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Design and perspective of amorphous metal
nanoparticles from laser synthesis and processing

Shun-Xing Liang, ©2*? Lai-Chang Zhang, {©® Sven Reichenberger® and
Stephan Barcikowski (2 **

Amorphous metal nanoparticles (A-NPs) have aroused great interest in their structural disordering nature
and combined downsizing strategies (e.g. nanoscaling), both of which are beneficial for highly strengthened
properties compared to their crystalline counterparts. Conventional synthesis strategies easily induce product
contamination and/or size limitations, which largely narrow their applications. In recent years, laser ablation
in liquid (LAL) and laser fragmentation in liquid (LFL) as “green” and scalable colloid synthesis methodologies
have attracted extensive enthusiasm in the production of ultrapure crystalline NPs, while they also show
promising potential for the production of A-NPs. Yet, the amorphization in such methods still lacks sufficient
rules to follow regarding the formation mechanism and criteria. To that end, this article reviews amorphous
metal oxide and carbide NPs from LAL and LFL in terms of NP types, liquid selection, target elements, laser
parameters, and possible formation mechanism, all of which play a significant role in the competitive
relationship between amorphization and crystallization. Furthermore, we provide the prospect of laser-
generated metallic glass nanoparticles (MG-NPs) from MG targets. The current and potential applications of
A-NPs are also discussed, categorized by the attractive application fields e.g. in catalysis and magnetism. The
present work aims to give possible selection rules and perspective on the design of colloidal A-NPs as well
as the synthesis criteria of MG-NPs from laser-based strategies.
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disordered atomic structure have a relatively short history," but
they have been found to be more attractive in different fields. The
atoms in the amorphous structure reside in a far-from-
equilibrium state with high Gibbs free energy,” and their intrin-
sically distinct atomic arrangement compared to their crystalline
counterparts leads to a high concentration of coordinately unsa-
turated constituent atoms, unique electron orbital hybridization,
modification, and optimization of electronic states, which are
favorable to e.g. catalytic applications.®™ Particularly, amorphous
alloys, which are better known as metallic glasses (MGs), have
been attractive to researchers due to their extraordinary combi-
nation of properties (e.g. high saturation magnetization and good
magnetic softness,’® good plasticity, and ultrahigh specific
strength,"* excellent catalytic behavior and soft magnetic
properties,’” and large global ductility and very high fracture
toughness),"® thereby showing promise to be advanced substitutes
of crystalline alloys. Note that some extreme cases form mona-
tomic MGs by achieving an ultrahigh liquid-quenching rate of
10™ K s~ but MGs are mainly composed of two or more
elements with other metal or metalloid elements to enhance the
glass-forming ability (GFA). Here, GFA represents the propensity
to form a glassy structure or show the glassy behavior.">'® It is
also closely related to their distinct properties compared to
crystalline alloys. Over the last few decades, the processing of
MGs has been developed from ribbons, wires, and powder (in
micrometers) to bulk MGs (in millimeters), mainly aiming to
extend their mechanical and physical applications in different
fields. But for exploiting MGs in applications such as catalytic,
biomedical, optical, and electronics, their size reduction especially
to nanoscale would be much more attractive to maximize their
potential with a unique disordered structure. In this respect, the
synthesis of A-NPs or even metallic glass nanoparticles (MG-NPs)
combines the features of the amorphous structure and the
nanoscale size effect. However, although the gas atomization (as
a rapid solidification method) and the high-energy ball milling
have been widely used for manufacturing MG powders,'”*® it is
still hard to achieve nano-size due to technical limitations.
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The chemical reduction method is also frequently used for the
synthesis of MG-NPs but usually with the contamination of
surfactants.*'® Therefore, exploiting an effective and “green”
strategy to successfully synthesize MG-NPs is a promising
research area.

In recent decades, the synthesis and processing of nano-
particles (NPs) have been extensively investigated, particularly
in controlling phase, size and shape since it will highly affect
their properties and correlated applications.>*>* As such, the
motivation of NP synthesis and processing is usually driven by
their phase regulation, size reduction and uniformity, and
shape control. Many conventional chemical methods have been
studied for metal NP synthesis, including thermolysis due to
the breakage of chemical bonds of the substrate by heat (e.g.
metallic Cu,®* Co,?®> and Ag NPs*®) and electrochemical synth-
esis relying on cathodic reduction of metal ions in an electro-
lyte with size adjustment by current density (e.g. metallic Ag,””
Pt,”® and Au NPs?°). Other wet-chemical methods (e.g. chemical
reduction,®® photo-induced reduction,® and microemulsion
techniques®?) are typically and frequently used for NP synthesis
with the advantages of convenient operation and moderate
equipment requirements. For example, photochemical
reduction has been employed for the rapid synthesis of colloi-
dal Au NPs (i.e. in seconds to minutes) under UVA irradiation
and other mild conditions,**?** which is mainly attributed to
the generation of ketyl radicals via Norrish-type-I R-cleavage for
reducing Au ions to metallic Au NPs.>**® However, metal salts
or metal-organic precursors are commonly used with reducing
agents to achieve NP nucleation and ripening, and surfactants
(stabilizers) are also needed to control the dispersity and size of
NPs in wet-chemical methods. Thus, surfactant (or reactant)-
contaminated NPs resulting in toxicity or catalyst deactivation®”
should be purified by post-calcination or extraction, leading to
sophisticated structural modification.*®*° And even intensive
reflux treatment fails to quantitatively remove the nanoparticle
surface adsorbates.’” Considerable residual wastes or by-
products after chemical reduction will also cause significant
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environmental issues compromising the sustainability of the
synthesis method. As such, seeking the achievement of
“naked” NPs transfers the focus on a more direct way of
synthesis, where laser synthesis and processing of colloids
(LSPC) including pulsed laser ablation in liquids (LAL) and
pulsed laser fragmentation in liquids (LFL) has been fast
developed and extensively investigated in the last two
decades, with proven scalability owing to the advancement of
pulsed laser systems with high output power and reduced
cost.*>*!

Compared to NP synthesis by chemical methods, pulsed
laser synthesis of NPs is mainly a physical strategy, although
chemical reactions (e.g. oxidation and carbonization) are also
involved during NP synthesis, and is a more straightforward
technique for the production of high purity NPs without con-
tamination by surfactants, which thereby can be used for
specific purposes with the purity requirement, such as cataly-
sis, biomedicine, and chemo-/biosensing. They can also serve
as fundamental constituents for mechanistic studies without
the influence of impurity, and as perfect references for com-
parative studies of surfactant-functionalized NPs and immobi-
lization of NPs on supports.*” The early research of Patil et al.*®
has reported the LAL of the Fe target with the formation of
metastable FeO, and Fojtik and Henglein***> have pioneered
the laser synthesis of colloids. Subsequent investigations sug-
gest that NPs can be obtained by ablating metal targets in a
large variety of liquid environments.*®™*° In combination with
the availability of various laser parameters, LAL has shown a
comparable and even better performance in the synthesis
of colloidal NPs compared to chemical synthesis strategies.
For example, the colloid stability, size control, and adsorption
to supports of noble metal NPs such as gold (Au),**~>? platinum
(Pt),>* and palladium (Pd)*® during LAL have been intrinsi-
cally studied by electrostatic stabilization using ionic strength
in water (e.g. by a facile addition of inorganic saline solution or
by adjusting pH). In addition, while LAL focuses on the
transformation from bulk materials to nanoparticle colloids,
LFL can serve as an effective way and a supplement of LAL for
size reduction and narrowing the polydispersity of colloids,
especially for NPs with a prominent size-dependence of char-
acteristics to manipulate their functionality.

Indeed, there are some potential drawbacks of laser synth-
esis and processing of colloidal nanoparticles, including the
installation and maintenance cost of various laser systems,’”
the consumption of a considerable amount of energy
using laser sources,”® the bimodality of nanoparticle size
distribution,®® and the persistent microbubbles formed from
redox reactions between the hot ablated material and the
surrounding liquid.®® However, these drawbacks have been
improved by extensive efforts in recent years. As for the invest-
ment and running costs, owing to the steady development of
output power of the pulsed laser system, the investment cost
per laser power now has seen a considerable reduction.*!
Recently Dittrich et al.>® have compared the laser synthesis of
NPs with different laser systems and demonstrated that less
expensive, compact class lasers (<10 k€) achieved at least three
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times higher power-specific productivity (mg (W h)™') com-
pared to middle class (<100 k€) and high-end (> 100 k€) laser
systems. This suggests a more effective transformation of laser
energy into NP formation and consequently applicability at
both industrial and laboratory scale. In addition, from eco-
nomic calculations it was shown that productivity directly
dictates the running costs while dominating the economic
aspects. When the productivity exceeds 550 mg h™" (Au NPs),
it was shown that laser synthesis becomes more economical
than chemical synthesis.’” Strategies for optimizing the laser
ablation setup (such as ablation cooling of the target,®"®*
spatially bypassing cavitation bubbles using a flow chamber
and a high-speed polygon scanner®*®*) have already resulted
in nanoparticle productivities of several ¢ h™* (e.g. 7.3 g h™*
for AuPt or 8.3 g h™' for Pt).%° Also, optimization of size
distribution to remove larger undesired nanoparticles has
been established downstream using a continuously operated,
tubular bowl centrifuge for economic synthesis,*® or pulsed
laser fragmentation.®” Therefore, the pulsed laser synthesis is
in favor of the production of “green”, economic, and
functionality-tunable colloidal NPs.

Currently, most laser synthesis research has focused on
laser-generated crystalline metallic materials, and noble metals
(e.g- Au, Pt, and Pd) are commonly used as targets owing to not
only their material density leading to higher productivity,®”*®
but also the high chemical stability with high resistance to
oxidation during ablation and fragmentation in a liquid
environment. As such, laser-generated NPs based on noble
metal targets facilitate an in-depth understanding of mecha-
nistic studies (e.g. laser-produced plasma plume and cavitation
bubble dynamics),"" minimize cross-effects from chemical
reactions to obtain pure monometallic NPs, and reduce the
complexity due to the involvement of other elements. Given
that crystalline metal NPs have been extensively synthesized
and studied via LSPC, the fundamentals and application,**°7"*
catalysis,**”>”® and control and growth’*7¢ of laser-generated
crystalline NPs and also crystalline oxide NPs®” have been
systematically reviewed in recent years. However, to obtain
A-NPs with promising properties, the LSPC technique will be
a novel strategy but how to turn order into disorder and retain
disorder remains as a new and important question in LSPC. To
the best of our knowledge, there is still no comprehensive
understanding of A-NPs by laser synthesis and processing in
recent years.

