absorption. Instead, as discussed
in Sect. 15.3.2, the supersaturation is realized by the large gradient force, which
optically collects the clusters in solution; consequently, the metastable anhydrous
phase is predominantly formed.

15.5.2 Laser Polarization-Controlled Polymorphism

This section introduces the remarkable experimental results of laser polarization-
controlled L-Ser polymorphism. In these experiments, the handedness of CP is espe-
cially important. Fixing the laser power, the polarization of the laser pulses was
adjusted to LP, right CP (r-CP), or left CP (l-CP), and the experiments were carried
out as described in Sect. 15.5.1 (10 experiments per polarization). The formation
probabilities of the monohydrate and anhydrous forms were determined from in-situ
Raman spectra of the generated crystals. The LP and r-CP applications generated
only the anhydrous form, whereas l-CP generated the monohydrate form with a
probability of 60%. This result further supports that temperature elevation does not
dominantly control polymorphism because all polarizations were applied at the same
laser intensity.

Finally, we discuss the mechanism by which the handedness of CP light affects
the L-Ser polymorphism using schematic as shown in Fig. 15.10. L-Ser is a chiral
compound and is known to be L-(-)-Ser, meaning that the optical rotation of L-Ser
molecules and clusters is levorotatory. Moreover, as L-Ser does not absorb photons
in the visible and near-infrared regions, the levorotatory nature of L-Ser clusters
should be maintained even at 800 nm (the wavelength of the fs laser pulses used in
this study). A levorotatory optical rotation also means that r-CP light travels slower
than l-CP light through the cluster, so the refractive index of the L-Ser cluster is
higher for r-CP than for l-CP light. The increased refractive index of r-CP through
the L-Ser cluster increases the np in Eq. 15.3, in turn increasing the gradient force
and hence the local concentration of L-Ser. Consequently, r-CP light increases the
formation probability of anhydrous L-Ser, as theoretically described in Sect. 15.3.2.
On the contrary, because the refractive index of the L-Ser cluster is relatively low
under l-CP light, l-CP irradiation preferentially induces the thermodynamically stable
monohydrate phase. Incidentally, L-Phe is also chiral, but no polymorphic control
by the handedness of CP has been realized in this molecule. It is suggested that
temperature elevation caused by the high multiphoton absorption cross section of
L-Phe inhibits this polymorphic phenomenon.
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15.6 Conclusion

This chapter introduced the crystallization and polymorphism of two kinds of amino
acids, L-Phe and L-Ser, by the OTIC method with high-repetition fs laser pulses.
When fs laser pulses are focused on aqueous solutions of themolecules, they generate
a large gradient force that efficiently collects the clusters and remarkably increases
the crystallization probability. In addition, when the multiphoton absorption cross
section is sufficiently large (as in L-Phe), the formation of a cavitation bubble domi-
nates. The local concentration is then raised by the synergy of the gradient force and
cavitation bubble formation, enhancing the formation of the thermodynamically less
stable anhydrous crystals.Moreover, fs laser pulses control the bidirectional polymor-
phic transition between the monohydrate and anhydrous forms, which is interpreted
through the concentration increase at the cavitation bubble surface. While the local
concentration accumulated by the enhanced gradient force determines the polymor-
phism of L-Ser, this finding can be explained by classical nucleation rate theory. An
extremely rare experimental result is also realized, namely that polymorphism can be
controlled by the handedness of CP light. The precise control of polymorphism has
been sought for many years and is an essential technology for industrial applications.
The presented experimental results and findings will facilitate our academic under-
standing of light–matter interactions and inspire novel innovations in light-based
molecular structural control.
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Chapter 16
Electrocatalysts Developed
from Ion-Implanted Carbon Materials

Tetsuya Kimata, Kazutaka Nakamura, and Tetsuya Yamaki

Abstract Ion implantation is known as a powerful tool to modify a host material by
energetic effects such as sputtering, impurity doping, and defect creation. In addi-
tion to semiconductor-device manufacturing, the development of catalytic materials
has been an emerging application for realizing electrochemical energy conversion
and storage devices including water-splitting and fuel cells. This chapter deals with
ion implantation in different carbon materials implementing two strategic concepts
based onmorphology and electronic structures; i.e., nanoparticle (NP) formation and
surface/interface modification. Initially, the metal-ion-implanted NPs were exposed
on the top surface of the carbon support to work as an electrocatalyst, while they are
embedded in the carbon support to indirectly affect the surfacemorphology and active
sites of the surrounding carbon-based electrocatalysts. Next, the N-doping in carbon
was very effective in controlling the surface of the carbon-based catalyst or the inter-
face states between a metal-NP catalyst and a carbon support. Finally, implantation-
induced defects in the graphitic lattice controlled the NP-support interface so that
the electrocatalytic activity of the overlying NPs could be improved. Ion beam tech-
nology can offer a new approach for catalyst design toward the improvement of the
activity and durability.
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16.1 Introduction

High-energy chemistry usually deals with the interactions of high-energy radiation
with matter and the chemical properties or reactivity of the thereby-induced short-
lived species. This scientific discipline has attracted much attention due to its poten-
tial application in various fields including physics, biology, and materials science,
reflecting the expectation that high-energy triggered reactions might be different
from those caused by annealing or photo-irradiation. Ionizing radiation, such as
electrons and γ-rays, are commonly used in high-energy chemistry research; if ion
beams are used instead, an unprecedented impact can be given to the electronic and
lattice systems in solids because of their extremely high linear energy transfer (LET)
(defined as the mean energy deposited per unit path length in the absorbing mate-
rial). For example, a 380 keV Ar ion in graphite has an LET value of 1300 keV/μm,
whereas the value is 0.2 keV/μm for a 60Co γ photon.

Ion beam technology is an efficient tool for realizing material modification. In the
process of collisions between the incoming ions and the target atoms, energetic ions
transfer energy to the nuclei and electrons in the target material, resulting in a series
of effects such as sputtering, impurity doping, and defect creation (target atomic
displacement). This will cause some changes in the electronic and atomic structures
of the material. Ion implantation cannot only achieve reliable and precise doping of
almost all elements, but also enable deliberate defect engineering and morphology
control, which are all important aspects of catalysis and catalyst preparation.

Figure 16.1 shows a schematic image of how the ion implantation technique
can be used to create catalysts for electrochemical devices. There have been two
main strategic concepts based on morphology and electronic structures for electro-
catalyst design: nanoparticle (NP) formation and surface/interface modification. In
these approaches, a critical implantation parameter is the ion dose, i.e., the fluence,
which determines the total number of implanted ions. Low-fluence implantation,
in which the implants are dispersed (isolated from one another), causes radiation-
induced defects owing to the very large amount of energy transferred and may be
used to engineer the defect structure and even the nano-morphology of the material.
If the fluence of the implanted ions exceeds the solid solubility of the material, the
implanted ions will start to diffuse and form precipitate nuclei, which may then grow
into NPs; post-irradiation annealing treatment sometimes promotes NP formation.
Furthermore, depending on their energy, the implanted ions will eventually stop,
through cascade collisions, at a certain position; this results in the concentration of
implanted ions being maximum near the average range. Thus, the depth distributions
of implants, defects, and the resulting heterostructures or nanostructures in the target
material can be controlled by varying the acceleration energy.

Anelectrocatalyst is a typeof catalyst that participates in electrochemical reactions
and functions at electrode surfaces or, most commonly, as the electrode surface
itself. Major challenges of electrocatalysts focus on a variety of electrochemical
energy conversion and storage devices including water-splitting and fuel cells. In the
water-electrolysis system, hydrogen gas and oxygen gas are produced by a hydrogen
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Fig. 16.1 Schematic image of how ion implantation in carbon materials can be used to develop
catalysts for electrochemical devices including water-splitting and fuel cells

evolution reaction (HER) and an oxygen evolution reaction (OER) at the cathode
and anode, respectively. On the other hand, proton exchange membrane fuel cells
(PEMFCs) involve the cathodic oxygen reduction reaction (ORR) and anodic fuel
oxidation reaction (FOR) processes. While most PEMFCs are powered by the direct
hydrogen supply as a fuel, some of them can be fueled by liquid methanol and
referred to as direct methanol fuel cells (DMFCs). Noble or non-noble metal-based
electrocatalysts are normally supported on carbon materials for high conductivity,
highmechanical stability, high electrochemical or chemical stability, and high surface
area. Besides, many studies have shown that the carbon materials themselves have
electrocatalytic activities for the HER, ORR, etc.

This chapter describes the application of ion implantation in carbon materials
to develop electrocatalysts for renewable energy storage and conversion devices.
The target samples include glassy carbon (GC), highly oriented pyrolytic graphite
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(HOPG), and carbon fiber cloth (CFC) for different research purposes. After intro-
ducing a trend toward this research field in Sect. 16.2, we report the NP prepa-
ration by ion implantation in carbon materials for the HER and ORR catalysts in
Sect. 16.3. The resulting NPs have important roles in electrocatalysis; the embedded
transition-metal-NPs indirectly affected the surface morphology and active site of
the surrounding carbon-based electrocatalysts, while metal-carbide NPs exposed on
the top surface could work directly as a catalyst. Section 16.4 describes the control of
the surface or interface states by impurity doping. The N-doping in carbon was found
very effective for the selective formation of the ORR active site on the carbon-based
catalyst and improvement of the interfacial structure between a metal-NP catalyst
and carbon support. Finally, in Sect. 16.5, we deal with the NP-carbon support inter-
face controlled by atomic defects as a new approach of catalyst design using an ion
implantation technique. Due to its high accuracy and controllability, ion beam tech-
nology can help researchers to quantitatively clarify the in-depth mechanism of the
interfacial interaction and the structure-activity relationship as a significant challenge
in electrocatalyst research, i.e., improvement of their activity and durability.

16.2 Research Trend in NP Synthesis Using Ion
Implantation

Figure 16.2 shows ion implantation for NP formation in different substrates toward
wide-ranging application fields. This techniquewas applied in glassmatrices because
it is unaffected by solubility restrictions or vaporization; thus, a large amount of NPs

Fig. 16.2 Ion implantation forNP formation in different substrates towardwide-ranging application
fields
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can be dispersed in a transparent dielectric material. The nonlinear optical properties
of such NPs, in particular, the enhancement of the optical Kerr susceptibility by both
dielectric and quantum-confinement effects, suggested a promising method for the
production of all-optical switching devices. Indeed, it was reported that implantation
of silica glass with 1.5 MeV Au+ at 1017 ions/cm2 and subsequent heating at 700–
900 °C led to the formation of Au NPs with a large third-order nonlinear optical
susceptibility, χ(3), of 1.2 × 10−7 esu [1]. Researchers have also been interested in
producing NPs at certain depths to investigate plasmon resonance absorption and
fluorescence from semiconductors.