In this perspective article, we attempt to discuss the recent
laser-based synthesis and processing of A-NPs. The importance
of understanding both long-range disordered structure and
nanosized nature in metal NPs providing the fundamental
aspects for synthesizing A-NPs by laser-based strategies will
be highlighted. In the first part of the review, the discussion
will be focused on the physical features of A-NPs, with the
introduction of characterization methods specific to A-NPs,
classifications, and properties primarily addressed in the sub-
sequent sections. Then the emphasis will be placed on amor-
phous metal oxide and carbide NPs typically obtained by LAL.
Here, the review and discussion of A-NPs will be centered on
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identifying possible selection rules of materials, liquids, and
laser parameters. The section of amorphous metal oxide NPs by
LAL will be also complemented by a discussion about amor-
phous metal oxide NPs gained from LFL. Discussions with
respect to both LAL and LFL aim to provide a working hypoth-
esis to successfully synthesize A-NPs with a given size and
composition. The overview of these A-NPs is also extended to
the prospect and potential synthesis mechanism of MG-NPs
based on laser ablation of bulk MGs. Finally, their main
properties and applications will be discussed.

2. Physical features of amorphous
metal nanoparticles

2.1. Amorphous structure validation, amorphization criteria,
and nanoparticle classification

The amorphous structure refers to a structure with long-range
disordered atomic arrangements, but in principle, it is not
truly a randomly arranged structure, since short-to-medium-
range ordered structures have been simulated and directly
observed."’”” Even so, there are still many fundamental scien-
tific issues related to their structural characteristics and in
most cases, the structural features of the amorphous phase
have to be firstly identified after the material synthesis. The
simple identification of the amorphous structure can be made
based on the X-ray diffraction pattern (XRD), where it gives the
average diffraction feature of targets as a broad diffuse diffrac-
tion pattern (like a hump) without intensive peaks.”®®*® Note
that regarding the measurement of amorphous NPs, size
reduction will also lead to broadening of XRD peaks and it is
hard to acquire strong reflection of nanoclusters, which could
lead to misinterpretation and wrong assignment of diffraction
signals from small crystalline NPs as A-NPs. Wu et al.®" have
found that the face-centered cubic (fcc) structure of
glutathione-capped gold NPs at 2 nm and 4 nm has trans-
formed to a non-fec structure at nanoclusters (ca. 1 nm), where
a broad diffraction peak is observed in XRD. Although NPs with
the size larger than 3 nm obtained from most synthesis
methods are sufficient to acquire general amorphous charac-
teristics by the XRD pattern, which have already been exten-
sively reported (e.g. amorphous Fe oxide NPs,** Pd-Ni-P MG-
NPs,®* and Fe-CO-Ni-B MG-NPs**), further confirmation of
amorphous structure is usually needed, especially important
for the single NP. As such, high-resolution transmission elec-
tron microscopy (HRTEM) proves the absence of crystal struc-
tures or lattice imperfections, and the corresponding selected
area electron diffraction (SAED) of the amorphous structure
exhibits the diffractive halo ring (as reported in e.g. amorphous
Co@C NPs,* amorphous Fe@C NPs,*® and Co-B MG-NPs*"). In
this aspect, the single-phase nature of the amorphous structure
endows amorphous NPs with better corrosion resistance,®®® a
more uniform distribution of chemically active sites,’® etc.
compared to their crystalline counterparts due to the absence
of crystallographic defects and phase segregation. In addition,
differential scanning calorimetry (DSC) is considered as a
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complementary method for validating the amorphous
structure,”® where the typical exothermic behavior during the
heating process suggests the existence of phase transition or
crystallization.®>®* DSC is also useful for revealing the glass
transition temperature of MGs as one of their important
characteristics. In fact, the out-of-equilibrium structure will
spontaneously equilibrate (a phenomenon known as physical
aging), although it is too slow to observe naturally. As such, the
external energy input will accelerate this equilibration process.
In DSC, since there is no reference point indicating the
enthalpy of full transformation, the exothermic process only
confirms that the materials may contain an amorphous or
partially amorphous structure.”®®” Considering the unique
structural feature of amorphous materials, the extended X-ray
absorption fine structure (EXAFS) is also an effective technique
to determine the local environment of atoms. Direct informa-
tion (bonding distances, numbers, and types) can be extracted
for the center atom and neighboring atoms within the first few
shells,®®®°° which is different from XRD with the essential
long-range ordered structure to be detected. Complementary to
EXAFS, the X-ray atomic pair distribution function (PDF)
method determines the distances of paired-atoms and
the number of bonding types. But the difference of PDF is
the well-determined longer distances, having the advantage to
distinguish the short and the medium-range ordered
structure.’”'°® These characterization methods are applicable
for both bulk amorphous metallic materials and A-NPs.
Although the aforementioned A-NPs generally have the same
amorphous feature, their constituent elements will affect their
formation. Rapid quenching methods usually require high
purity molten alloys made by arc melting followed by a critical
cooling rate of at least 10°-10° K s~ ' under a protection gas”'*
and oxygen-contamination will be extremely detrimental to
their GFA,'*® which is particularly important for bulk MGs. As
such, a critical cooling rate of metallic materials to become fully
amorphous could serve as one of the important indicators for
their GFA. Inoue et al.'®® have concluded three basic empirical
rules guiding the manufacturing of bulk MGs with good GFA,
which include (1) the number of constituent elements (at least
three), (2) the atomic size difference of main constituent
elements (over ~12%), and (3) the significant negative heat
of mixing of major elements. Under the same GFA, one material
is more likely to form an amorphous structure by reducing
its size in all dimensions. That is, the cooling process is
much easier to ‘“penetrate” the whole materials in low
dimensions.’®'% At the same time, the dissolution of oxygen
atoms into the multicomponent metallic matrix seems to lower
the GFA, but in fact, some binary metal oxides show a very low
crystal growth rate in silicate glasses.'®® It has also been
reported that the amorphous phase of oxide thin films has to
be restricted to a critical thickness (normally <100 nm) and is
conditionally stable due to Gibbs energy-related overcompensa-
tion by metal surface and interface energies.'®” Therefore,
elements of metal oxides have to be more carefully selected
for amorphous structure formation and metal oxides have
their limitation in expanding the size. In this aspect, MGs are
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relatively more flexible in element composition and dimen-
sions, if the GFA of MGs can be improved to be high enough,
where Pd,oNi;(CuzoPyo bulk MG was reported to possess an
extremely low critical cooling rate of 0.1 K s~ *.1%®

Note that conventional MGs are composed of one or two
principal metal elements with other metal (metal-metal MGs,
e.g. CusgZrso, % CagsMgy5Zny0, " and AlgsNigNd,Co, ") and/or
metalloid elements (metal-metalloid MGs, e.g. Fe;4SioBys,>
PteoNisPas, > and PdyNijgCusePa' ). The metalloid ele-
ments (allocated as ~20 at%), e.g. silicon (Si), boron (B),
phosphorus (P), and carbon (C), are commonly used to stabilize
the metallic supercooled liquid, retard the precipitation of
crystals or promote the GFA during the rapid solidification
process, while there is no restriction on the composition range
of metal-metal MGs. According to these examples, it can be
seen that non-equiatomic compositions are typical for MGs.
However, recent advances of multiple principal elements have
already attracted extensive attention for the design of new
alloys known as high-entropy alloys (HEAs).""*"''> HEAs, which
consist of five or more principal elements, possess a stabilized
crystalline solid-solution phase due to the high mixing entropy,
atomic size difference and mixing enthalpy, thus contributing
to fascinating mechanical, physical, and chemical properties
(e.g. strong fracture toughness at cryogenic temperatures,*®
overcoming the low ductility while retaining high strength,""”
and multi-functional activity in electrocatalysis''®). Note that
these concepts have already been included in the alloy design of
MGs, as suggested by empirical rules from Inoue et al.'®> On
this basis, equiatomic MGs or high-entropy metallic glasses
(HE-MGs) provide a new perspective in the alloy design. Yet, the
boundary to form a solid solution phase or amorphous phase is
of great interest to investigate. Guo and Liu have pointed
out that the formation of a disordered phase instead of a
crystalline solid solution phase in the multiple principal ele-
ment system mainly originated from a more negative mixing
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enthalpy (—49 < AHp, < —5.5 k] mol™ ") and a larger atomic
size difference (5 = 9).""° These rules provide valuable
guidance in the development of non-equiatomic and
equiatomic MGs.

For the synthesis of most amorphous metal oxides, a sui-
table temperature (control) is also needed to stabilize the
internal metastable structure without forming the crystals.'*
On the other hand, metalloid C has been considered as an
effective additive to improve the GFA in the MGs. Wu et al."*°
have reported that C has a better performance to promote the
GFA of Fe-based MGs than other typical metalloids such as B
and P. So theoretically, amorphous metal carbides can be
referred to as one group of MGs containing metals and carbon
(may also include other metalloids). Here we emphasize amor-
phous metal carbides since they are typical laser-generated
products by in situ carbonization of NPs in organic solvents
(so-called reactive laser ablation in liquids®'). But the discus-
sion of MG-NPs will also highlight the formation of NPs from
bulk MGs or MG ribbons by LAL. Compared to the in situ
carbonization (or oxidation) approach in laser synthesis, the
LAL of MG targets is much more complicated because the
ablated targets usually involve more than two elements to
increase GFA (as mentioned in “Inoue Criteria”)."%

In order to distinguish the composition and microstructure
of A-NPs in this perspective paper, we have classified and
defined A-NPs into three categories with the corresponding
schematic NP microstructure (as shown in Fig. 1), including
amorphous metal oxide nanoparticles, amorphous metal car-
bide nanoparticles, and amorphous oxygen-free multicompo-
nent nanoparticles: (1) amorphous oxide metal nanoparticles
are in the form of amorphous single/multi-component metal
oxide and amorphous metal@oxide core-shell NPs; (2) amor-
phous metal carbide nanoparticles comprise amorphous metal
carbide, amorphous metal@carbon core-shell NPs and amor-
phous metal carbide@carbon core-shell NPs; (3) amorphous

Amorphous metal nanoparticles (A-NPs)

Amorphous metal oxide
nanoparticles

Amorphous single
metal oxide

Amorphous multicomponent
metal oxide

Amorphous metal@oxide

Amorphous metal carbide
nanoparticles

Amorphous metal carbide

Amorphous metal@carbon

Amorphous metal carbide@carbon

Amorphous oxygen-free
multicomponent nanoparticles

Metallic glass
(MG-NPs, non-equiatomic)