In contrast to the above optical applications, for catalysts the surface layer must
be removed to expose the buried NPs. For example, after a surface etching process,
NPs in silicon dioxide (SiO2) could be used as a catalyst for the growth of carbon
nanotubes (CNTs) [2]. A 500-nm-thick thermally-oxidized SiO2 layer on a Si wafer
was implanted at room temperature with 100 keV Ni ions at fluences between 1015

and 1017 ions/cm2 and was then heated at 900 °C in N2 gas. The projected range
of the implanted ions (defined as the depth with their maximum concentration) was
estimated to be 75 nm by a Monte Carlo calculation using the “SRIM” code and
Rutherford backscattering (RBS) measurements. Thus, the annealed samples were
further dipped in an aqueous solution of 1% hydrogen fluoride for chemical etching
of the surface SiO2 layer and exposure of Ni NPs on the top surface. The resulting
Ni NPs precipitated on a SiO2 surface became a catalyst for the growth of CNTs
through decomposition of hydrocarbon using a chemical vapor deposition process;
interestingly, their controlled size determined the diameters of the grown CNTs. This
work may provide an effective way for seeding catalyst NPs in high-aspect-ratio
via/trench structures for microelectronic devices.

Applications in electrochemical devices need the electrode catalysts to have elec-
tric contact; in other words, catalyst NPsmust be deposited on a conductive substrate.
A versatile method was developed to prepare Pt NPs on the surface of an indium
tin oxide (ITO) electrode for applications in DMFCs [3]. In the experiments, a sheet
of ITO glass was implanted at room temperature with 21 keV Pt ions at a fluence
of 1.0 × 1017 ions/cm2. In this example, small Pt NPs (average diameter of 8 nm)
were uniformly deposited on the ITO surface without any post-annealing processes.
This may be because (i) the projected range was very short and (ii) surface sput-
tering occurred concurrently with implantation. High methanol oxidation activity
was confirmed by cyclic voltammetry (CV) in an aqueous solution containing 1.0 M
CH3OHand0.1MH2SO4. Thematerial showed excellent long-term stability,making
it a good alternative FOR catalyst at the anode.
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16.3 Ion-Implanted NP Electrocatalysts on Carbon
Materials for HER and ORR Catalysts

In the past few decades, various efforts have been made to understand the key inter-
facial reaction process of electrochemical water-splitting. The purpose of catalyst
design is to increase the number of active electrocatalytic sites or to improve the
intrinsic activity of such active sites. To achieve these goals, it is usually neces-
sary to change the electronic structure and microstructure–nanostructure of catalyst
materials, both of which can be modulated by varying the interaction between the
implanted ion and thematerial. Highly controllable and precise ion-beam technology
can help reveal the relationships between the defect structure, electronic structure,
and catalytic performance, possibly enabling further improvements in activity and
durability.

The results of metal-ion implantation in carbon materials vary greatly depending
on the miscibility of the two elements. If the implanted element has very low misci-
bility, its agglomeration by heat treatment is usually required to produce NPs. As
an example, the formation of Ni NPs from Ni-ion-implanted CFC is described in
Sect. 16.3.1. On the other hand, when the miscibility is high, such as for W, it reacts
easily even at room temperature to produce carbide NPs. In Sect. 16.3.2, this is exem-
plified by the formation of various types of tungsten carbide NPs inW-ion-implanted
GC substrates.

16.3.1 Nickel-Ion Implantation in CFC

Transition-metal (Ni, Fe, and Co) NPs were embedded in large-scale CFC by ion
implantation to prepare carbon-based catalysts with improved HER performance
in acidic (0.5 M H2SO4), basic (1 M KOH), and neutral (0.5 M phosphate buffer)
solutions [4].As shown inFig. 16.3, theNi-ion-implantationwas performed at 60keV
at fluences of 2 × 1015, 2 × 1016, 1 × 1017, and 2 × 1017 ions/cm2, followed by
annealing in an N2 atmosphere at 500 °C. The projected range of implanted Ni+ was
estimated to be 47 nm.

The diameter of the embedded Ni NPs ranged from 10 to 30 nm, and their
formation was attributed to the following mechanism. Ni+ implantation can produce
numerous vacancies in materials; implanted Ni atoms can be absorbed by the
produced vacancies and their aggregation probably leads to the formation of NPs.
With increasing Ni+ fluence, the NPs will grow by absorbing more Ni atoms and
merge with nearby NPs. At the same time, the surface C atoms would be stripped
due to the surface sputtering effect; as a result, the NPs near the surface would be
exposed. Finally, the exposed Ni NPs would be dissolved by the acid treatment to
produce a nanoporous structure with pore sizes between 70 and 150 nm.

Density functional theory (DFT) calculations demonstrated that when graphene is
embedded with Ni NPs, electrons in Ni NPs can flow to carbon atoms, which would
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Fig. 16.3 Schematic of the fabrication of Ni-NP-embedded CFC by Ni+ implantation. Reprinted
from Wu et al., Electrochim. Acta 353, 136475 (2020), with permission from Elsevier

effectively reduce the Gibbs free energy for H∗ adsorption (the asterisk denotes
an adsorbed species). A similar effect would occur in Ni-NP-embedded CFCs and
thus result in the enhanced HER activity. It was confirmed by using Fe+ and Co+

implantation that the metal-NP-embedded CFC was fabricated at large scale, for low
cost, and with high efficiency; the present method is general for the fabrication of
non-noble metal NP catalysts.

16.3.2 Tungsten-Ion Implantation in GC

Implantation with W ions has so far been studied in terms of their reactivity with a
matrix. The W-ion implantation in silica led to the formation of metallic-W precip-
itates with a small amount of W oxides [6]; however, the W-ion implantation in
GC is expected to generate carbides [7]. In fact, tungsten carbide (WC) has been
expected to be an alternative to noble metal catalysts because of its Pt-like electronic
state [5]. Thus, Kato et al. prepared NPs of W carbides by W-ion implantation in
a GC substrate and investigated their electrochemical and morphological proper-
ties [8]. GC, in which a lot of graphite-structure-shaped thin strips intertwine with
each other, is the most commonly used electrode material in electrochemistry. The
W+ implantation was performed using an energy of 100 keV at nominal fluences
up to 1.8 × 1017 ions/cm2. The implanted samples were analyzed by RBS, X-ray
photoelectron spectroscopy (XPS), hydrodynamic voltammetry using a rotating disk
electrode, and cross-sectional transmission electron microscopy (TEM).
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Fig. 16.4 XPS W 4f spectra
of the W+-implanted GC
sample after the Ar+

sputtering for a 30, b 180,
and c 300 s. The sputtering
rate was 0.2 nm/s. The figure
was taken from Kato et al.,
Trans. Mat. Res. Soc. Japan
38, 81 (2013)

According to the RBS results, a significant sputtering effect limited the maximum
retained fluence to approximately 6 × 1016 ions/cm2. Figure 16.4 shows XPS W 4f
spectra of the implanted GC substrate after Ar+-beam sputtering for different times.
The concentration ofW increased during the course of sputtering and peaked at 180 s.
A peak for the W 4f7/2 state at ca. 32.1 eV (∼0.6 eV higher than that of metallic-
W) can be ascribed to carbides, WC. The surface GC layer would be eroded away
until the sputtering front reached the implanted layer, which had originally been
distributed around the projected range (calculated at 55 nm using the “SRIM” code).
The current density in the voltammogram, representing the electrochemical activity
of the surface, was lower for theW-implanted sample than for the non-implanted one.
This is probably caused by a decrease in the surface area resulting from the observed
sputtering effect, becauseWC is known to have low activity in themeasured potential
range [9].

Subsequent electrochemical etching in a 0.1 M NaOH aqueous solution achieved
the maximum area density of the NPs on the surface [10]. Figure 16.5 shows a cross-
sectional TEM micrograph of the resulting sample, in which the implanted layer is
situated between the GC substrate and a carbon layer deposited during specimen

Fig. 16.5 TEM micrograph
of the GC substrate
W+-implanted at 2.4 × 1016

ions/cm2 and then etched
electrochemically in an
alkaline aqueous solution.
During specimen preparation
in a cross-sectional
geometry, C and W layers
were deposited on the
surface
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preparation. Particulate aggregates near the surface were found to contain spherical
NPs with a diameter of <10 nm.

16.4 Surface/Interface States Controlled by Impurity
Doping in HOPG

16.4.1 Surface Modification by Nitrogen-Ion Implantation
for Carbon-Alloy ORR Electrocatalysts

Many groups have reported that carbon materials themselves can exhibit signifi-
cant ORR performance upon their optimized N-doping, without any precious or
non-precious transition metal components [11, 12]. In other words, an increase
in the current density and a decrease in the overpotential for the ORR in acidic
and alkaline PEMFCs were observed for such metal-free N-doped systems when
compared with undoped references. Most of these studies focused on N-doped CNTs
and graphene, and a few also reported on carbon blacks, porous carbons, carbon
nanoshells, and other materials [13]. In this regard, N-ion implantation offers the
following two advantages over other energetic post-treatment methods: (i) a more
balanced mix of nitrogen functionalities is produced, whereas pyrrolic-N (N directly
bonded to two sp2-hybridized C and one H neighbors) (see Fig. 16.6) was the domi-
nant species created by plasma modification; (ii) controlled impurity densities of
uniform distribution are created, especially in graphene and related nanostructures.

In addition, N implantation in HOPG was performed to obtain a detailed picture
of the local electronic modifications in N-doped graphite induced by each different
type of N atom, thereby leading to the identification of the active sites for the ORR.
A HOPG substrate was irradiated at 300 K and normal incidence with a 200 or
500 eV N-ion beam at a fluence of 0.2 × 1013 ions/cm2, followed by annealing at
900 ± 50 K for 300 s to clean and thoroughly graphitize the surface. Two types of
N species were identified at the atomic level: pyridinic-N (N bonded to two sp2-
hybridized C nearest neighbors) and graphitic-N (N bonded to three sp3-hybridized
C nearest neighbors) (see Fig. 16.6). Distinct localized π-electronic states appeared

Fig. 16.6 Nitrogen species
doped in sp2-bonded carbon
atoms. The figure is obtained
from the paper, Takahashi
et al., IEEJ Trans. Ind. Appl.
(Denki Gakkai Ronbunshi
A) 139, 140 (2019)
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in the occupied and unoccupied regions near the Fermi level at the carbon atoms
around pyridinic-N and graphitic-N species, respectively [14].

The ORR active site was characterized by using newly designed HOPG model
catalysts withwell-definedπ conjugation andwell-controlled dopingwithN species:
(i) pyridinic-N-dominated HOPG, and (ii) graphitic-N-dominated HOPG; and, for
comparison, (iii) undoped HOPG with the edges patterned on the surface, and
(iv) undoped HOPG annealed in ultra-high vacuum [12]. A key was extremely-
sophisticated sample preparation using the additional Ar+-beam irradiation and post-
irradiation annealing in NH3 at 973 K. As a result, pyridinic-N in N-doped graphitic
carbons was found to create the active sites for ORR under acidic conditions. Carbon
dioxide adsorption experiments indicated that pyridinic-N also created Lewis basic
sites. The specific activities per pyridinic-N in the HOPG model catalysts were
comparable with those of N-doped graphene powder catalysts. Thus, the ORR active
sites in N-doped carbon materials would be carbon atoms with Lewis basicity next to
pyridinic-N. The other paper evaluated the effect of surface structure imperfections,
i.e., a roughness change, induced by sputtering due to the low-energy ion beam [15].

16.4.2 Interface Structures Between Platinum-NPs
and a Nitrogen-Ion-Implanted Support

An important trend in electrocatalysis began with the studies on the effects of
doping in catalyst supports by Shukla et al. [16] and Roy et al. [17]. Their obser-
vations suggested that carbon-based catalyst supports could be intentionally modi-
fied to create strong, beneficial catalyst–support interactions, thereby substantially
enhancing electrocatalytic activity and stability. Particularly, N-doping was found to
provide as much as threefold to tenfold enhancement for both the FOR and the ORR
in Pt/C-based catalyst systems for DMFCs and PEMFCs, respectively. Although this
basic idea was expected to open the door to a game-changing newmethod for catalyst
design with applications in various electrochemical devices, uncertainties associated
with complex preparation of Pt/C powder samples made it difficult to determine
the precise effect of N-doping. Therefore, researchers have developed geometrically
well-defined model catalytic systems consisting of Pt NPs on clean, planar model
substrates of N-ion-implanted HOPG.

Studies on the structural and chemical modifications in N-implanted HOPG iden-
tified the potential fundamental mechanisms and ascertained the nature of catalyst–
support interactions for the enhanced activity and stability of Pt/C-based electrocat-
alysts [18, 19]. The N-implantation was done at room temperature using a non-mass-
separated N-ion beam (N2 and N ions) at different fluences between 1015 and 1017

ions/cm2. Typical ion beam energy, ion current, and irradiation time were 100 eV,
10–12 mA, and 45 s, respectively. The incident angle of the beam was 35° to the
surface to enhance surface doping and eliminate ion channeling. During the course
of irradiation, the incremental increase in structural damage was marginal, while the
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percentage of N on the HOPG surface continued to increase significantly. In the end,
both the level of the damage and the amount of N reached saturation; a near-surface
N saturation level of approximately 6–8 atomic % was achieved. The N implanta-
tion led to the transformation of the initial pure sp2-hybridized graphitic carbon into
sp3-hybridized carbon together with N incorporation into the graphitic network in
the graphitic, pyridinic, and pyrrolic forms.

Pt NPs were electrodeposited on the irradiated HOPG substrate from aqueous
solutions containing H2PtCl6 and HClO4. Doping a graphite support with N was
found to affect both the morphology and the behavior of the overlying Pt NPs.
Particularly, N-doping seemed to cause a significant decrease in the average Pt NP
size and an increase in the Pt NP dispersion. Negatively charged, electron-rich donor
states introduced on the graphite surface could act as local heterogeneous nucleation
sites for Pt deposition, which facilitated the deposition of finer, better dispersed Pt
NPs. Such a morphology was a highly desirable feature for Pt catalyst application;
however, the catalytic enhancement in the N-doped sample could not be attributed
to simple geometric effect alone, implying that there was also a contribution from
other intrinsic effects.

Therefore, direct electronic structure determinations were conducted experimen-
tally and theoretically to explore the nature of the electronic interactions between
Pt NPs and N-doped carbon supports. According to capacitance and XPS measure-
ments and quantum simulations using DFT [19], the N-doping would increase the
electron transfer from the Pt NPs to the graphite support. The resulting decreased
electron density of the Pt is likely to then facilitate the reactions on the electrode.
The modified electronic structure of the Pt catalyst might alter the Pt-adsorbate bond
strength and significantly enhance the durability.

16.5 Defect-Controlled Interface Between Platinum-NPs
and Carbon Support

In this section, we discuss experiments inwhich the structure of the interface between
the carbon support and Pt NPs was manipulated by ion-beam-induced defects in the
carbon support. Such interfacial effects are newly proposed as a promising approach
to obtain highly active and durable Pt NP electrocatalysts. As a model catalyst for
examining the interface, HOPG substrates were implanted with chemically-inert Ar
ions and then overlaid physically with Pt NPs. One major focus is the electronic
and lattice structures of the Ar+-implanted and Pt-deposited HOPG surface; Raman
spectroscopy and X-ray absorption structure (XAS) measurements were used to
explorer how the implantation affected the carbon support for the Pt NPs. The next
hypothesis of special interest was that the vacancies introduced in the graphitic
lattice could modify the electronic structure of the Pt NPs, which could then lead to
the improvement of the ORR performance [20, 21]. The state of the Pt 5d valence
band could be affected by the microscopic interaction with atomic vacancies, and
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its quantitative information from DFT calculations was correlated with the ORR
activity. The XPS analysis of the Pt 4f core levels provided the chemical state of the
Pt atoms interacting with the implanted carbon support. We introduce the concept
that altering the interfacial structure through ion-beam-induced defects can improve
the ORR activity of Pt NP catalysts.

16.5.1 Structures of Ion-Implanted and Platinum-Deposited
HOPG Surfaces

Raman spectroscopy was performed to investigate the defect structure at the Ar+-
irradiated and Pt NP-deposited HOPG surface. The HOPG was irradiated with
380 keV Ar+ at different fluences between 1.0 × 1012 and 1.0 × 1014 ions/cm2,
and then Pt NPs were deposited using radio-frequency (RF) magnetron sputtering
for 60 s at room temperature. The mean particle sizes of the Pt NPs obtained on the
non-irradiated HOPG and the HOPG irradiated at fluences of 1.0 × 1012 and 5.0 ×
1013 ions/cm2 were determined to be 2.85, 3.11, and 6.02 nm, respectively, based on
TEM observations [22].

Figure 16.7 shows the Raman spectra of the pristine and pre-irradiated HOPG
surfaces before and after the Pt deposition. The Raman spectrum of HOPG has three
peaks between 500 and 2000 cm−1; the D and D′ bands were observed at approxi-
mately 1350 and 1620 cm−1, respectively, and the G band was seen at 1583.5 cm−1.
The surface structure of irradiated HOPG was examined by taking the D/D′ and D/G
intensity ratios and G-peak shifts, thereby making further discussion on the configu-
ration of the Pt-carbon support interface as well. Analysis of the D/D′ intensity ratio
led to the following two key findings: (i) vacancy-like defects were formed on the
HOPG surface by Ar+-irradiation at fluences between 1.0 × 1012 and 1.0 × 1013

ions/cm2; (ii) sp3 defects were induced by irradiation at 5.0× 1013 ions/cm2 or more
[22].

Pt NPs were deposited on these irradiated HOPG surfaces, and then the G-peak
positions were compared before and after the Pt deposition [23]. At a fluence of
5.0 × 1013 ions/cm2 or greater, the red Raman shifts were more obvious after the
Pt deposition, as shown in Fig. 16.8a. This result indicates that the Pt deposition
caused tensile stress in the graphitic structure of the HOPG irradiated at higher
fluences. The phonon correlation length La was evaluated from the peak intensity
ratio (R = D/G), where La = 4.4/R (nm). Figure 16.8b shows a plot of the La value
as a function of the fluence for the irradiated HOPG with and without the Pt NPs.
Interestingly, the La value decreased greatly by the Pt deposition at a fluence of 1.0×
1012 ions/cm2, but this effect became minimized at the higher fluences. At a fluence
of 1.0 × 1013 ions/cm2 (with Pt), the La was calculated to be 3.59 nm, which implies
that the approximately three point defects on the HOPG surface would be present
underneath the Pt NP with a diameter of 5 nm.
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Fig. 16.7 a Raman spectra of the non-irradiated HOPG without (w/o) and with Pt deposition.
Raman spectra of the HOPG irradiated with Ar+ at fluences of b 1.0 × 1012, c 5.0 × 1012, d 1.0 ×
1013, e 5.0 × 1013, and f 1.0 × 1014 ions/cm2. Red circles and black curves represent experimental
data and Lorentz curve fits, respectively. These figures were obtained by modifying Figs. 16.2 and
16.3 of the paper, Kimata et al., Nucl. Instrum. Meth. Phys. Res. B 444, 6 (2019)

Next, the electronic states of the interface between the Pt NPs and the irradiated
carbon support were investigated by surface-sensitive XAS measurements at the C
K-edge [24]. The HOPG substrates were irradiated with 380 keV Ar+ at a fluence
of 1.0 × 1014 ions/cm2. HOPG substrates were employed so that the electronic
structure could be resolved into orbital components (σ and π bonds). Pt NPs were
then deposited by RF magnetron sputtering for 20 s at room temperature. The Pt
deposition was also done on non-irradiated HOPG substrates for comparison.

As shown in Fig. 16.9, the C K-edge XAS spectra for the HOPG, the irradiated
HOPG, Pt/HOPG, and Pt/irradiated HOPGweremeasured and then fitted with Gaus-
sian functions. The HOPG exhibited five main peaks from a C–C π∗ orbital (Peak A
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Fig. 16.8 a Position of the
G-peak and b value of La
plotted against the Ar+

fluence (open circles:
without Pt, filled circles: with
Pt). This figure is obtained
by modifying Figs. 16.4 and
16.5 of the paper, Kimata
et al., Nucl. Instrum. Meth.
Phys. Res. B 444, 6 (2019)

at∼285 eV), surface carbon with adsorbates (Peak B located at∼288 eV),π2 orbital
(Peak C at 289.0 eV), σ∗ orbital (Peak D at ∼291.5 eV), and σ1 orbital (Peak E at
292.5 eV). The shoulder structure around 284 eV (Peak F) was observed for Pt/non-
irradiated HOPG, indicating the occurrence of Pt–C interaction at the interface. The
intensity of this shoulder increased for Pt/irradiated HOPG. Therefore, the vacan-
cies in the irradiated carbon support would induce changes in the Pt–C interaction,
leading to different electronic structures at the interface. The previous paper reported
that the Pt NPs on an irradiated carbon support were distorted [25]. According to the
result of Fig. 16.9, the Pt–C interaction could be an origin of the observed distortion
of the Pt NPs. This distortion is likely to lower the d-band center and improve the
ORR activity of the Pt NPs.

16.5.2 Electronic Structure of Platinum-NPs on Defective
Graphite Structure for Electrocatalytic Applications

To investigate the influence of the defects in the carbon support on the electronic state
of Pt atoms, DFT calculations were performed for Pt clusters on various defective
graphite structures [26]. The model for the calculations comprised three layers of
graphene and an icosahedral Pt13 cluster. Each graphitic layer had a 5 × 5 structure,
that is, 50 carbon atoms. To simulate the irradiation-induced defects, vacancies with
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Fig. 16.9 Peak fitting
results for all XAS spectra.
The red dots, blue line, and
green lines indicate the
experimental data, the fitting
results, and the fitted peak
components, respectively.
Reprinted from Okazaki
et al., J. Chem. Phys. 152,
124708 (2020), with the
permission of AIP
Publishing

different configurations [a single vacancy only in the upper layer (SV), a double
vacancy only in the upper layer (DV), single vacancies in the upper two layers
(2SV), and double vacancies in the upper two layers (2DV)] were introduced to the
upper two layers.

Figure 16.10 shows the isosurfaces of the charge difference when the substrate
structure was the 2DV. Charge accumulation and depletion mainly occurred in the
vicinity of the support–cluster interface; the same tendency was clearly observed for
all the support structures including the pristine graphite (PG). This suggests that the
Pt atoms at the interface were mainly involved in the charge transfer between the
Pt13 cluster and the carbon support.