High-entropy metallic glass
(HEMG-NPs, equiatomic)

Fig. 1 Classification of amorphous metal nanoparticles and the corresponding schematic illustration of the nanoparticle structure.
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Fig. 2 Size effect and electronic structure of amorphous metal nanoparticles. (a) The generation of reactive oxygen species per surface area by TiO, NPs
as a function of the size effect and structural effect. Reproduced with permission from ref. 122. (b) Pair distribution function of amorphous Cu NPs with
three atom numbers. (c) The size dependence of Gibbs free energy of amorphous NPs. Reproduced with permission from ref. 124. (d) The phase diagram
showing the relationship between the mean grain size (D) and solute concentration (X). Adapted with permission from ref. 125. (e) Pulsed laser ablation in
liquid to generate HEA NPs and the formation mechanism. (f) STEM and elemental maps of Co, Cr, Fe, Mn, and Ni for a single laser-generated HEA NP.
Reproduced with permission from ref. 126. (g) The oxygen K-edge NEXAFS of amorphous (black dots) and crystalline (green dots) Al,Oz, compared with
calculated results from MD and SQ simulation. (h) RIXS spectrum of amorphous Al,O3 and free O, excited at 530.3 eV. Adapted with permission from ref. 127.

oxygen-free multicomponent nanoparticles mainly include MG-
NPs with two or more oxygen-free elements and high-entropy
metallic glass nanoparticles (HEMG-NPs).

2.2. Size effect and electronic structure

Given that the vitrification of single-element MGs succeeds
by ultrafast cooling,"* the formation of this kind of material
only exists in sufficiently small dimensions (e.g. nanoscale)
rather than in bulk materials. As such, the size reduction
further demonstrates its importance to form the amorphous
structure.’® The most apparent size effect during the transfor-
mation from bulk materials to NPs is seen in the largely
increased surface-to-volume ratio. But this behavior generally
shows different defect densities in either amorphous or

1126 | Phys. Chem. Chem. Phys., 2021, 23, 11121-11154

crystalline structure, especially for the comparison of catalytic
activity. As an example, Fig. 2a not only shows the increase
of crystalline TiO, NP (i.e. anatase, anatase/rutile mixture and
rutile phase) activity (regarding the generation of reactive
oxygen species (ROS)) due to the size reduction, but also
presents the apparently enhanced activity of amorphous Ti
oxides compared to crystalline counterpart with the similar
NP size, suggesting a “defect”-rich surface and a higher num-
ber of active sites during the amorphizaton.’** Note that the
reduction of activity at 3-4 nm for both amorphous and crystal-
line structures is attributed to the significant increase of
volume-specific surface area but with a relatively small increase
of active sites. However, since the disordered and single-
phase nature avoids the element segregation and formation
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of crystallographic defects, A-NPs in fact have a more uniform
dispersion of the catalytic active sites on the surface of
NPs leading to a more effective catalytic behavior.®***** As a
result, the active sites in MGs generally derived from under-
coordinated metal atoms lead to the enhancement of e.g
electrochemical performance as H* adsorption/desorption in
hydrogen evolution reaction (HER).®*"'*

From the aspects of thermodynamics, the Gibbs free energy
difference is the driving force for crystallization and there is a
competition of amorphous phase and crystalline phase during
solidification."”®*° The lower free energy in the crystalline
structure is correlated to its thermodynamic stability."*" How-
ever, it has been reported that size difference has an effect on
the Gibbs free energy of A-NPs. An et al.'>* simulated the size
dependence of free energy of amorphous Cu NPs by the
Frenkel-Ladd approach. They firstly verified the amorphous
structure by pair distribution function (PDF) as shown in
Fig. 2b, where the long-range ordered signal significantly
weakens at a longer distance and the short-range ordered signal
strengthens at a shorter distance, showing the characteristics of
amorphous nature. The subsequent demonstration in Fig. 2c
indicates the closely related increase of free energy with the
decrease of the size of amorphous NPs, especially for size less
than 1000 atoms (~ 4 nm) due to the significant increase of free
energy. Here, the size dependence of free energy in amorphous
NPs also shows a similar behavior as the crystalline counter-
part, but they also suggested that the slower increase of free
energy of the amorphous phase compared to the crystalline
phase at a sufficiently small particle size (with less thermo-
dynamic driving force) due to the absence of facet edges (line
defects) in the amorphous phase explains the propensity to
form the amorphous structure in the lower dimension.'** As
nanocrystals are confined in the NPs, the grain size reduction
with narrowing NP size also introduced structural disorder with
increased free energy in the system.'”® As shown in Fig. 2d, the
phase diagram indicates the transition of the crystalline to
amorphous structure correlated to the mean grain size; the
increased solution concentration also contributes to the larger
critical size of grains for the amorphous structure."*® That is, a
mixing of different atoms with size difference tends to facilitate
amorphization.

Another size effect combined with amorphization presents
as the regulation of electronic structure. The quantum confine-
ment effect is generally considered to dominate the electronic
properties of crystalline NPs down to a few nanometers.'*> But
the comparison of amorphous and crystalline Pd NPs indicates
that the structural disorder of NPs significantly affects the
electronic properties of NPs. The inhibited quantum confine-
ment effect of NPs can be observed by the absence of discrete
energy levels of amorphous Pd NPs in scanning tunneling
microscopy/spectroscopy, which may find interesting applica-
tions in nanodevices.'*? In addition, when the composition can
be altered in the molten alloys, the subsequent rapid quench-
ing achieves the effective regulation of the electronic structure
of MGs due to the well-controlled and wide chemical composi-
tion range, which is not available for the crystalline form."
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Given the promise of synthesizing A-NPs by laser ablation and
processing, in fact, the homogeneous distribution of elements
without segregation should in future also be possible for laser-
generated A-NPs to regulate their electronic structure with
chosen elements. Recently, Waag et al."*® have reported a facile
and scalable synthesis of high-entropy alloy (HEA) NPs by LAL,
as shown in Fig. 2e. It has been shown that LAL has the ability
to well retain five elements (Co, Cr, Fe, Mn, and Ni) with nearly
equiatomic composition in a single laser-generated NP from
the HEA bulk target observed by scanning transmission elec-
tron microscopy (STEM) and the corresponding elemental
mapping (Fig. 2f),"*® which has recently been advanced to the
quinary alloy with varied Mn content for electrocatalytic
inflection-point studies on the active sites."** In this case,
multinary NPs synthesized by LSPC, if transferrable to A-NPs,
show the prospect to achieve a regulated electronic structure
(e.g. electron orbital hybridization) for catalytic applications.
But for the electronic structure of amorphous metal oxides, it
would be more complex, which originates from the high atomic
packing density. For example, the coordination of oxygen
around metal atoms has been frequently focused on in the
amorphous metal oxides and their performance as electronic
devices mainly relies on the coordination-related defects in the
optical gap."”” While Perevalov et al.'*® claimed that oxygen
vacancies contributed to the defect states at the conduction
band of amorphous Al,O3, a recent study by Arhammar et al.**’
further found that the agreement of experimental results with
calculated results by the stochastic quenching (SQ) method in
near-edge X-ray absorption fine structure (NEXAFS) and Reso-
nant Inelastic Scattering (RIXS) confirmed that the defect states
were trapped O-O pairs, which served as hold traps (Fig. 2g and
h). This feature may also be applied to other amorphous metal
oxides. A typical case can be found for amorphous silica

oxygen pairs.

3. Laser-based synthesis of colloidal
amorphous metal nanoparticles

As shown in Fig. 3a, the general process of LAL goes through
several steps, starting with the generation and rapid cooling of
a plume with initially high temperature (up to 10°-10* K) and
pressure (up to 10°-10” Pa),"**"*” and initially very high cooling
rates, ®1%° the formation of a cavitation bubble in which the
majority of NP mass is trapped,’*® and the release of atom
clusters and NPs in liquid after the collapse of cavitation
bubbles. The clear observation of NPs inside the cavitation
bubbles has also been reported by the ablation through a thin
Ag film deposited on a transparent glass substrate, where this
novel setup suppressed the light scattering from the bubble
surface and easily obtained scattering signals by the simple
inverse light scattering analysis.'** The reactive species (atoms
or atomic clusters) during the laser ablation of the Zn target
was also detected by NEXAFS in the vapor bubbles, as shown by
Reich et al.'*
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Fig. 3 Formation of amorphous Fe oxide NPs by laser ablation in an organic solvent. (a) Schematic illustration of laser ablation in liquid. (b—f) TEM image
and the corresponding EDX mapping of a Fe@FeO, core—shell NP by fs-laser ablation in acetone. (g—j) HRTEM of the selected position of the NP in (a)
showing different shell structures and an amorphous core. Reproduced with permission from ref. 147.

It has been known that the formation of laser-induced plasma
in LAL is a far from equilibrium process and thus condensation
also proceeds in nonequilibrium conditions.”®”*'** In particular,
ultrashort-pulsed LAL usually provides a large temperature gradi-
ent at an initial cooling rate of 10'*-10"* K s~' when hot metal
droplets are jetted into a colder and high-density liquid
environment,® facilitating the formation of metastable and
defect-rich structures. But cooling rates are significantly slowed
down on the time scale of a few nanoseconds, with the majority of
the forming NPs being above melting temperature and in thermal
equilibrium with the surrounding vapor phase."*® On the longer

11128 | Phys. Chem. Chem. Phys., 2021, 23, 11121-11154

time scales, if the NP formation model of La Mer is considered,
the time needed for critical concentration of nucleation in LAL
may be shorter than in wet-chemical reduction methods,”* lead-
ing to a narrower time scale for stabilizing nonequilibrium states
of ejected matter. Currently, most of the single-element noble
metals (Au, Pd, Ag, Ir, Rh, etc.) with fce structure still fail to form
an amorphous structure/glassy state due to fast crystal nucleation
and growth.'** Achieving amorphization of single-element noble
metal nanomaterials is considered to be challenging owing to the
strong metallic interactions among the atoms, the isotropic
nature of metallic bonds, and the low activation barrier of the
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disordered structure relaxing into the crystalline state.'**'*®
Therefore, suppressing the nucleation in these noble metals is
still harder than in other non-noble metals (e.g. Fe, Co and Ni)
and the synthesis of amorphous noble metal NPs by LAL lacks
sufficient evidence. But transition metals seem to be much easier
to become amorphous from laser ablation, in particular when
forming binary NPs via in situ reaction with the organic solvent.
Accordingly, the synthesis of amorphous or hybrid amorphous-
crystalline transition-metal NPs has been commonly observed by
LAL (including water and organic solvents). In this section, the
amorphization phenomenon and fundamentals, focusing on
transition-metal oxides and carbides from LAL, will be summar-
ized, aiming to provide a clearer clue for achieving amorphization
of NPs by LAL.