The position of the d-band center, εd, (average energy of the d-states) relative to
the Fermi level was calculated to gain insight into how this charge transfer affects
the electronic structure of the interfacial Pt atoms [26]. As shown in Table 16.1,
when a Pt13 cluster was supported on a defective structure, εd was at least 0.14 eV
more negative than the value for a Pt13 cluster supported on the PG. This reduction
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Fig. 16.10 Isosurfaces of
the charge density difference
of a Pt13 cluster on the
graphite with 2DV. The
density increases in the
yellow regions and decreases
in the blue regions. The
isosurface value is 50 e/nm3.
Reprinted from Kakitani
et al., Surf. Coat. Technol.
355, 259 (2018), with
permission from Elsevier

Table 16.1 Average d-band center values of the three Pt atoms in contact with pure graphite and
with graphite layers containing various types of defective structures. This table is adapted from
Table 1 of the paper, Kakitani et al., Surf. Coat. Technol. 355, 259 (2018)

Substrate or defective structure PG SV DC 2SV 2DV

d-band center (eV) −2.79 −2.95 −2.94 −3.09 −2.93

weakens the binding of O and OH species on the Pt structure and promotes the rate-
limiting step of the ORR (removal of adsorbed species from the Pt surface). Thus,
ion-beam irradiation-induced lattice defects would lead to the enhancement of the
ORR activity of Pt NPs.

Finally, aGC substratewas irradiatedwithAr ions, and thenPtNPswere deposited
on its surface. The C K-edge XAS measurements and DFT calculations in the above
demonstrated the modification of the Pt–C interaction occurring at the Pt-carbon
support interface and possibility of exhibiting high ORR activity. Thus, the XPS
analysis was performed to confirm the Ar+-implantation-induced interface structure
which was correlated with the enhanced activity. The experiments using the GC
substrate involved the irradiation with 380 keV Ar+, heating at 400 °C in an N2

atmosphere for 1 h to remove surface contaminations, and sputter deposition of Pt
NPs on its surface. The diameter of the resulting NPs ranged from 5 to 10 nm [27].

Figure 16.11a shows the Pt 4f XPS spectrum of the Pt NPs on the GC substrate
pre-irradiated with Ar ions at a fluence of 1.0 × 1016 ions/cm2, compared with the
spectra of the Pt NPs on a non-irradiated substrate and a Pt foil standard sample.
The Pt 4f7/2 peak in the prepared samples was broader on the high-energy side than
the peak for the Pt foil, suggesting the presence of Pt–C bonding between the GC
substrate and the deposited Pt NPs. Figure 16.11b compares C 1 s XPS spectra
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Fig. 16.11 a Pt 4f XPS spectra of Pt NPs on a GC substrate pre-irradiated with 380 keV Ar+ at a
fluence of 1.0 × 1016 ions/cm2, Pt NPs on a non-irradiated GC substrate, and the standard Pt foil.
b C 1 s XPS spectra of the same samples. Reprinted from Kimata et al., Surf. Coat. Technol. 306,
123 (2016), with permission from Elsevier

between the pre-irradiated and non-irradiated GC substrates with the Pt NPs. The
spectrum of the irradiated GC substrate with the Pt NPs exhibited a wider peak than
that for the non-irradiated one; a small bump on the low binding energy side was
seen only in the spectrum of the irradiated GC substrate with the Pt NPs. This result
can be attributed to carbide formation, confirming Pt–C bonding at the interface
[27]. Electrochemical measurements indicated that the ORR activity of Pt NPs on
GC substrates irradiated with Ar ions was increased compared with that of Pt NPs
on non-irradiated GC substrates [28], suggesting that Pt–C bonding at the interface
would be an origin of this improved catalytic activity of the Pt NPs.

16.6 Summary and Perspective

The 2030 Agenda for Sustainable Development, adopted by all United Nations
Member States in 2015, includes 17 Sustainable Development Goals (SDGs), among
which Goal 7 is targeted at ensuring universal access to affordable, reliable, and
modern energy services for all. In this type of global framework, the Japanese govern-
ment, like in other industrialized countries, declared its plan to go carbon neutral in
real terms by 2050. Some of zero-emission, renewable energy technologies that
provide an innovative solution to such a future clean society relate to water electrol-
ysis and fuel cells for hydrogen production and utilization, respectively. Catalysts
in the electrochemical energy conversion and storage devices, called electrocata-
lysts, are mostly noble or non-noble metal NPs on a carbon support or modified
graphitic carbon materials themselves. We demonstrated that ion implantation could
implement two strategic concepts based on morphology and electronic structures for
electrocatalyst design and synthesis: the NP formation and surface/interface control
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due to ion-irradiation effects on carbon materials such as impurity doping and defect
creation.

In this chapter, we summarized recent work on ion implantation in carbon mate-
rials to develop the state-of-the-art catalysts for the HER in electrochemical water-
splitting and for the ORR and FOR in fuel cells. A new approach involves controlling
the interface between GC and the overlying Pt NPs by ion-beam induced atomic
defects in the graphite lattice of the support, which modulated the electronic state of
the Pt NPs for their high electrocatalytic activity. Experiments using more precise
ion beam parameters will enable one to make full use of the advantages of accuracy
and controllability to realize the optimal modification and the multi-level design
of catalytic materials. Furthermore, researchers need to clarify the in-depth mecha-
nism of the interfacial interaction and the structure–activity relationship as a signifi-
cant challenge. Some in situ/operando characterization techniques of TEM, Raman
spectroscopy, and XAS measurements can help achieve such fundamental purposes.
Finally, since ion beam technology is known to be different from other chemical
methods in introducing defect species as well as impurities, targeted theoretical
calculations are imperative to guide and predict various defect engineering methods.
Advanced electrocatalyst synthesis is likely to focus on themulti-element doping and
defect introduction with more controllable contents and distributions. Exploration of
these diverse complex systems will require the power of materials informatics (MI)
including first-principles calculations and data sciences such as big data analysis,
machine learning, and Bayesian inference. We believe that ion beam technology
can be developed as a powerful tool in a wider range of catalytic applications and
ultimately extended to many other fields.

Acknowledgements The authors would like to thank Mr. Sho Kato, Mr. Kenta Kakitani, Prof.
Wei Mao, and Prof. Takayuki Terai of The University of Tokyo, Dr. Hiroyuki Okazaki, Dr. Shunya
Yamamoto, Dr. Akira Idesaki, Dr. Hiroshi Koshikawa, and Dr. Tomitsugu Taguchi of QST, Dr.
Daiju Matsumura of Japan Atomic Energy Agency, and Dr. Tomohiro Kobayashi of RIKEN. This
work was supported in part by JSPS KAKENHI Grants No. 18H01923 and No. 21H04669, and
Collaborative Research Project of Laboratory for Materials and Structures, Institute of Innovative
Research, Tokyo Institute of Technology.

References

1. K. Fukumi, A. Chayahara, K. Kadono, T. Sakaguchi, Y. Horino, M. Miya, J. Hayakawa, M.
Satou, Au+-ion-implanted silica glass with non-linear optical property. Jpn. J. Appl. Phys. 30,
L742–L744 (1991). https://doi.org/10.1143/JJAP.30.L742

2. A.R. Adhikari, M.B. Huang, D. Wu, K. Dovidenko, B.Q. Wei, R. Vajtai, P.M. Ajayan, Ion-
implantation-prepared catalyst nanoparticles for growth of carbon nanotubes. Appl. Phys. Lett.
86, 053104 (2005). https://doi.org/10.1063/1.1856699

3. F. Liang, H. Tian,M. Jia, J. Hu, Pt nanoparticles ion-implanted onto indium tin oxide electrodes
and their electrocatalytic activity towardsmethanol. J. Power Sources 225, 9–12 (2013). https://
doi.org/10.1016/j.jpowsour.2012.09.093

https://doi.org/10.1143/JJAP.30.L742
https://doi.org/10.1063/1.1856699
https://doi.org/10.1016/j.jpowsour.2012.09.093


16 Electrocatalysts Developed from Ion-Implanted Carbon Materials 329

4. L. Wu, H. Wu, X. Wang, H. Zhong, Z. Wang, G. Cai, C. Jiang, F. Ren, A general method
for large-scale fabrication of metal nanoparticles embedded N-doped carbon fiber cloth with
highly efficient hydrogen production in all pH range. Electrochim. Acta 353, 136475 (2020).
https://doi.org/10.1016/j.electacta.2020.136475

5. R.B. Levy,M. Boudart, Platinum-like behavior of tungsten carbide in surface catalysis. Science
181, 547–549 (1973). https://doi.org/10.1126/science.181.4099.547

6. R. Bertoncello, A. Glisenti, G. Granozzi, G. Battaglin, F. Caccavale, E. Cattaruzza, P.Mazzoldi,
Chemical interactions in titanium- and tungsten-implanted fused silica. J. Non-Cryst. Solids
162, 205–216 (1993). https://doi.org/10.1016/0022-3093(93)91239-Y

7. A. Hoffman, P.J. Evans, D.D. Cohen, P.J.K. Paterson, Compaction, distribution, and chemical
bonding of tungsten-implanted glassy carbon. J. Appl. Phys. 72, 5687–5694 (1992). https://
doi.org/10.1063/1.351919

8. S. Kato, T. Yamaki, S. Yamamoto, T. Hakoda, K. Kawaguchi, T. Kobayashi, A. Suzuki, T.
Terai, Nanoparticle formation by tungsten ion implantation in glassy carbon, Trans. Mat. Res.
Soc. Japan 38 (2013) 81–84. https://doi.org/10.14723/tmrsj.38.81

9. I.J. Hsu, D.A. Hansgen, B.E. McCandless, B.G. Willis, J.G. Chen, Atomic layer deposition of
Pt on tungsten monocarbide (WC) for the oxygen reduction reaction. J. Phys. Chem. C 115,
3709–3715 (2011). https://doi.org/10.1021/jp111180e

10. S. Kato, T. Yamaki, S. Yamamoto, T. Hakoda, K. Kawaguchi, T. Kobayashi, A. Suzuki, T.
Terai, Preparation of tungsten carbide nanoparticles by ion implantation and electrochemical
etching. Nucl. Instrum. Meth. Phys. Res. B 314, 149–152 (2013). https://doi.org/10.1016/j.
nimb.2013.05.052

11. H. Jiang, J. Gu, X. Zheng, M. Liu, X. Qiu, L.Wang,W. Li, Z. Chen, X. Ji, J. Li, Defect-rich and
ultrathin N doped carbon nanosheets as advanced trifunctional metal-free electrocatalysts for
the ORR, OER and HER. Energy Environ. Sci. 12, 322–333 (2019). https://doi.org/10.1039/
C8EE03276A

12. D. Guo, R. Shibuya, C. Akiba, S. Saji, T. Kondo, J. Nakamura, Active sites of nitrogen-doped
carbon materials for oxygen reduction reaction clarified using model catalysts. Science 351,
361–365 (2016). https://doi.org/10.1126/science.aad0832

13. K.N.Wood, R. O’Hayre, S. Pylypenko, Recent progress on nitrogen/carbon structures designed
for use in energy and sustainability applications. Energy Environ. Sci. 7, 1212–1249 (2014).
https://doi.org/10.1039/C3EE44078H

14. T. Kondo, S. Casolo, T. Suzuki, T. Shikano, M. Sakurai, Y. Harada, M. Saito, M. Oshima,
M.I. Trioni, G.F. Tantardini, J. Nakamura, Atomic-scale characterization of nitrogen-doped
graphite: effects of dopant nitrogen on the local electronic structure of the surrounding carbon
atoms. Phys. Rev. B 86, 035436 (2012). https://doi.org/10.1103/PhysRevB.86.035436

15. Y. Hashimoto, S. Katafuchi, M. Yoshimura, T. Hara, Y. Hara, M. Hamagaki, Effect of low-
energy nitrogen ion treatment of highly ordered pyrolytic graphite on oxygen reduction reaction
activity. Nanomater. Nanotechnol. 7, 1–8 (2017). https://doi.org/10.1177/1847980417690331

16. A.K. Shukla, M.K. Ravikumar, A. Roy, S.R. Barman, D.D. Sarma, A.S. Aricò, V. Antonucci,
L. Pino, N. Giordano, Electro-oxidation of methanol in sulfuric acid electrolyte on platinized
carbon electrodes with several functional-group characteristics. J. Electrochem. Soc. 141,
1517–1522 (1994). https://doi.org/10.1149/1.2054955

17. S.C. Roy, P.A. Christensen, A. Hamnett, K.M. Thomas, V. Trapp, Direct methanol fuel cell
cathodes with sulfur and nitrogen-based carbon functionality. J. Electrochem. Soc. 143, 3073–
3078 (1996). https://doi.org/10.1149/1.1837166

18. Y. Zhou, R. Pasquarelli, T. Holme, J. Berry, D. Ginley, R. O’Hayre, Improving PEM fuel cell
catalyst activity and durability using nitrogen-doped carbon supports: observations frommodel
Pt/HOPG systems. J. Mater. Chem. 19, 7830–7838 (2009). https://doi.org/10.1039/B910924B

19. Y. Zhou, T. Holme, J. Berry, T.R. Ohno, D. Ginley, R. O’Hayre, Dopant-induced electronic
structure modification of HOPG surfaces: implications for high activity fuel cell catalysts. J.
Phys. Chem. C 114, 506–515 (2010). https://doi.org/10.1021/jp9088386

20. I. Fampiou, A. Ramasubramaniam, Binding of Pt nanoclusters to point defects in graphene:
adsorption, morphology, and electronic structure. J. Phys. Chem. C 116, 6543–6555 (2012).
https://doi.org/10.1021/jp2110117

https://doi.org/10.1016/j.electacta.2020.136475
https://doi.org/10.1126/science.181.4099.547
https://doi.org/10.1016/0022-3093(93)91239-Y
https://doi.org/10.1063/1.351919
https://doi.org/10.14723/tmrsj.38.81
https://doi.org/10.1021/jp111180e
https://doi.org/10.1016/j.nimb.2013.05.052
https://doi.org/10.1039/C8EE03276A
https://doi.org/10.1126/science.aad0832
https://doi.org/10.1039/C3EE44078H
https://doi.org/10.1103/PhysRevB.86.035436
https://doi.org/10.1177/1847980417690331
https://doi.org/10.1149/1.2054955
https://doi.org/10.1149/1.1837166
https://doi.org/10.1039/B910924B
https://doi.org/10.1021/jp9088386
https://doi.org/10.1021/jp2110117


330 T. Kimata et al.

21. D.-H. Lim, J.Wilcox, DFT-based study on oxygen adsorption on defective graphene-supported
Pt nanoparticles. J. Phys. Chem. C 115, 22742–22747 (2011). https://doi.org/10.1021/jp2
05244m

22. T. Kimata, K. Kakitani, S. Yamamoto, T. Yamaki, T. Terai, K.G. Nakamura, Platinum nanopar-
ticles on HOPG surface modified by 380 keVAr+ irradiation: TEM and Raman studies. Radiat.
Eff. Defects Solids 175, 433–439 (2020). https://doi.org/10.1080/10420150.2020.1737866

23. T. Kimata, K. Kakitani, S. Yamamoto, T. Yamaki, T. Terai, K.G. Nakamura, Raman spec-
troscopy of Ar+-irradiated graphite surface supporting platinum nanoparticles. Nucl. Instrum.
Meth. Phys. Res. B 444, 6–9 (2019). https://doi.org/10.1016/j.nimb.2019.02.005

24. H. Okazaki, K. Kakitani, T. Kimata, A. Idesaki, H. Koshikawa, D.Matsumura, S. Yamamoto, T.
Yamaki, Changes in electronic structure of carbon supports for Pt catalysts induced by vacancy
formation due to Ar+ irradiation. J. Chem. Phys. 152, 124708 (2020). https://doi.org/10.1063/
1.5144568

25. K. Kakitani, T. Kimata, T. Yamaki, S. Yamamoto, D. Matsumura, T. Taguchi, T. Terai, X-ray
absorption study of platinum nanoparticles on an ion-irradiated carbon support. Radiat. Phys.
Chem. 153, 152–155 (2018). https://doi.org/10.1016/j.radphyschem.2018.09.017

26. K. Kakitani, T. Kimata, T. Yamaki, S. Yamamoto, T. Taguchi, T. Kobayashi, W. Mao, T. Terai,
The interface between platinum nanoparticle catalysts and an Ar+-irradiated carbon support.
Surf. Coat. Technol. 355, 259–263 (2018). https://doi.org/10.1016/j.surfcoat.2018.01.044

27. T. Kimata, S. Kato, T. Yamaki, S. Yamamoto, T. Kobayashi, T. Terai, Platinum nanoparticles
on the glassy carbon surface irradiated with argon ions. Surf. Coat. Technol. 306, 123–126
(2016). https://doi.org/10.1016/j.surfcoat.2016.05.042

28. K. Kakitani, T. Kimata, T. Yamaki, S. Yamamoto, D. Matsumura, I. Shimoyama, A. Iwase,
T. Kobayashi, T. Terai, Catalytic activity of Pt nanoparticles on a glassy carbon substrate
pre-irradiated with Ar ions. QST Takasaki Ann. Rep. 2015, 42 (2017)

https://doi.org/10.1021/jp205244m
https://doi.org/10.1080/10420150.2020.1737866
https://doi.org/10.1016/j.nimb.2019.02.005
https://doi.org/10.1063/1.5144568
https://doi.org/10.1016/j.radphyschem.2018.09.017
https://doi.org/10.1016/j.surfcoat.2018.01.044
https://doi.org/10.1016/j.surfcoat.2016.05.042


Chapter 17
Bottom-up Synthetic Approaches
to Carbon Nanomaterial Production
in Liquid Phase by Femtosecond Laser
Pulses

Tomoyuki Yatsuhashi and Takuya Okamoto

Abstract Carbon nanomaterials, which are widely used in a variety of scientific and
industrial applications, have been synthesized by various methods such as mechan-
ical milling of bulk carbons. Another top-down synthetic approach, the laser ablation
of a carbon source such as graphite immersed in liquid, has been extensively studied
because of its simplicity and validity. In contrast to those top-down approaches, we
introduce bottom-up synthetic approaches to producing carbon nanomaterials by
laser irradiation of organic molecules in this chapter. Focused intense femtosecond
laser pulses trigger the ionization and subsequent reactions of reactants and/or
solvents, followed by carbonization. The use of water as a liquid medium allows
for the generation of reactive species such as hydrated electrons and hydroxyl radi-
cals in very confined volumes. Depending on the reactive species participating in the
primary reaction, the subsequent reactions and the characteristics of resultant carbon
nanomaterials are determined. This molecular-based method can utilize a variety of
molecules and could produce desired products, such as carbon nanoparticles with
high-density fluorine atoms as well as hydrophilic carbon nanomaterials. Nanopar-
ticle synthesis in the liquid phase can utilize not only neat liquid but also mixtures
of molecules, aqueous solutions, water/organic bilayer solutions, and emulsions that
serve optimal reaction environments for a novel avenue of nanomaterial production.
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17.1 Introduction

Nanosized carbons are fundamental materials and have been used in a wide variety
of applications such as catalysts, bioimaging, sensors, solar energy conversion, and
so on [1–9]. A large number of methods for the synthesis of carbon nanomaterials
of appropriate size, morphology, elemental composition, and surface characteristics
have been proposed. Thesemethods are categorized into the top-down and bottom-up
approaches summarized in Fig. 17.1. In the case of top-down process, nanomaterials
are obtained by the breakdown of bulk materials. In bottom-up process, on the other
hand, nanomaterials are obtained by the growth of atoms or molecules (molecular
fragments). These syntheticmethods are also classified by themanufacturing process
such as arc-discharge, pulsed laser deposition, milling, laser ablation in liquid, chem-
ical vapor deposition, chemical reduction, co-precipitation, solvothermal method,
sol–gel method, thermal decomposition, organic synthesis, and so on (Fig. 17.1).
This section focuses on the use of pulsed lasers, which is a typical high-energy
source, to produce carbon nanomaterials by physical or chemical processes.

Extensive and intensive studies on the synthesis of carbon nanomaterials in
different phases (gas, liquid, solid) and on their interfaces (gas/solid, liquid/solid) by
pulsed laser irradiation have been reported (Fig. 17.2) [10]. It should be noted that the
mass production of nanomaterials by a laser-induced reaction is difficult in the gas
phase since the density of a reactant is determined by its vapor pressure (Fig. 17.2a).
Although the quantity of products is limited, interesting experiments that can be

Fig. 17.1 Brief summary of nanomaterial synthetic methods. CNT—carbon nanotube; GP—
graphene; CB—carbon black; DLC—diamond-like carbon; CD—carbon dot; ND—nanodiamond
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Fig. 17.2 Nanomaterial
production in various phases
or interfaces by laser pulses.
Reprinted with permission
from [10]. Copyright 2017
The Laser Society of Japan

performed only by femtosecond laser pulses have been reported. Due to the large
spectral bandwidth of femtosecond laser pulses, spatially confined microplasma can
be formed by shaping laser pulses (790 nm, 35 fs) [11]. The production of spherical
and non-spherical nanocarbons in the microplasma of methane was carried out. In
contrast to the tightly focused reaction environments, amorphous carbon films and
nanoparticles were formed in filaments (total length about 30−150 mm) generated
in gaseous ethylene by focusing femtosecond laser pulses (800 nm, 45 fs) with a
long focal lens [12].

It is advantageous to choose solid reactants because the density is much higher
than that in the gas phase. Pulsed laser ablation/deposition (Fig. 17.2b) is known as a
useful means of forming thin-layered films consisting of carbons such as amorphous
diamond-like carbons (DLCs) [13, 14]. It should be noted that not only elemental
carbons but also frozen molecules such as acetone [15], a series of normal aliphatic
alcohols (790 nm, 130 fs) [16], and hexane (800 nm, 100 fs) [17] have been used
as carbon sources. Liquid is also a good choice as a reactant since its density is
comparable to that of solid. When we used organic liquid as a reactant (Fig. 17.2c),
fragmentation followed by associations resulted in various carbon species. Produc-
tion of aggregated carbons in organic liquid exposed to ultraviolet nanosecond laser
pulses has been awell-known phenomenon [18]. However, the complicated reactions
originating in the subsequent photoreactions as well as from photoheating are hard
to control well enough to form desired products. In contrast, femtosecond laser irra-
diation of organic liquid is regarded as a moderate route for synthesizing a variety
of polyynes. Polyyne formation was reported in aliphatic hydrocarbons [19, 20]
(800 nm, 100 fs) and acetone (800 nm, 90 fs) [21], whereas polyynes and carbon
nanoparticles (CNPs) (800 nm, 120 fs) [22] or DLCs (780 nm, 100 fs) [23] were
formed in benzene.