3.1. Amorphous metal oxide nanoparticles

3.1.1. Material selection

Iron. Up to now, extensive research studies have investigated
the ablation of Fe or Fe oxide targets and their products by
different pulsed laser durations and in different liquids.*™*>°
The control of size, dispersity, and phase composition of Fe
oxide NPs seems to be attractive because of their excellent
chemical and physical properties determining the application
fields. For example, Franzel et al.'*® reported the synthesis of
Fe;0, (and Fe;C) NPs by sub-ns laser ablation in ethanol;
Santillan et al.'*® obtained o-Fe,Q;, y-Fe,0; and Fe;0, NPs by
femtosecond (fs) laser ablation in different liquids (i.e. HPLC
water, trisodium citrate solution, acetone, and ethanol); Amen-
dola et al."*" synthesized FeO, polycrystalline NPs with ca. 75%
Fe;0, and ca. 22% o-Fe,O; by ns laser ablation in water; and
Liu et al.™* showed the fabrication of FeO NPs by ns laser
ablation in poly(vinylpyrrolidone) (PVP) solution.

However, less attention has been paid to the amorphization
phenomenon of oxide NPs during LAL. This may be ascribed to
insufficient evidence and synthesis limitation (appropriate
selection of laser parameters, liquids, etc.) in previous reports.
In a work reported by Shim et al.,'** they showed the ns laser
ablation of a bulk a-Fe,O; target in different liquids (ethanol,
water, and acetone) in the batch chamber to synthesize Fe NPs.
While high crystallinity was observed for the final products in
both ethanol and acetone, the employment of water contribu-
ted to the formation of amorphous Fe oxide NPs, which
consisted of dispersed large NPs connected by chain-like small
NPs and were assigned to be hematite by Raman spectra. Yet,
the identification of the determinants behind the formation of
an amorphous structure by laser ablation of Fe is still lacking.

Recently, Zhang et al'®” reported a typical synthesis of
amorphous Fe@FeO, (a-Fe@FeO,) core-shell NPs by fs laser
ablation of a Fe bulk target in acetone. Although acetone was
chosen as a liquid, the ablation products included a-Fe@FeO,
NPs mainly consisting of some large NPs with the network
connected by FeO, small clusters, while the energy-dispersive
X-ray (EDX) mapping clearly showed Fe as a core and FeO,
as a shell in the structure (Fig. 3b—f). Especially, the HRTEM
with fast Fourier transform (FFT) of the Fe core presented
the apparent halo ring indicating the disordered atomic
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Fig. 4 Amorphous metal oxides by laser ablation in water. (a) HRTEM of
FeO, NPs after laser irradiation showing some amorphous domains.
Reproduced with permission from ref. 150. (b) TEM image of amorphous
Pt NPs by LAL at a wavelength of 355 nm and a laser fluence of 4 J cm™.
Reproduced with permission from ref. 155. (c) XRD patterns of products
with different proportions of Co and Ni by laser ablation in 1 M KOH.
Reproduced with permission from ref. 159.

(amorphous) structure in the Fe core (Fig. 3j), and a defect-
rich FeO, shell composed of crystalline a-Fe,O; and Fe;O,
(Fig. 3g-i). According to a hump-like diffuse diffraction XRD
pattern, the Fe core in almost all the NPs could be considered to
be amorphous and dominate the amorphous phase of laser-
generated products.

Although the aforementioned network with ultrasmall FeO,
clusters has been observed with certain crystallinity by laser
ablation in acetone,**” the formation of small amorphous Fe
hydroxides may be more favored by the pulsed laser ablation in
water. In fact, a gel-like network has been commonly observed
in the ablation of Fe targets in water."*>'>%">>13% 1 addition,
the investigation of the plasma-liquid interface with potentially
strong reactivity is of high interest in the non-equilibrium
bonding and structural arrangement.'> Using ns-LAL, Amen-
dola et al."*° found a network of amorphous Fe hydroxide gel
dispersed at a nano-scale distance. Although they also applied
laser irradiation at third harmonic (355 nm) to gain a narrower
size distribution of FeO, NPs (with increased particle size) after
LAL, some amorphous domains were still found to be trapped
in the FeO, NPs (Fig. 4a) after post-irradiation. But the for-
mation mechanism and the influencing factors still remain to
be unravelled, which will be further discussed in Section 3.1.2.

Other metals. Even though the amorphization behavior does
not exert an effect on Au due to the strong metallic interactions
among the atoms with fast nucleation, amorphous oxide NPs
from dehydration of gel-like hydroxides have already been
observed by ns-laser ablation of Pt at 355 nm in water
(Fig. 4b),"* where at a low fluence gel-like amorphous Pt oxides
formed from the oxidation of the molten Pt target, followed by
direct contact (rapid quenching) with water in the absence of
plasma plume and desorption from the target surface. While
the formation of partially amorphous Pt/Pt-hydroxide NPs by
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ns-laser ablation in water has already been reported, synthesis
conditions yielding amorphous Au or Ag NPs from laser synthesis
and processing are yet to be discovered. Other amorphous non-
noble metal oxide NPs have also been reported by the pulsed laser
ablation in water. Amorphous Cu oxide particles combined with
nanocrystals were obtained by ns-laser ablation of the Cu bulk
target at 532 nm in water;>> amorphous Al oxide NPs (and
amorphous Si oxides) were found by fs-laser ablation of alumino-
silicate ceramic plates (with 29.2% AlL,O; and 59% SiO,) in
water,"*® and hollow amorphous Al,O; NPs were obtained by
excimer laser ablation (ns) of an Al target in water."”” Particularly,
Ti seems to be in favor of the formation of the amorphous
structure. Given that the main focus of the manufacturing of
TiO, is the anatase and rutile phase, common methods such as
hydrolysis and condensation of molecular precursors usually
produce amorphous NPs, which need post-calcination.'”® This is
further confirmed by laser ablation of the Ti bulk target at 355 nm
in water or low concentration of sodium dodecyl sulfate (e.g
1 mM) to produce A-NPs. But the chemical composition of
produced amorphous NPs (which may include amorphous Ti or
TiO, cores) has not been verified in their case although post-heat-
treatment transformed the amorphous phase to anatase and
rutile phases.”®® In most cases, selecting oxygen- or carbon-
affine transition metals instead of noble metals shows a favorable
effect on the amorphization of LAL products.

In addition, amorphization will be affected by the composi-
tion range if the ablation target is composed of multiple
elements. As an example in Fig. 4c, Wang et al.">° reported
that the crystallinity of NiCo NPs decreased with increasing Ni
content (almost full amorphization at the composition of
Nig 43C00.17) by ns-laser ablation in a batch setup, but the
increase of Co content did not have any effect on amorphiza-
tion, indicating that element selection is important for amor-
phization in the target with a two or more element system.
These products have been oxidized due to the ablation in KOH
solution. On the other hand, Du and coworkers only obtained
crystalline nanosheets by the ns-laser ablation of NiFe (Ni: Fe =
3:1),"%° CoNi (Co:Ni = 3:1),'®" and CoFe (CoFe = 3:1)"°*> bulk
targets in water, regardless of the effect of additives. In the case
of the CoNi target,'®" it was shown that a high concentration of
Co is not favorable for the formation of amorphous products.
Unfortunately, they did not focus on the amorphization beha-
vior by LAL. Therefore, further studies on the effects of compo-
sition on amorphization using binary alloys with common
transition metals need to be conducted in the future.

Note that those amorphous cores formed from reactive-LAL
seem to be free of oxides and the products mainly consist of an
amorphous metal@metal-oxide core-shell structure, due to
either in situ or ex situ oxidation in liquid or air. It is believed
that this will give rise to the scientific question of how the
interaction, diffusion kinetics, and function of oxygen (or
reactive oxygen species) contribute to the formation of A-NPs.

3.1.2. Effect of LAL parameters on the amorphization of
oxide nanoparticles

Ligquid. The proper selection of solvents has been demon-
strated to be necessary to synthesize NPs with a wide range of
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composition, in particular making benefit out of reactive-LAL,
size, and shape. In organic solvents, the dissociation of mole-
cules (e.g. acetone) containing oxygen after absorbing laser
energy generates carbon, oxygen, hydrogen ions/atoms, and
CO/CH; radicals in solution.'®® They subsequently react with
atoms, ions, and clusters to form new NPs. But the amount
of oxygen species is less than carbon and hydrogen due to
the higher bond energy of C—0 (728 k] mol™') than C-C
(332 k] mol™") and C-H (414 kJ mol ")."® As a result, the
formation of amorphous metal oxide NPs is less than that of
carbide NPs as shown by Zhang et al.'*’” However, a higher
production of amorphous metal oxide NPs in LAL generally
occurs in water, which is rich in oxygen (e.g. dissolved mole-
cular O,, O, and active O species by laser-induced splitting of
H,0). In a water environment, additives as solutes are com-
monly applied for controlling NP size by physical or chemical
interactions with ablated materials, such as CI~, CO;>~, PO,
sodium dodecyl sulfate (SDS),"®> polyvinylpyrrolidone®* and cetyl-
trimethylammonium bromide (CTAB)."*® Yet, most investigations
imply that solutes do not have an important role in the amorphi-
zation of metal NPs. Here, we summarize some metal NPs with
laser parameters and the corresponding products by pulsed laser
ablation in different liquids in Table 1. Obviously, pulsed laser
ablation of active metals in water yields an amorphous metal core
surrounded by an oxide shell, but the network-like amorphous
metal hydroxides mostly dominate the amorphous phase in
colloid NPs. Simultaneously, the crystalline NPs are also easy to
be embedded into amorphous hydroxides to form a mixture. It
has been proposed that the laser-generated products could be
rapidly quenched by intimate contact of hot ablated droplets with
water having the large heat capacity.”® As a result, the excess
energy from the pulsed laser could be dissipated into water, and
the metastable state in the molten metal could be rapidly trapped
before the structure relaxes to thermal equilibrium, which is
similar in the concept to the rapid solidification synthesis of
MGs. According to the ns-laser ablation of Fe in water, Amendola
et al.®*"° have proposed that a favored environment to form
amorphous metal hydroxides existed at the water-plasma inter-
face with a low temperature, a low pressure and a high water
concentration due to the incomplete grain growth process and
diffusion limited growth which suppressed the coalescence of
nuclei and the interaction of neighbor atoms. These processes
generally occur during the rapid expansion and cooling down of
laser-induced plume (Fig. 5a). At stage (3), the formation of
amorphous oxide NPs and hydroxide gel is more likely observed,
because the pressure and temperature become low and the high
water concentration can act as a quenching medium to stabilize
the amorphous phase. In this situation, those quenched network-
like amorphous hydroxides are released after cavitation bubble
collapse. At the same time, the large NPs may also have a chance
to achieve a high cooling rate. As simulated by Zhigilei and co-
workers,* larger NPs could be yielded from rapid quenching
of jetted molten metal droplets by the cold and high-density
region of water driven by the Rayleigh-Taylor instability, where
a cooling rate as high as 10'*-10" K s™* could also be achieved
(Fig. 5b). But the effect of interaction with oxygen in water
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Table 1 Effects of liquid medium and laser wavelength on the amorphization of metal NPs from LAL