Although a solid is served as in the cases of pulsed laser ablation/deposition, laser
ablation in liquid (LAL) [24], in which a solid reactant immersed in liquid medium
is exposed to laser pulses followed by ablation and subsequent production of nano-
materials (Fig. 17.2d), has been actively studied. LAL has been utilized to produce
various nanomaterials consisting of metals, semiconductors, insulators, and carbons.
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In comparison with experiments in the gas phase or at the gas/solid interface, LAL is
advantageous because it enables rapid heating of reactants by laser pulses and cooling
by the surroundings to confine the products. Extensive reviews aboutLAL fromscien-
tific and technological viewpoints have been published [25–36]. For the production
of carbon nanomaterials by LAL, nanosecond laser pulses have mainly been used
[37]. Here we refer to a variety of carbon products by LAL using femtosecond laser
pulses: graphene and polyynes from a highly oriented pyrolytic graphite plate in
water (800 nm, 35 fs) [38]; carbon dots (CDs) from graphite powder in various
solvents (ethanol, ethylenediamine, N-methyl pyrrolidone) (800 nm, 150 fs) [39–
43]; and nanodiamonds (NDs) from glassy carbon or graphite powder in organic
solvent (acetone, ethanol) (800 nm, 100 fs) [44].

The discussion in this chapter focuses on carbon nanomaterial production
in the liquid phase by femtosecond laser pulses as shown in Fig. 17.2c.
Section 17.2 describes the characteristic phenomena caused by femtosecond laser
pulses in condensed medium such as filamentation. In Sect. 17.3, the details of
nanoparticle production in neat organic liquid are introduced not only from aromatics
but also from other molecules, while in Sect. 17.4 we describe the synthesis of carbon
nanomaterials in aqueous solution and a bilayer of water and organic liquid. Finally,
in Sect. 17.5 we summarize the studies in this field.

17.2 Femtosecond Laser Pulses in Condensed Medium

This chapter describes the production of nanomaterials in organic liquid (Fig. 17.2c)
particularly using femtosecond laser pulses. Unlike the case with nanosecond laser
pulses, the penetration of femtosecond laser pulses into condensed medium as in
the cases of Fig. 17.2c, d, causes the distortion of the pulses due to group velocity
dispersion (GVD). In this chapter, we show only two parameters of laser pulses
(wavelength, pulse durations) for each nanomaterial production. However, these
values are listed only for reference and are not realistic to reproduce the actual
experimental conditions. We would need whole parameters such as repetition rate,
diameters and divergence of the incident beam (beam profile); emission spectrum
and chirp information; the diameter and focal length of the lens; the material and
thickness of the optical cell wall if one is used; the distance between the ideal focal
plane and the wall of the optical cell (or the liquid surface), and so on. The most
serious concern is the elongation or shortening of laser pulse duration depending
on the chirp characteristics. If a transform-limited pulse is used for irradiation, the
pulse duration in liquid should be elongated. We need to compensate the GVD to
use the shortest pulse in desired location in liquid, but this is difficult to accomplish
[45]. In addition, the high intensity of femtosecond laser pulses causes significant
nonlinear effects, namely self-focusing. Thus, the ordinal index of the incident laser
pulse, fluence (J cm−2), might be an index. Furthermore, the peak laser intensity (W
cm−2) in condensed medium is not easily obtained due to the change in both pulse
duration and focal area (volume).
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If femtosecond laser pulses are tightly focused on liquid by a short focal-length
lens with a high numerical aperture, optical breakdown is triggered by multiphoton
ionization followed by avalanche ionization, and finally results in the generation of
high-density plasma. Even underweakly focused condition, femtosecond laser pulses
can ionize condensed medium at very low laser energy (below 1 µJ) [46]. Since the
refractive index of plasma (electrons) is lower than that of the surroundings, the
balance between self-focusing by a nonlinear refractive index of the medium and
defocusing by plasma creates filaments which are accompanied by supercontinuum
generation, namely by a white light laser, due to self-phase modulation as shown
in Fig. 17.3 [47–49]. Figure 17.4 shows numerical simulation of the plasma density
and laser intensity when negatively chirped femtosecond pulse (800 nm, 75 fs) pene-
trated in water through a microlens with low numerical aperture [50]. Filament is
often called as low-density (cold) plasma but the density of electrons in laser-induced
plasma in water reaches 1018 cm−3 as shown in Fig. 17.4a, which is high enough to
reduce not only noble metal ions but also lanthanoid ions with negative reduction
potentials (Sm3+, −1.55 V vs. SHE) [51]. The concern of filamentation for nano-
material production is that the amount of product is expected to be small because

Fig. 17.3 Schematic illustration of filament formation by focused femtosecond laser pulse
accompanied by supercontinuum

Fig. 17.4 Numerical simulation of the a plasma density and b laser intensity when negatively
chirped femtosecond pulse was focused on water using a microlens (numerical aperture = 3.3 ×
10−3). Horizontal and vertical axes correspond to laser propagation (z) and radial (r) direction.
Adapted with permission from [50]. Copyright 2019 American Chemical Society
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only a small part of the reactant solution is exposed to a filament, whose diameter is
10−100 µm. Nevertheless, filamentation-induced phenomena have attracted much
attention in physics, chemistry, biology, and medicine from both fundamental and
applied scientific perspectives [52–54].

Furthermore, the difference in laser intensity between gas and condensed medium
should be mentioned. In a vacuum, it is easy to achieve laser intensity up to
1016 W cm−2 by a conventional femtosecond laser system. In the gas phase, such a
high-intensity laser electric field strips many electrons from a molecule, followed by
Coulomb explosion [55, 56]. However, filamentation in condensedmedium keeps the
laser intensity constant, in a phenomenon called intensity clamping (ca. 1013 W cm−2

as shown in Fig. 17.4b) [57]. As a result, the physical and chemical phenomena in
the liquid phase triggered by femtosecond laser pulses are quite different from those
in the gas phase, even though the incident laser energy (fluence) is the same. It is not
possible to discuss simply what happens in the liquid phase based on experimental
and theoretical results obtained in the gas phase.

17.3 Synthesis of Characteristic Carbon Nanomaterials
in Neat Organic Liquids

As described in the introduction, CNPs and/or DLCs are formed from an aromatic
hydrocarbon (benzene) by femtosecond laser irradiation. However, the production
of carbon nanomaterials from other organic liquids has rarely been reported. The
production of polyynes was known in aliphatic hydrocarbons (hexane and decane)
[19] and in acetone [21], but the production of carbon nanomaterials (carbon precip-
itates) has not been reported in those organic liquids. In general, we cannot say what
kind of molecule should be used to produce carbon nanomaterials because their
production depends strongly on the properties of laser irradiation conditions. For
example, the production of CNPs (800 nm, 120 fs) and/or DLCs (780 nm, 100 fs)
from benzene by femtosecond laser irradiation was reported [22, 23]. Although no
precipitates were formed, the coloration of benzene to pale yellowwas observed after
femtosecond laser irradiation under other experimental conditions (0.8 µm, 40 fs)
[58]. There are no general answers at the moment, and any organic liquid may or
may not be a source of carbon nanomaterials. As far as we know, the production of
carbon nanomaterials by femtosecond laser irradiation of neat organic liquid has been
reported for acetonitrile [59], benzene [22, 23], ethanol [60, 61], hexafluorobenzene
[62], and toluene [63, 64].

Two of the difficulties arising from this bottom-up approach are the applica-
bility and complexity of chemical reactions toward the formation of nanomate-
rials. Thus, it is challenging to control the chemical composition, structure, size,
morphology, surface characteristics, and so on. The primary reaction of neat organic
liquid exposed to femtosecond laser pulses is ionization (excitation). The primary
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products are (solvated) electrons and the cation radicals of reactants. Secondary reac-
tions are dependent on the reactants: recombination, fragmentation, ring cleavage,
isomerization, and association. One focus of this method is on whether heteroatoms
and/or hydrophilicity can be introduced. First, we introduce here the incorporation of
heteroatoms into carbon nanomaterials by choosing liquid organic reactants. Doping
nitrogen and/or fluorine atoms into carbonnanomaterials dramatically changes chem-
ical, electronic, andmechanical properties such as solubility, catalytic activity, redox,
and surface friction. Especially, the improvement of the luminescence and of the
redox activity of carbon nanomaterials is important for bio-application and for the
oxygen reduction reaction catalysts for fuel cells, respectively. We show the fluorine
incorporation to CNPs by choosing hexafluorobenzene (HFB, C6F6) as a reactant
[62]. The color of HFB in a quartz cuvette turned dense black after laser irradi-
ation (0.8 µm, 40 fs). We then checked the characteristics of products by adding
water to the resultant solutions. Figure 17.5a shows the appearance of the cuvette
(left) just after laser irradiation and (right) after the addition of water followed by
shaking. The lower and upper layers are HFB and water, respectively. Some carbon
particles were observed in the upper part of the cuvette, but they were just floating
on the water. The water phase stays transparent, and the resultant carbon particles
are not dispersed in water. TEM observation shows that almost all particles were
agglomerated (Fig. 17.5b). The agglomerated form did not change after the dilution
by 100-fold HFB. As-prepared CNPs from neat HFB were hydrophobic, but in the
next section we show that the particles can be dispersed in water by sonication.

The processes toward forming CNPs include ionization and presumably violent
fragmentations of HFB. Thus, the resultant carbon particles should involve carbon
and fluorine atoms. Since the reactions were carried out under an air atmosphere
and HFB was not degassed and dehydrated prior to laser irradiation, the contamina-
tion of oxygen atoms was expected. The atomic compositions on the surface were

Fig. 17.5 a The cuvette (left) just after laser irradiation of HFB and (right) after the addition of
water followed by shaking. b TEM image of resultant carbon particles formed in HFB without
centrifugation (scale bar: 1 µm; inset, 100 nm)
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measured by an X-ray photoemission spectrometer (XPS), and those of the bulk
carbon particles were measured by a scanning electron microscope equipped with an
energy-dispersive X-ray spectrometer (SEM-EDS). Figure 17.6 shows the spectra of
carbon particles produced in HFB measured by XPS and SEM-EDS. The F/C ratio
of the CNPs was about 0.3–0.4, which in Fig. 17.7 is compared with those of other
fluorine-containing carbonmaterials synthesized by different methods. The reactants
were C6F13CH2CH2OH (a, solvothermal method) [65], glucose and (C2H5)3N•3HF
(b, solvothermalmethod) [66], C6H5CF3 (c, solution plasma) [67], andC6F6 (d, laser-
induced filamentation) [62]. The F/C ratios of the reactants used in those methods
were 1.63, 0.43, 0.5, and 1, respectively. Therefore, the F/C ratios of the products
(surface measured by XPS) relative to that of the reactant were 0.14, 0.24, 0.10, and
0.37, respectively. Those compared for the bulk particles (measured by SEM-EDS)
were 0.017, 0.26, 0.14, and 0.28, respectively. Based on these values, we suggest
that femtosecond laser-induced filamentation is an efficient means of incorporating
fluorine atoms to carbon particles.

Since the incorporation of fluorine atoms into CNPs was successful by choosing
C6F6, we could expect the incorporation of heteroatoms by selecting suitable
substituents on aromatics. In contrast, the association of fragments forming carbon

Fig. 17.6 XPS (a, C1s; b, O1s; c, F1s) and (d) SEM–EDS spectra of CNPs produced in HFB. The
inset of (d) shows the SEM image of agglomerated CNPs (scale bar: 30 µm). From [62] Copyright
2015 by John Wiley Sons, Inc. Adapted by permission of John Wiley & Sons, Inc
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Fig. 17.7 F/C atomic ratio
of the surface (filled) and
bulk (open)
fluorine-containing carbon
particles produced by
different methods: a
solvothermal method
(C6F13CH2CH2OH), b
solvothermal method
((C2H5)3 N•3HF), c solution
plasma (C6H5CF3), d
laser-induced filamentation
(C6F6). Data were taken
from [62, 65–67]

nanomaterials might not be expected for liquid non-aromatics. Actually, carbon
networks larger than polyynes were not reported in the cases of acetone and aliphatic
hydrocarbons. Therefore, the fact that CDswere formed from acetonitrile and ethanol
is noteworthy because various organic liquids will be available as reactants in the
future. To further understand the applicability of the filamentation chemistry of
organic molecules, we first introduce the synthesis of nitrogen-doped luminescent
CDs from acetonitrile (800 nm, 50 fs) [59]. Figure 17.8 shows wide and narrow
scans of XPS spectra of CDs produced from acetonitrile. TheN/C ratio of the product
measured by XPSwas reported to be 0.297 (surfaces of CDs), whereas that measured
by elemental analysis was 0.571 (whole CDs). Since the N/C ratio of the reactant
was 0.5 (CH3CN), the resultant CDs gained more nitrogen atoms inside than the
reactant acetonitrile. This result is very promising for the production of heteroatom-
rich carbon nanomaterials because conventional solvent can be used as a source
of valuable carbon nanomaterials. Supposing that not the whole molecule (N/C =
0.5) but only the CN fragments (N/C = 1) mainly contribute to the production of
CDs, the large N/C ratio is not surprising. To understand the reaction mechanism,
isotope-labeled reactant might be used to investigate the origins of carbons.

Production ofNDs from ethanol (1025 nm, 500 fs) also indicates the further poten-
tial of filamentation chemistry for nanomaterial synthesis because carbon nanoma-
terials were formed from a molecule consisting of single bonds [60, 61], whereas
aromatics and acetonitrile have double and triple bonds, respectively. If the quench of
reactive carbon intermediates is not significant and/or important in the liquid phase,
production of nanodiamonds in neat ethanol is expected because the deposition of
DLC film was carried out by the laser ablation of frozen alcohol. In cases of laser
ablation of frozen alcohol, the active and quenched forms of intermediates such as
hydrogen, CH3, CH4, and CO were detected by mass spectroscopy in the ablation
atmosphere [16]. Figure 17.9 is a picture of the supercontinuum and the absorbed
energy with respect to the incident laser energy in ethanol. Under this experimental
condition, filamentation starts at around 100 µJ, at which the absorption of laser



340 T. Yatsuhashi and T. Okamoto

Fig. 17.8 XPSwide a and narrow (b, O1s; c, N1s; d, C1s) scans of CDs produced from acetonitrile.
Reprinted from [59], Copyright 2021, with permission from Elsevier

energy increased sharply. Figure 17.10 shows the emission spectra of C2, neutral
hydrogen (HI), and neutral (CI) and doubly ionized atomic carbons (CIII) as a func-
tion of incident laser energy. C2 emission was noticeable when the incident laser
energy was more than twice the energy of filament generation (Fig. 17.10c). The
threshold laser energy of atomic carbon emission, which was higher than that of
the carbon cluster, coincided with the appearance laser energy of NDs (>300 µJ).
Consequently, the observation of the atomic line emissions of carbons, in addition to
the observation of supercontinuum radiation, shows the importance of the atomic and
molecular fragments generated in filaments as sources of NDs in liquid ethanol. Nee
and coworkers suggested that intensity clamping inside filaments plays an impor-
tant role in regulating ND size [60]. Although multiple filaments are formed at high
incident laser energy, the interaction inside each filament is identical because the
laser intensity is clamped inside any filament. Thus, the dissociation and nucleation
processes occur in a “naturally controlled environment” for the formation of NDs
with homogeneous size distribution. It was clarified that the observation of atomic
emission lines as well as of the supercontinuum gives us fruitful information about
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Fig. 17.9 Ratio of absorbed energy by ethanol as a function of incident energy of femtosecond
laser pulse. Filamentation began in region 2. Reprinted from [60] by The Authors licensed under
CC BY 4.0

the fragmentation process and intermediates under filamentation in the liquid phase.
Emission spectroscopy of the other components of plasma, such as F, CN, CF, OH,
and molecular fragments, would be helpful for investigating the reaction mechanism
underlying functionalized carbon nanomaterial production.

17.4 Production of Carbon Nanomaterials in Aqueous
Solution, Bilayer of Organic Liquid and Water,
and Living Cells

Bare CNPs usually form agglomerates due to their hydrophobic character. A lot of
studies have been concerned with the control of size, morphology, and surface char-
acteristics of CNPs. In order to use CNPs as chemical, biological, and medical mate-
rials, it is important to control the dispersion stability of CNPs in water. However,
the modification of a CNP surface usually requires multistep processes by long-
term heating with acid after the preparation of bare nanoparticles [68–70]. There-
fore, the synthesis of hydrophilic CNPs in a one-pot, single-step process has been
expected. Aggregation and/or agglomeration of CNPs cannot be avoided when we
use neat organic liquid as described in Sect. 17.3 Thus, one can simply imagine
that a hydrophilic character can be attached to CNPs by treating organic molecules
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Fig. 17.10 Emission spectra during femtosecond laser irradiation to ethanol under a low and b high
incident energy conditions. c Intensity of emission as a function of incident laser energy. Reprinted
from [61], Copyright 2019, with permission from Elsevier

in water by femtosecond laser pulses. It should be mentioned that the reactions of
water dominate those of dissolved organic molecules in aqueous solution because
the concentration of water is much higher than that of solute. The primary reac-
tions occurring in water are ionization (17.1) and excitation (17.2) as in the cases
of neat organic liquid. However, complicated chemical reactions follow in water as
shown in (17.3−17.15). We show only representative reactions here. Strong oxidant
(hydroxyl radical, HO•) and reductants (hydrated electron, e−

aq; hydrogen radical,
H•) are formed in the primary processes (17.1−17.5, < 1 ps). In the succeeding
processes, those intermediates are consumed (17.6−17.15). The final products of
water exposed to femtosecond laser pulses are H2, H2O2, and O2 [71]. Supposing
that the subsequent exposures of organic molecules to those strong oxidants and/or
reductants occur within their lifetimes, carbon nanomaterials or at least their inter-
mediates are finally formed. The initial reactions of organic molecules with reactive
species (HO•, e−

aq, H•) generated by photolysis, radiolysis, and discharges have
been well-studied. However, the details of the successive reactions as well as of the
photoexcitation of the intermediates of carbon nanomaterials during laser irradiation



17 Bottom-up Synthetic Approaches to Carbon Nanomaterial … 343

(filamentation) might not be clarified in situ.

H2O → H2O
+• + e− (17.1)

H2O → H2O
∗ (17.2)

e− + H2O → e−
aq (17.3)

H2O
+• + H2O → H3O

+ + HO• (17.4)

H2O
∗ → HO• + H• (17.5)

e−
aq + O2 → O−•

2 (17.6)

e−
aq + e−

aq + 2H2O → H2 + 2HO− (17.7)

e−
aq + H• + H2O → H2 + HO− (17.8)

e−
aq + H3O

+ → H• + H2O (17.9)

e−
aq + HO• → HO− (17.10)

HO• + HO• → H2O2 (17.11)

HO• + H• → H2O (17.12)

HO• + H2 → H• + H2O (17.13)

H• + H• → H2 (17.14)

H• + O2 → HO•
2 (17.15)

We introduce an interesting example in which the production of hydrophilic or
hydrophobic CNPs is dependent on the concentration of reactant (benzene) in water.
A laser beam (0.8 µm, 40 fs) was focused on aqueous benzene solution in a quartz
cuvette. The aqueous benzene solution (2.2 × 10−3 mol dm−3) before and after irra-
diation was colorless and transparent, and Tyndall scattering was not observed. In
contrast, the solution became colloidal after some induction period as we increased
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Fig. 17.11 Time evolution of the transmittance of aqueous benzene solution. The concentration of
benzene was 2.2 × 10−3 (inverted triangles), 5.6 × 10−3 (diamonds), 8.6 × 10−3 (triangles), 1.2 ×
10−2 (circles), and 1.7 × 10−2 mol dm−3 (squares). The vertical bars show the standard deviation
obtained in the five measurements

the benzene concentration. Thus, we observed the time evolution of the transmit-
tance of the aqueous benzene solution by using a diode laser (635 nm) as shown in
Fig. 17.11. The transmittancewas not changedwhen the dilute (2.2×10−3 mol dm−3)
aqueous benzene solutionwas irradiated, as we observed by the naked eye. The trans-
mittance was decreased after an induction period (<5 min) when the concentration
of benzene was higher than 5.6 × 10−3 mol dm−3. As we increased the benzene
concentration, the production of particles accelerated and the transmittance of the
resultant solution decreased. Figure 17.12 shows the cuvette after laser irradiation
of 1 cm3 aqueous benzene (a, 9.0 × 10−3 mol dm−3; b, 1.5 ×10−2 mol dm−3).
At first glance, both solutions seem to be colloidal, and particles are dispersed in
water. However, the particle characteristics are not identified only by their appear-
ance. We then shook the solution after adding 1 cm3 benzene to confirm the particle
characteristics. The particles did not move to the benzene layer from the diluted
aqueous benzene (Fig. 17.12a, right), whereas most of the particles moved to the
benzene layer from the concentrated aqueous benzene (Fig. 17.12b, right). There-
fore, it is concluded that the affinity of the particles to water is determined by the
initial concentration of benzene in water.

Hydrophilic CNPs were formed when we kept a low concentration of benzene in
water. However, the production mass of CNPs should be low because it is limited
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Fig. 17.12 The cuvette after laser irradiation. The concentrations of aqueous benzene were a 9.0×
10−3 and b 1.5 × 10−2 mol dm-3. The solution just after laser irradiation (left) was shaken by hand
with 1 cm3 of benzene to confirm the distribution of CNPs between the benzene layer and the water
layer (right)

by the total amount of benzene in water. Therefore, we needed a different strategy
to produce more hydrophilic CNPs. Here we utilized the interface between benzene
and water. Figure 17.13 shows the benzene/water bilayer solution after irradiation
with femtosecond laser pulses (0.8 µm, 40 fs) [58]. The upper and lower layers are
benzene and water, respectively. From left to right, the laser beam was focused on
(a) the bottom of the water layer, (b) the benzene layer through the benzene/water
interface (meniscus), and (c) the benzene layer. The use of the benzene/water bilayer
dramatically enhanced the production of CNPs compared with that in neat benzene.

Fig. 17.13 The cuvette after
laser irradiation (0.8 µm,
40 fs). The laser beam was
focused on a the bottom of
the water layer, b the
benzene layer through the
benzene/water interface
(meniscus), and c the
benzene layer. Adapted with
permission from [58].
Copyright 2015 The
Chemical Society of Japan
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As the nanoparticle generation in benzene was quite inefficient under our experi-
mental conditions [58], CNP generation mechanism should have been different from
that in neat benzene [22, 23]. In the case of (a), the black colloidal particles appeared
not from the laser focal spot but from the benzene/water interface even though the
laser was irradiated to the bottom of the water layer. The water layer finally became
a homogeneous black colloidal solution, whereas the benzene layer was transparent.
In the case of (b), dense particles were formed in the water layer and large particles
also existed in the benzene layer. The particles were identified as (a) hydrophilic
and (b) hydrophobic by shaking the solution, the same as in Fig. 17.12. The merits
of using the benzene/water interface are (1) only hydrophilic CNPs were formed
because the concentration of benzene in the water layer was limited by the interface,
and (2) dense hydrophilic CNPs were formed because benzene was continuously
supplied into the water through the interface. For these reasons, the bilayer solution
should not be mixed if we need only hydrophilic CNPs.