Ablation time

Target Liquid medium (C/(C + O)) Laser parameter (min) Products Ref.
Fe Water (0) 1064 nm, 9 ns, 10 Hz — Crystalline FeO, with an 150
amorphous Fe hydroxide matrix
Ti Water (0) 355 nm, 10 Hz — Amorphous TiO, 158
Al Water (0) 248 nm, 30 ns, 10 Hz 5 Hollow amorphous Al,05 157
Cu Water (0) 532 nm, 6 ns, 1 Hz 30 Amorphous Cu and crystalline Cu,0; 22
Pt Water (0) 355 nm, 7 ns 15 Amorphous Pt hydroxide 155 and 167
Ta Water (0) 800 nm, 100 fs, 1 kHz 10 Amorphous Ta oxides 168
In Water (0) 532 nm, 5 ns, 10 Hz 10-120 Crystalline In,0; and 169
amorphous byproducts
Ga CTAB solution (0) 1064 nm, 5 ns, 10 Hz 20 Amorphous Ga hydroxides 166
a-Fe,03 Water (0) 355 nm, 10 ns, 30 Hz 60 Amorphous FeO, 153
Fe Toluene (1) 1064 nm, 9 ns, 10 Hz — Amorphous Fe@C (FeC@C) 170
Fe Tetrahydrofuran (0.8), 1064 nm, 9 ns, 10 Hz — Amorphous/polycrystalline 170
acetonitrile (1), Fe carbides
dimethylformamide (0.75),
dimethylsulfoxide (0.67)
Fe Methanol (0.5), ethanol (0.67), 800 nm, 35 fs, 5 kHz — Amorphous Fe@C (FeC@C) 171
acetone (0.75), toluene (1) and/or Fe crystallites
Fe Acetone (0.75) 1045 nm, 457 fs, 100 kHz 60 Amorphous Fe@FeOx, amorphous 147
Fe@C, a-Fe,O3
Fe Acetone (0.75) 1064 nm, 7 ns, 20 Hz 30 Crystalline FeO/Fe;0,@C 172
Fe Hexane (1), pentane (1), 532 nm, 10 Hz 1080 Amorphous Fe,C; and Fe(u) species 173
decane (1)
Co Toluene (1) 532 nm, 10 ns, 10 Hz 10 Amorphous Co@C 85
Ni, Co Ethylene glycol (0.5) 532 nm, 3 ns, 20 Hz 60 Crystalline Co/Ni@C 174
Ni, Nb, Ti  Acetone (0.75) 1064 nm, 7 ns, 20 Hz 30 Crystalline Ni;C/NbC/TiC@C 172
Al Ethanol (0.67) 1064 nm, 30 ps, 10 Hz 60 Core-shell-shell metal Al-amorphous 175
Al-ALO,
Cu Acetone (0.75) 1064 nm, 40 ns, 5 kHz — Amorphous/crystalline Cu 176
Pd Acetonitrile (1) 1064 nm, 3-6 ns, 10 Hz 20 Amorphous and crystalline PdA@C 177
GaAs Acetone (0.75) 532 nm, 7 ns, 10 Hz — Amorphous GaAs and 178
crystalline Ga,0;
b > E———
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Fig. 5 The cooling effect in water on the amorphization of oxide NPs. (a) Expansion of laser-induced plasma/plume and interaction with water.
Reproduced with permission from ref. 150. (b) Atomistic simulation of 10 ps-laser ablation of the Ag target in water. Snapshot of the final configuration at
5500 ps with the evolution of temperature and the process of defect-rich crystallization of NPs. Adapted with permission from ref. 59.

(including O species by the decomposition of water) also has to be
taken into account, at least on longer time scales, not included in
atomistic simulations, yet. Therefore, the final products of laser
ablation of oxygen-affine transition metals (Fe, Co, Ni, etc.) in
water are generally amorphous metal hydroxides with larger
crystalline/amorphous NPs. But other influences of laser para-
meters should also be taken into consideration.

Laser wavelength. Besides target selection, the laser para-
meters (e.g. pulse duration and laser wavelength) play a role in
the amorphization during laser ablation. Especially, the laser

This journal is © the Owner Societies 2021

wavelength seems to have a stronger effect when the ablation is
performed in water. The selection of laser wavelength is correlated
to ablation efficiency. A typical analysis indicated that the laser
ablation of the NiTi target in water showed increased productivity
at longer wavelengths.'”® Generally, one of the main reasons to
choose a longer wavelength (e.g. near-infrared radiation) is to
reduce the concurrent effect of photofragmentation, because the
higher absorbance of already formed colloids occurs at shorter
wavelengths (e.g. visible and UV light).”> The photofragmentation
usually leads to size reduction of NPs. The dispersed NPs also
inhibit the adsorption efficiency of laser energy for ablation if a
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shorter wavelength is used,*’ and thus a lower productivity is
observed for a batch chamber at shorter wavelengths. However,
the laser-generated NPs seem to be more “active” with other
species and the surrounding solution at shorter wavelengths due
to the interband excitation, multiphoton absorption, and photo-
ionization processes. These processes lead to the possibility of
structural rearrangement of the already formed crystalline NPs
and also break the thermodynamic equilibrium state.®

Note that most of the aforementioned ablations in water
producing amorphous NPs have been carried out at the laser
wavelength close to the extinction maximum, in particular
within the interband region. For Pt with stronger absorption
in the UV light regime, Nichols et al'®® reported higher
productivity of amorphous Pt oxides due to the selection of
wavelength at 355 nm instead of second harmonic (532) and
1064 nm. More importantly, a larger absorption coefficient of Pt
leads to a higher surface temperature at this wavelength and
the photochemical activation is enhanced between Pt and water
by a large flux of UV photons.'*®> The former originates from a
higher temperature resulting in a faster quenching efficiency in
water, while the latter suggests a beneficial effect for amorphi-
zation by UV irradiation. In addition, Cu oxide NPs have a high
absorbance in the visible light regime and the light absorption
of Ti oxide NPs is favorable in the UV region, and both cases
have produced amorphous metal oxide NPs using a pulse
wavelength of 532 nm and 355 nm, respectively.>>'*® All these
phenomena suggest the significant role of light absorption
efficiency in colloidal NPs, because these ablation experiments
were conducted in the batch chamber for a long time, and thus
post-irradiation (in situ LFL during LAL) has a strong effect on
the produced NPs during LAL. In Fig. 6, we have summarized
some data points from ablation in water according to Table 1
and marked the region which has a higher possibility to form
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Fig. 6 A summarization of structural characteristics of NPs by laser ablation
in water (C/(C + O) = 0) and organic solvents (0 < C/(C + O) < 1), showing
the effect of laser wavelength as a function of C/(C + O). C/(C + O)
represents the carbon to the total number of carbon and oxygen ratio in
the liquid molecule. Data points are obtained from Table 1. The blue-shaded
areas with hollow symbols indicate amorphous-crystalline NPs, whereas the
orange-shaded areas with solid symbols indicate A-NPs.
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amorphous oxide NPs. Here, the full amorphization shifts to
the UV-Vis wavelength region, which is also in good agreement
with the higher quantity of absorbed energy from the laser that
favors the amorphization of oxide NPs in water. Therefore, a
suitable wavelength (tuned to the maximal absorbance) should
be considered for energy deposition into colloidal NPs when
doing laser ablation in water.

3.2. Amorphous metal carbide nanoparticles

3.2.1. Material selection. Compared to A-NP synthesis by
pulsed laser ablation in water, the organic solvents offer more
flexibility in selection (e.g. viscosity, oxygen content in solvent
molecules, polarity), where the carbonization usually occurs
during LAL to form amorphous and graphitic carbon
shells."”>"8" Currently a variety of organic solvents have been
chosen as the ablation medium, which is closely related to
phase composition, segregation, and elemental distribution of
laser-generated NPs. By selecting methanol, ethanol, acetone,
and toluene, Kanitz et al.’”* have reported the comparison of
products from fs-laser ablation of the Fe target. Interestingly,
all the laser-generated NPs in the presence of organic solvents
displayed apparent core-shell structures and the amorphous Fe
(C) core was identified by HRTEM, although some different
nanocrystals were embedded into the amorphous matrix and
crystalline NPs exist in the NP ensemble (Fig. 7a-d). Another
difference was observed in their carbon shell structures, which
included graphite carbon and/or amorphous carbon layers. The
amorphous and graphite carbon shells are usually found from
laser-generated NPs in the organic solvents and Zhang et al.”
have suggested that full onion-like graphite shells would be
formed at a high temperature (>1700 °C), which could be
transformed from amorphous carbon during laser ablation
(Fig. 7e). But from Fig. 7f-i, it is also interesting to see that
the amorphization degree in the final products is different
based on the selection of organic solvents, even though amor-
phous/crystalline composites have formed in ethanol, metha-
nol, and acetone (see further discussion in Section 3.2.2). Note
that toluene without oxygen atoms in the molecule tends to
achieve the highest amorphization of laser-generated NPs. In
fact, this is in good agreement with the results of Amendola
et al.,"”® who have reported the synthesis of amorphous Fe@C
or Fe-C@C NPs by laser ablation of Fe in the presence of
toluene. However, this, to some extent, indicates the inhibitive
effect of organic solvents containing oxygen atoms on the
amorphization of NPs during LAL. In both cases, the carbon-
encapsulated structure facilitates the formation of amorphous
cores and carbon atoms seem to play a significant role in the
amorphization of the NPs.