It was finally found that the focal-position-dependent chemistry shown in
Fig. 17.13 originated in the concentration of benzene in water, which is impor-
tant for determining the secondary reactions [72]. As we mentioned earlier, one can
simply imagine that CNPs can be made hydrophilic by treating organic molecules
in water. This expectation is based on the fact that hydroxyl radical is generated in
water by femtosecond laser irradiation (17.4 and 17.5). Figure 17.14a shows the IR
spectra of hydrophilic and hydrophobic CNPs produced from benzene. As expected,
hydroxyl groups were found in hydrophilic CNPs but not in hydrophobic CNPs.
These results straightforwardly explain the affinity of CNPs to water. Thus, a simple
question arises: What did determine the presence or absence of hydroxyl groups in
CNPs. The bottom-up CNP production approach is initiated by the chemical reac-
tion between reactive species generated in water and dissolved organic molecules.
The reaction rate constants of benzene with HO•, H•, and e−

aq are 7.6 × 109, 5.3 ×
108, and 1.2 × 107 dm3 mol−1 s−1, respectively. Therefore, the addition of HO•

to benzene dominantly occurs. Figure 17.15 shows simplified reaction schemes of

Fig. 17.14 IR spectra of CNPs produced a in benzene/water bilayer and b in HFB or HFB/water
bilayer.
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Fig. 17.15 Simplified reaction schemes of benzene (upper) and HFB (lower) with reactive species
generated in water by femtosecond laser pulses.

benzene with hydroxyl radical [73]. The chemical reaction of hydroxy cyclohexadi-
enyl radical (1) branches to dimerization to form biphenyl or the addition of oxygen
to hydroxy cyclohexadienyl peroxyl radical (2). The oxygen adduct 2 transforms to
phenol. Since the reaction solution is saturated with oxygen due to the decompo-
sition of water, phenol is formed when the concentration of benzene is low. If the
concentration of benzene is sufficient, biphenyl forms. Phenol and biphenyl would
further react with reactive species to lead large aromatics and would finally become
CNPs with different surface characteristics. Figure 17.16 shows a gas chromatogram
of the water layers in which hydrophilic or hydrophobic CNPs are formed. Although
most of the peaks were not assigned, a lot of aromatic molecules were formed in the
former case, indicating the complicated successive reactions, whereas biphenyl was
the dominant species in the latter case.

Fig. 17.16 Gas chromatogram of water layer in which a hydrophilic or b hydrophobic CNPs are
formed in benzene/water bilayer solution by femtosecond laser pulses. Adapted with permission
from [72]. Copyright 2015 The Chemical Society of Japan
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Although benzene andHFB are categorized as aromatics, the resultant CNPs show
different characteristics. Figure 17.14b shows the IR spectra of CNPs produced from
HFB or an HFB/water bilayer solution. The hydroxyl group and other hydrophilic
functional groups were not found in either case. CNPs produced in neat HFB were
introduced as hydrophobic carbon particles in Sect. 17.3 However, CNPs produced
from the HFB/water bilayer solution showed a hydrophilic characteristic as in the
case of benzene. Although their IR spectrawere similar to each other, CNPs produced
from HFB showed different affinities to water depending on the synthetic environ-
ment. These discrepancies are due to the fact that hydrophobic CNPs are highly
agglomerated, whereas hydrophilic CNPs are isolated in water. Therefore, it was
found that the former CNPs can be dispersed in water after sonication. Consequently,
CNPs produced fromHFB have a hydrophilic nature regardless of the synthetic envi-
ronment. Actually, the origin of hydrophilicity is the dominance of semi-ionic and
ionic C-F bonds, which would be very effective for the formation of hydrogen bonds
with water. Analysis of the F1s peak of CNPs produced from the HFB/water bilayer
solution measured by XPS showed that the ratios of ionic, semi-ionic, and covalent
C-F bonds were 10.6, 85.3, and 4.1%, respectively [62]. Unlike hydrophilic CNPs
produced from benzene, that produced from HFB did not have hydroxyl groups
because the initial reaction of HFBwith reactive species differs from that of benzene.
The reaction rate constants of HFB with e−

aq, HO•, and H• were 2.0 × 1010, 2.0 ×
109, and 1.0 × 107 dm3 mol−1 s−1, respectively. Unlike the case with benzene, the
reduction of HFB by hydrated electrons to form anion radical (3) dominantly occurs
(Fig. 17.15). Actually, we do not need water (hydroxyl radical) to form hydrophilic
CNPs from HFB. Pentafluorobenzene radicals (4) formed by the release of fluorine
anion from 3 dimerize to formoctafluorobiphenyl as a secondary product. The further
reactions of octafluoro biphenyl lead to large aromatics and would finally become
CNPs without a hydroxyl substituent. Production of fluorine-rich CNPs is an impor-
tant characteristic of the bottom-up method, but the heteroatom contents of carbon
nanomaterials are not always high. For example, hydrated electrons initiate the reac-
tions of dichloromethane (CH2Cl2) as in the cases of HFB, but almost chlorine-free
and hydrophobic CNPs were formed from aqueous solution and/or a bilayer solution
with water [74].

The bottom-up approach to forming hydrophilic CNPs from organic molecules by
femtosecond laser irradiation depends on the initial reaction of reactantswith reactive
species and the following reactions. Although the chemical reactions toward CNPs
are hardly traceable, the merit of the bottom-up approach is that a variety of organic
molecules can be used as a carbon source. From this point of view, we introduce the
synthesis of heteroatom (nitrogen, boron)-doped CDs using 2-aminopyrimidine-5-
boronic acid (5) as a precursor [75]. Figure 17.17 shows the proposed production
mechanism of CDs from aqueous 5 by femtosecond laser pulses (800 nm, 30 fs).
The detachment of boronic acid radical initiates the cleavages of C-N bonds in the
intermediates 6 and 7 followed by the production of corresponding linear-shaped
intermediates 8 and 9, which are expected to carbonize to form CDs under high-
temperature and high-pressure conditions in filaments. Finally, glucose-sensitive
and emissive carbon nanomaterials were formed by the attachment of boronic acids
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Fig. 17.17 Proposed production mechanism of CDs from aqueous 2-aminopyrimidine-5-boronic
acid (5) by femtosecond laser irradiation

to the surface of CDs, which include pyridinic, pyrrolic, and graphitic nitrogens.
The IR spectra measurements revealed that 5 and the intermediates of CDs (6, 7)
disappeared after about 10 h of irradiation of femtosecond laser pulses. Further-
more, in situ measurements of emissions were carried out to monitor the reaction
processes: second harmonic generation (SHG) by 6 and two-photon emission of CDs.
SHG caused by 6 appeared after about 8 h of laser irradiation, gradually increased
to a maximum value at 13 h, and then gradually diminished. In contrast, two-photon
emission ofCDs appeared after about 8 h laser irradiation and gradually increased to a
constant value after around 12 h. In the case of ethanol, plasma emission gave fruitful
information about the atomic fragments. In situ monitoring of the transformation of
precursormolecules to intermediates andCDs by emission spectroscopy is especially
advantageous for strong luminescent and photostable carbon nanomaterials. In addi-
tion to ex situ measurements such as mass spectroscopy, in situ measurements of
transmittance, absorption spectra, and emission spectra could be used to investigate
the details of chemical reactions from small intermediate to final products. Further,
the reaction would be clarified by making full use of various methods. For example,
in situ measurements of NMR spectra are now possible by flow systems.

Finally, we would like to introduce a very impressive approach to producing
fluorescent CDs to probe intracellular dynamics [76]. Focusing femtosecond laser
pulse trains (690 to 990 nm, 25 fs) from an oscillator by an objective lens onto
mouse germinal vesicle oocytes creates fluorescence CDs in a very confined volume.
Figure 17.18 shows that a bright green spot appeared after the laser irradiationwithout
the injection of any exogenous fluorescent particles. From the observation of fluores-
cence images, luminescent spots were estimated to be less than 200 nm in size, which
is the theoretical resolution limit of the objective lens used. Contrary to the processes
carried out in a vessel, the locations of CDs can be precisely controlled under
microscope. Moreover, this procedure can avoid the problem of the cell membrane
preventing the delivery of exogenous probes to label the cell. The precise origin
of fluorescent CDs is not known, but focusing femtosecond laser pulses produces
bright spots regardless of the cell or its contents (cytoplasm, nucleus, and nucleolus).
The Raman spectrum of the fluorescent spot clearly showed carbon-related bands
(Fig. 17.19a), whereas such peaks were not detected anywhere else. Therefore, intra-
cellular organic molecules should be carbonized to form CDs by femtosecond laser
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Fig. 17.18 Combination of brightfield and fluorescent images of the oocyte a before and b after
exposure to a laser pulse train. A spot produced in the intracellular material upon femtosecond
laser irradiation shows green fluorescence. Scale bar is 20 µm. Adapted with permission from [76].
Copyright 2020 American Chemical Society

Fig. 17.19 a Differential
Raman and b normalized
two-photon fluorescence
spectra of CDs produced in
the oocyte’s cytoplasm by
femtosecond laser
irradiation. Reprinted with
permission from [76].
Copyright 2020 American
Chemical Society
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pulses. Figure 17.19b shows the characteristic (two-photon) fluorescent behavior of
CDs, namely excitation-wavelength-dependent fluorescence. The authors’ prelimi-
nary results showed that the solution of amino acids or lipids also produced lumines-
cent CDs. Therefore, the production of CDs in biomolecules would be a universal
and promising technique that can label in any desired location within the cell while
preserving the viability of a cell.

17.5 Summary

In this chapter, we introduced the production of carbon nanomaterials such as carbon
nanoparticles, carbon dots, and nanodiamonds. The bottom-up syntheses of those
carbon nanomaterials succeeded by the use of organic molecules as liquid reactants,
aqueous solution, and bilayer solution with water. The advantages of the bottom-up
approach are the addition of affinity to water and the control of atomic composition
not only on the surface but also in whole materials. The concern with this unique
process, however, is the complexity of the chemical reactions required to form the
final products. Therefore, this method is not straightforward enough to determine
what kind of materials will be produced by what kind of molecule. The photochem-
istry and/or chemical reactions of reactant and reaction intermediates are important to
determine the physical and chemical properties of resultant carbon nanomaterials. To
solve this issue,more examplesmust be accumulated. Thus far, the literature contains
only limited numbers of examples that use femtosecond laser pulses. Although there
are some restrictions, we can explore suitable reactants for our purpose from more
than 100 million molecules. In contrast to LAL, in which the reactant solid has a
usually uniform chemical composition, the bottom-up approach can mix molecules
in desired ratios, and immiscible conditions, such as bilayer solution and emulsion
[77, 78], can be utilized. Moreover, the experimental conditions can be controlled by
optimizing various experimental parameters as in the cases of LAL. The bottom-up
approach will be very useful and versatile if we can take advantages of those features.
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