Theoretically, transitional metals having similar properties
(as Fe) can achieve partial or full amorphization by pulsed laser
ablation in organic solvents. Also by using toluene, amorphous
Co@C core-shell NPs have been produced by ns-laser ablation
at 532 nm, and C atoms possibly diffused into the Co matrix;*®
amorphous Cu@C NPs were likely formed by ns-laser ablation
at 1064 nm in acetone;'’® a decreased crystallinity or partial
amorphization of Pd encapsulated by graphitic carbon was also
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Fig. 7 Effect of the carbon to oxygen ratio in organic solvents and carbon shell evolution. HRTEM with FFT analysis of NPs synthesized in (a) methanol
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observed in ns-laser ablation at 1064 nm in acetonitrile.””” But the

practical situation will be more complicated. One of the reasons is
the competitive affinity of transition metals to carbon and oxygen,
which largely determines the core composition. Zhang et al.'”?
have compared 16 transition metals by laser ablation in acetone
and found that noble metals (Cu, Ag, Au, Pt, and Pd) only formed
the metal core, whereas active metals (Ti, V, Nb, Cr, Mo, W, Ni,
and Zr) formed a metal-carbon core after ablation. Those metals
(Mn, Fe, and Zn) have also been found with (amorphous) oxide
NPs after ablation even in organic solvents due to a higher oxygen
affinity. But to maximize the function of carbonization, it is
necessary to lower the effect of oxygen, where creating an
oxygen-free environment during LAL could be an alternative
strategy to increase the amorphization ability. On this basis, it
has been reported that amorphous iron carbides could be synthe-
sized by pulsed laser ablation of the Fe target in pentane, hexane,
and decane (all without oxygen in the molecule) when Ar gas was
used to isolate oxygen.'”> Hence, the role of the three possible
oxygen sources (the molecular oxygen dissolved in the liquid, the
residual water even present in semipolar organic liquids, and the
oxygen atom in the solvent molecule) in NP oxidation during LAL
has to be understood. Recently, Nadarajah et al. systematically
excluded the respective oxygen sources during LAL of the highly
oxygen-affine transition metal alloy FeRh, where atom probe
tomography could validate that both acetone and acetonitrile
were capable of avoiding oxidation, if careful degassing and
solvent drying was carried out prior to LAL,'®' otherwise the
(partial) oxidation of the NP core as well as an amorphous oxide
surface layer was observed.

3.2.2. Effect of LAL parameters on the amorphization of
carbide nanoparticles

Selection of organic solvents. Generally, the carbon matrix
surrounding NPs has a role in preventing the laser-generated
NPs from undergoing oxidation and further growth or
coalescence,'*”"”® which explains why even a higher

This journal is © the Owner Societies 2021

concentration of dissolved oxygen in the organic solvents
resulted in a lower oxidation of NPs after ablation.'”® Regard-
less of the chemical structure, one of the distinguishable
features among organic solvents is the oxygen content in the
solvent molecule. In Fig. 7f-i, it can be seen that the amorphi-
zation of NPs has the potential to be enhanced with the
increase of the carbon to the total number of carbon and
oxygen ratio (C/(C + O)) in the selected methanol (0.5), ethanol
(0.67), acetone (0.75), toluene (1). Selecting organic solvents
which do not contain oxygen seems to favor the formation of A-
NPs. It has been reported that the residual water and dissolved
oxygen in organic solvents would increase the oxidation of
FeRh NPs but the bonded oxygen of solvent molecules does
not affect the oxidation.'®" But here an analysis of the role of
organic solvents can be seen in Fig. 6, which shows the effect of
carbon/oxygen in solvent molecules in relation to pulse wave-
length. The formation of an amorphous/crystalline structure in
NPs takes place at a wide range of C/(C + O) but the full
amorphization always occurs at C/(C + O) of 1. This leads to
the possible conclusion that the higher content of carbon in the
solvent shows a higher possibility to form new chemical bonds
with metal atoms in the NPs. With the combination of metal-
loid carbon in metals, it increases the amorphization (or GFA)
of NPs, if the transition metals have a high affinity to carbon.

However, the carbon and oxygen content in the solvent
molecules is not sufficient to rationalize the phase composition
(here for amorphous and crystalline phases).””> One of the
reasons is the chemical structure of solvents. A competitive
reaction with oxygen due to saturated chemical bonds leads
to less oxidation and more carbonization of metal NPs
which is favorable for the diffusion of carbon atoms. For
example, tetrahydrofuran with saturated chemical bonds has
a propensity to react with dissolved oxygen, thus avoiding
higher oxidation of Fe atoms than in acetonitrile and dimethyl-
formamide with unsaturated chemical bonds."”® One should
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also consider the complex physical and chemical reactions in
the plasma plume with high-temperature and high-pressure
under carbon-rich atmospheres in the organic solvents. From
the current findings toluene seems to show a better perfor-
mance in the amorphization of NPs. This may be due to the
effect of benzylic carbon on radical stability (or radical
lifetime)."®* The generation of carbon-containing radicals and
carbon ions/atoms usually originates from extreme conditions
by laser-induced plasma.’®® As a result, the stabilization of
radicals facilitates the formation of carbon shells and may also
have an effect on amorphization.

Given that the fast cooling of the emerging NPs from the
plume provides an ideal non-equilibrium state to stabilize the
amorphous feature, the subsequent cavitation bubble period
(during which the matter is in thermodynamic equilibrium),
however, may not further amplify the formation of amorphous
NPs (at least before the bubble collapse phase). Of course,
the cavitation bubble is closely related to the productivity of
laser-generated colloid,'®*™*%° and thereby could influence the
ablated matter-to-solvent-ratio. But it is not clear how the
cavitation bubble affects the amorphization of NPs. One can
expect that the early cavitation bubble (whose precursor already
appears on a sub-ns time scale, according to the above-cited
simulations from the Zhigilei group) generally induces the
quenching of laser-ablated matter. On the other hand, on a
ns to ms time scale, the NPs will thermally equilibrate inside
the bubble’s vapor phase. The shielding of the colder and
denser liquid region by the cavitation bubble phase boundary
will largely reduce the thermal quenching efficiency, which
facilitates the nucleation and growth of crystalline NPs. But in
organic solvents, a higher kinematic viscosity (1) was reported
to limit the size of the cavitation bubble during the expansion
and shorten the period of bubble collapse, thus reducing its
lifetime (Fig. 8a) and possibly shortening the NP growth/aggre-
gation time.%¢

However, it is still not clear whether the first bubble con-
finement plays a major role in preventing amorphization. In
addition, extremely high pressure and temperature will be
reached again during the bubble collapse, which may also have
an effect on the confined species in the bubble. Recently,
Lechner et al. have simulated the collapse of bubble shapes
at a solid boundary (D* = 0, bubble expands as an initially
hemispherical bubble, similar to LAL) (Fig. 8b).'*” Here, D*
represents the normalized distances by considering the center
of the bubble to the solid boundary and the maximum radius of
the bubble without any boundary. In this case, the high
curvature of the bubble wall (due to kinematic viscosity of
water) during bubble collapse contributes to the bell-shaped
form, leading to the formation of a fast inward jet that hits the
target (Fig. 8c). A standard axial-jet formation (with velocities
of ~100 m s~ ') caused by axial flow focusing is found for
0.24 < D* < 3, but for bubbles very close to the solid boundary
(0 < D* < 0.2), a very fast axial-jet (~1000 m s~ ') is formed by
annular-liquid-flow collision. Note that viscosity plays a critical
role in the speed and type of the jet. In the case of a liquid with
viscosity 20 times higher than that of water at D* = 0, the super-
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fast jet (1000 m s~ of bubble wall velocity) is reached (Fig. 8d),
but the jet will become slower at a very high viscosity (i.e.
40 times that of water) (Fig. 8e)."®” Accordingly, one may expect
that this super-fast jet impinges on the target (solid boundary)
with a very high kinetic energy, thus affecting the amorphiza-
tion process (of trapped matter inside the bubble in case an
identical jet is also formed during LAL bubble collapse, but
will also contribute to target ablation). Therefore, the
bubble dynamics, in particular the bubble collapse, may be
also involved in the amorphization process, eventually closely
related to the viscosity of the solvent. The investigation of
cavitation bubbles in organic solvents (with different densities
and viscosities) toward the competitive mechanism of crystal-
lization and amorphization will be an interesting topic in
the field.

Concerning the liquid selection, gaseous LAL by-products
also have to be considered. A significant amount of gas is
formed and accumulates in the ablation chamber’s headspace
or is drained by the liquid flow. For example, Kalus et al. have
shown that tens of cm® per hour permanent gas by-products
were formed during LAL and LFL.°>'®® For ns-ablation of Au in
ethylene glycol, molecular hydrogen and carbon monoxide were
identified by gas chromatographic measurements as the main
decomposition products besides smaller amounts of carbon
dioxide, methane, acetylene, ethylene, and ethane.'®® Recently,
Koshizaki et al. pointed out the positive effect of solvent
pyrolysis that was useful to achieve the intended chemical
composition of the particles formed by pulsed laser melting
in organic liquids, with ethylene formed from ethanol playing a
key role in the in situ reduction mechanism during laser
melting.'®°

It should be noted that LAL or LFL does not ignite organic
solvents in the liquid phase because of the lack of oxygen.
Hence even ablation in highly flammable liquids such as
acetone or acetonitrile is a safe process,'®! at least at a smaller
scale, at low liquid volumes, and in tight chambers. However,
even ps-LAL is known to cause a significant temperature
increase in the liquid,””> and during low-power ns-LAL
in organic liquids, a steady temperature increase of up to
1 K min~' has been reported that approaches the liquid’s
boiling point.®® This temperature increase leads to a strong
increase of the solvent’s vapor pressure, so that pressure-tight
ablation chambers have to be used. To avoid the ignition of
unintendedly leaking solvent vapor or gas by-products accumulation
in the headspace (such as hydrogen), the use of flame protection
housing around the ablation chamber, flooded with N, ensures
safe operation.

Carbon and carbon shell effect. Depending on the solubility
of carbon in the metallic matrix (in both molten and solid
states), in the case of transition metals with a higher number
of unfilled d-orbitals, metal atoms will more likely attract
the neighboring carbon atoms to form metal-carbon bonds
with strong binding energy.'”” This usually happens for the
aforementioned active transition metals. In fact, considering
the metalloid nature of carbon in promoting GFA of MGs,
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Fig. 8 Bubble dynamics at liquids with different kinematic viscosities. (a) Shadowgrams of evolution of cavitation bubbles for the Au target under ns-
laser ablation in water (x = 1 mm? s™3), polyalphaolefin (PAO) 6 (1 = 80.8 mm?s~1), and PAO 40 (u = 764 mm? s~ %). Adapted with permission from ref. 186.
(b) Bubble collapse at D* = 0 in water with outer to inner curves at t = 57.4, 95, 105, 110, 113, 114, and 114.46 ps and (c) corresponding fast jet formation
with bubble wall velocities at t = 114.2, 114.3, and 114.32 ps; jet formation at D* = 0 at a liquid viscosity (d) 20 times and (e) 40 times higher than that of
water with bubble wall velocities at (d) t = 110.65, 110.67, and 110.7 ps and (e) t = 108.2, 108.3, 108.4, and 108.5 ps. Adapted with permission from ref. 187.

organic solvents provide a beneficial environment to form and
coordinate carbon into an amorphous metallic matrix under
laser ablation and related chemical reactions. In the case of
pulsed laser ablation of metallocene (Fe(CsH;), and Co(CsHs),),
Huh et al.*® obtained amorphous Fe-C and Co-C NPs encap-
sulated by a graphitic carbon shell. Since a large size difference
occurs in Fe (Co) and C atoms, the diffusion of C atoms into the
metallic matrix is highly possible, which also inhibits the
nucleation and formation of a lattice structure under fast
cooling of plasma and rapid quenching by liquid. This phe-
nomenon shows the difference of C atoms from O atoms due to
different interaction and diffusion behavior, and currently
there is no evidence to show the formation of amorphous metal
oxide cores by laser ablation in organic solvents. Based on the
homogeneous crystal nucleation theory, the high viscosity of
alloy melts will largely suppress the crystal nucleation rates."*

This journal is © the Owner Societies 2021

That is, the low mobility of atoms is favorable for achieving a
faster quenching than the ordering. As a high packing efficiency is
closely related to the increase of GFA, an efficient atomic size ratio
between solute and solvent atoms generally increases the atomic
packing density of alloys to give a higher possibility of amorphiza-
tion. Therefore, in the previous cases of the single amorphous
metal core, the embedment of C atoms in the core is also possible,
so as to increase the amorphization of metal carbides. However,
the synthesis of amorphous transition-metal NPs in organic
solvents does not always succeed, which is attributed to the
uncontrollable composition range of carbon in the metallic
matrix. As an empirical rule, a higher successful chance to achieve
a full amorphous structure of metallic materials usually occurs at
the metalloid element compositions located at ~ 20 at%.” There-
fore, how to control the carbon content in the amorphization of
NPs deserves in-depth investigation and discussion.
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Fig. 9 The amorphization of metal NPs under laser pulses. (a) TEM image of Fe NPs encapsulated by graphitic shells before laser pulses; (b—e) HRTEM
and the corresponding SAED of an encapsulated Fe NP under different numbers of laser pulses. Adapted with permission from ref. 86.

Given that most metal NPs ablated in organic solvents bear
carbon shells, graphitic (and amorphous) carbon shells seem to
be crucial for the amorphization behavior of metal NPs by laser
pulses. Very recently, Sun et al.®® designed the graphitic shell
encapsulated Fe and Co NPs by the modified chemical vapor
deposition and the arc evaporation, which were subsequently
subjected to a ns pulsed laser at 1064 nm. In Fig. 9a, the TEM
image shows their crystalline Fe NPs encapsulated by graphitic
shells. During the repeated laser pulses, the amorphization and
recrystallization behaviors were repeatedly observed (Fig. 9b-e)
due to the fast heating-cooling cycle by a short-pulsed laser. But
the calculated cooling rate in their case (10°-10” K s~ ') was far
lower than the required critical cooling rate of pure Fe or Co,
which contradicted their observation of amorphization of metal
NPs. As such, the formation of the amorphous phase containing
metal-carbon bonds by the diffusion of C atoms seems to be
satisfied with this phenomenon,*>*** which was confirmed by the
electron energy-loss spectra of the Fe L, ; edge that coincided with
the shifting of Fe-C and metallic Fe. In this case, the confinement
of Fe and Co NPs by graphitic shells was suggested to suppress the
heterogeneous recrystallization and stabilize the disordered struc-
ture. The recrystallization of metal NPs might be due to the slow
cooling, which also led to the growth of graphitic layers by carbon
segregation.®® But in fact, the confinement effect of graphitic
shells provides some reasonable suggestions about vitrifying
laser-generated metal NPs by laser ablation in organic solvents.
As the graphitic shell encapsulated metal NPs produced during
laser ablation, the reirradiation by a pulsed laser leads to the
remelting of solidified “trapped” metal NPs and diffusion of C
atoms into the metallic matrix may decrease the mobility of
molten alloys. All these phenomena promote the amorphization
chance under the confinement effect of carbon shells and rapid
quenching. So, this possibly becomes more obvious in the long-
time irradiation by a pulsed laser in a batch chamber. But since
the solubility of C atoms in metals is different, it will affect their
corresponding amorphization ability, which is apparent in the
noble metals. In addition, long-time irradiation will also inevitably
contribute to the laser fragmentation of NPs with size reduction,
especially in the batch processes, so laser fluence has to be
precisely tuned below the fragmentation threshold.

1136 | Phys. Chem. Chem. Phys., 2021, 23, 11121-11154

According to the aforementioned discussion, the following
seem to contribute to the amorphization of NPs in organic
solvents: (1) a high carbon to oxygen ratio in the organic
solvents favorable to form a carbon shell and exclude the effect
of oxygen, including careful removal of dissolved oxygen and
residual humidity from the solvent; (2) a higher affinity of active
transition metals to carbon; (3) a coordination of C atoms into
the metallic matrix increasing atomic packing density; (4) the
suppressed heterogeneous nucleation of metal NPs by the
confinement effect of the carbon shell.

Pulse duration. Note that compared to the ablation in water,
the laser wavelength has a less effect/dependence on the
amorphization in organic solvents as shown in Fig. 6 (also,
most organic solvents are nontransparent in the UV range,
making UV-LAL quite inefficient). But choosing pulse duration
is generally important to the structure and composition of NPs
since it will strongly affect the LAL mechanism from bulk
materials to NPs. Using ultrashort pulse durations (fs) for
ablation may provide a stronger (initial) cooling rate to favor
metastable structures."”' For example, nanomaterials with
metastable phases such as nanodiamonds have been reported
to be synthesized by the ultrashort (100 fs) laser pulsed ablation
of a graphite target in water.'®> By laser ablation in acetone with
different pulse durations, Zhang et al.'*”"'”*> obtained Fe NPs
with a good amorphous feature by fs pulses, while they
obtained crystalline Fe oxides by ns pulses. The ps-laser abla-
tion with a duration in between that of fs and ns lasers has the
combined features of direct photoionization and thermal abla-
tion processes depending on the pulse duration. As a hypoth-
esis, this may also complicate the amorphization mechanism of
NPs in the liquid, where it depends on the dominant role
of direct photoionization or thermal ablation processes. By
observing laser parameters in Table 1, both ns and fs pulses,
to some extent, play a role in producing amorphous products,
indicating that different pulse durations have the ability to
form an amorphous structure based on their ablation mecha-
nism and cooling/quenching method. However, since different
targets and organic solvents have also been employed, currently
they are still not fully comparable.
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Regarding the multicomponent target, it is speculated that
the non-congruent vaporization of ejected droplets is produced
by short laser pulses, while ultrashort laser pulses have the
propensity to highly retain the target stoichiometry.'®® In such
a case, ps-laser ablation to generate HEA NPs as discussed in
Fig. 2e and f shows the good elemental homogeneity for even
five elements used. On the other hand, ultrashort pulses pose
far higher demands on the elemental mixing prior to ablation
in liquid. Recently, Zigilei et al. predicted the quite limited
mixing of target elements during ultrashort-pulsed laser abla-
tion of a binary target, and the modeling results were backed by
experiments."®* Here, single-pulse ablation of a Cu/Ag thin film
sandwich did mostly lead to silver or copper-rich NPs, rather
than the alloy, no matter which element was the top layer.
Amendola et al. also used thin-film sandwiches to understand
alloy formation, where the highest alloy yields with the
intended composition and structure (in this case, iron-rich
gold alloy in core-shell structure) were achieved for two scenar-
ios: either the target was perfectly pre-mixed (no sandwich but
an alloy) or longer pulse durations (ns LAL) were employed.'**
Note that the thermal effects of the laser pulse in the target also
contribute to alloying of targets that were segregated before the
pulse arrives, as Marzun et al. showed via EDX analysis of a
pressed micropowder target with Ni and Mo alloy formation
only at the ablated crater region.'®> Hence, ns-LAL may be a
better choice to create multi-elemental NPs in case the ablation
target elements are not perfectly (atomically) mixed.

Other effects may be also correlated with the polarization of
the laser. It has previously been shown that a perpendicular
orientation between the polarized light and a periodically
structured surface leads to higher reflectivity and hence less
vigorous ablation, larger particles with higher polydispersity
and shorter cavitation bubble lifetime."®® For parallel orienta-
tion of both, the opposite was observed while a 10% lower pulse
energy (fluence) again resulted in the same ablation rate and
particle size distribution as found for the perpendicular case."*®
Hence, the effect of polarization is equivalent to the effect of
laser fluence, where the difference in the effective laser fluence
compared for both orientations is less than 10%. If the polar-
ization has an effect on LAL, it also depends on the capability of
the ablated alloy to form laser-induced periodic surface struc-
tures (LIPSS). It has been shown that ps-LAL productivity
linearly depends on the laser fluence if LIPSS is not formed,
while a logarithmic trend and a decrease in productivity are
evident when LIPSS is formed. Circularly polarized light cancels
LIPSS formation and thereby increases the nanoparticle pro-
ductivity by more than 30%."”

4. Laser-based processing of colloidal
amorphous metal nanoparticles

Size control and modification aiming to achieve high fractions
of monomodal ultrasmall NPs are still of great interest, which

are achievable by the irradiation of raw particles (known as
LFL)."”® The widely accepted fragmentation mechanisms are
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classified by the employed laser fluence (as the driving force)
and the pulse duration (as energy transfer kinetics).>" Ultra-
short laser pulsed LFL (<10 ps) is correlated to electron
dynamics-mediated mechanisms, where electrons escape from
the confinement of the lattice structure after absorbing energy
from laser pulses, leading, at sufficient laser fluence, to the
charge imbalance of particles and spontaneous fission (known
as Coulomb explosion/instability).**° On the other hand, short
laser pulses (e.g. ns) with enough time for electron cooling and
reaching thermal equilibrium mainly induce the photothermal
evaporation processes and melting of NPs (heating-melting-
evaporation mechanism).

Often, LFL is performed in a batch setup with continuous
(magnetic) stirring to achieve convection (Fig. 10a). As a result,
the mass transport rate of educt particles to/from the irradiated
volume and the repetition rate of laser pulses strongly influence
the average energy and the number of laser pulses applied on
the particles.®” Recently, Yang and coworkers have reported a
series of amorphization behavior of transition metal oxides by
second harmonic ns-laser fragmentation in a batch setup,
including Fe,0;,%>"%° C00,"**?°° and Ni0."9?*°! An interesting
phenomenon is that the structures of original crystalline Fe,O3,
CoO and NiO particles were rearranged into a highly disordered
state after the long time irradiation in water (Fig. 10b). In their
cases, the fragmentation time seems to be important for the
amorphization behavior, where the initial size of crystalline
particles ranges from tens to hundreds of nanometers (Fig. 10c)
and 30 min is sufficient for the full amorphization of metal
oxide NPs (Fig. 10d). Further irradiation by hours tends to lead
to two-dimensional (2D) amorphous nanoflakes for CoO and
NiO (Fig. 10e and f).*°**°! This was confirmed by Liang et al.,>*>
who found different crystallinities of Nb,Os NPs when particles
were fragmented in water for various time durations (Fig. 10g).
Since a 10 ns laser with a low repetition rate (10 Hz) was applied
throughout their experiments, the fragmentation of those
crystalline metal oxides probably mainly goes through the
photothermal evaporation and melting. The repetitive process
of photothermal processes and quenching by LFL is possible to
continuously destroy the crystalline structure and suppress the
nucleation of the ultrasmall structure. The high fluence used
also ensures high fragmentation efficiency in order to effec-
tively reduce the particle size.

Although a batch setup is not favorable for increasing the
productivity of LFL due to the absorption of a large amount of
energy by dispersed colloidal NPs and large fluence gradients,
the concurrent fragmentation behavior has a propensity to
disorder the crystalline structure of the transition metal oxides.
Recently, Du and coworkers showed the ns-laser fragmentation
of CoNi,P particles in water to obtain amorphous CoNiPO, NPs
(Fig. 11a-c),>*® where the atomic ratio was determined by
inductively coupled plasma (ICP) measurements. The crystal-
linity was reported to be closely related to pulse energy. The
amorphization tends to be achieved at a higher pulse energy
(Fig. 11d). This fact further verifies the previous statement in
the discussion of the laser wavelength effect in water that the
light absorption efficiency of colloidal NPs favors the
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transformation of amorphization. Additional metalloid P seems to  improvement of GFA in MG formation, but more importantly, the
improve the amorphization of NPs during heating and quenching fragmentation seems to present a more effective way to produce the
processes by fragmentation, which is in good agreement with the amorphous metal oxide NPs than the laser ablation in water.
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In comparison, since the ultrashort lasers have distinct
fragmentation mechanisms compared to the ns laser, they
may not be the perfect choice for the amorphization of NPs.
For example, Waag et al.>** showed the synthesis of ultrasmall
amorphous NPs and multi-crystalline particles up to 200 nm by
ps-laser fragmentation of CoFe,O, particles in water, and
Siebeneicher et al.>*® using ps-laser fragmentation of bismuth
ferrite particles suggested that the large particles dominated
the crystalline characteristics in the XRD pattern although
small amorphous NPs were observed in TEM images. Since
the pulse duration of ps locates between ns and fs, those
investigations of the ps-laser might be involved with part of
photothermal processes leading to melting processes during
fragmentation. Also, the fragmentation duration was less than
that of the batch setup since the free liquid jet was used to
make sure that all particles went through the same number of
laser pulses. In this setup, the educt particles pass through the
capillary and are hit by the laser beam in a perpendicular
direction by adjusting the focal spot. Repeating processes by
multiple passages through the liquid jet promise the effective
size reduction and homogeneous distribution of NPs. In this
way, it is possible to estimate the fragmentation efficiency
using “mass-specific energy input”.'®

Overall, ns-LFL may be a promising tool to create A-NPs, in
particular in organic solvents for in situ carbon (or even nitro-
gen/phosphor) doping, or in water for the creation of amor-
phous metal oxide NPs. However, there is still a lack of evidence
that LFL is capable of synthesizing A-NPs. Not to mention, the
fragmentation mechanisms are still under debate. Therefore,
the amorphization behavior needs to be investigated in-depth
with more understanding and should attract more interest in
future studies. In addition, LFL can be possibly applied for the
amorphization of metal carbide NPs due to the aforementioned
confinement effect of the carbon shell on the suppression of
nucleation by laser pulses. But one should also consider that
the carbon shell will be destroyed during LFL, introducing
more uncertain factors.

5. Prospect of metallic glass
nanoparticles by laser ablation in liquid

As the counterpart of crystalline metals, MGs with amorphous
structure have already been developed for decades. While
crystalline single-element metal targets have been extensively
applied for producing NPs by LAL, the investigation using bulk
MGs to produce NPs based on laser synthesis and processing
techniques is still at the infant stage. One of the main reasons
for this discrepancy is not only the wider availability of crystal-
line metals, but also the multi-component element nature of
MGs, which leads to sophisticated synthesis mechanisms and
products. On the other hand, single-element NPs by LAL have
been well established in recent years, but in fact, the synthesis
of multicomponent metal NPs is attractive to effectively modify
the properties of materials. However, the solidification of
multicomponent crystalline alloys beyond solid-solution limits
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often leads to crystalline phases with different phase composi-
tions. In the whole crystalline structure, elements are inhomo-
geneously distributed. In contrast, general methods based on
rapid solidification to manufacture MGs have the ability to
“quench” the atomic structure of the alloy as the molten state,
thereby leading to uniform elemental distribution inside the
target, rendering elemental mixing during LAL less demanding.
This provides a favorable environment to generate multi-
component metal NPs by LAL. Indeed, bulk MGs provide an
excellent precursor with good GFA if the homogeneous element
distribution can be achieved in produced NPs, which we
denoted as MG-NPs. But currently, the preservation of the
amorphous state of NPs after LAL of bulk MGs is still challen-
ging. In other words, the MG structure of a target is not a
prerequisite for MG-NP formation, as the LAL or LFL mecha-
nism passes a molten stage and/or phase explosion anyway (so
that laser synthesis does not “‘remember” the target’s struc-
ture), but using an MG target is a straight-forward approach to
ensure at least good starting conditions of pre-set elemental
mixing and composition, and may benefit from changing
ablation dynamics. In this section, the ablation phenomena
of the MG surface and the bubble dynamics during LAL will be
discussed, and we will provide the prospects for the synthesis of
MG-NPs based on competitive mechanisms of structural
changes during LAL.

5.1. Surface characteristics by laser ablation

The disordered nature of MGs determines that their interaction
with a pulsed laser is different from that of crystalline materials
due to their structural difference, where the observation of
surface morphologies usually provides important clues for the
ablation mechanisms, e.g. the release of matter from the
targets. In general, a short-pulsed laser, e.g. ns laser, induces
the apparent thermal coupling ablation on the MG surface,
thus leading to melting, vaporization, and boiling, but these
thermal behaviors depending on the laser fluence and duration
also result in the vertiginous change (e.g. supercooled liquid
transformation, crystallization, energy state transformation,
etc.) in MGs. Using a typical Zr-based MG (Zrs; »Tii3.8Cu12.5-
Ni;oBe,, 5, also known as Vitreloy 1), Williams and Brousseau
investigated the relationship of crater topographies (diameter
and depth) and laser fluence,*®® where they found that the
deposition of energy by high fluence contributed to the increase
of crater diameter and depth on the MG surface (Fig. 12a),
while in the ns regime, the shorter pulse duration with higher
peak power resulted in a larger melting pool and more apparent
melt ejection at the edge of the crater (Fig. 12b).

On the other hand, surface ripples are typical surface
morphologies outer the carter caused by single-pulse
ablation,?°®?%821% where Liu et al.>'® ascribed them to Kel-
vin-Helmbholtz instability due to the interaction of the molten
layer and the expanding plasma plume. The spacing of ripples
could be closely related to the surface tension of the molten
layer, the density, and transverse velocity of the plasma wind.**°
Since MGs are usually regarded as the “frozen” liquid, the
hydrodynamic instability tends to easily occur by thermal
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activation of the ns-laser, leaving a trace of fluid-like morphol-
ogies after the laser effect. However, such behaviors may not be
consistent in the liquid environment. As such, Liu et al>"’
further performed the laser ablation of Vitreloy 1 in water and
found another hydrodynamic instability which was the
Saffman-Taylor fingering instability phenomenon. In Fig. 12c,
the central smooth region and the surrounding rough region
were marked as “I” and “II”, respectively, with a starfish-
shaped boundary (Fig. 12e and f). Clear surface ripples were
still observed and there were melted droplets and pores in the
“II” region (Fig. 12d) due to phase explosion at a temperature
rise rate over 10° K s ', indicating that the interaction of MGs
with the laser under water was much more aggravated.*®’
Further study of Saffman-Taylor fingering instability was ver-
ified by establishing the model in an Eulerian coordinate
system (x, y, z). They proposed that the flow of more viscous
Vitreloy 1 liquid was initiated by the less viscous plasma plume,
and according to the analysis of perturbation at the interface of
two fluids, the critical wavelength (1.) satisfied the perturbation

1140 | Phys. Chem. Chem. Phys., 2021, 23, 11121-11154

in Saffman-Taylor fingering:>*”

fe = 2m \/ dp/dx (1)

where ¢ is the surface tension and dp/dx is the negative
pressure gradient that drives the instability. The calculated
dominant wavelength (i, = v/34.) was consistent with the
width of the experimental fingering.

Regarding the ultrashort pulses, Jia et al.>'" have reported
that single-pulse fs laser ablation of Fe,; sCu;Nb;Si;3 sBg MG
resulted in non-thermal (direct solid-vapor transition) and
thermal ablation (heating and structural transformation),
which was related to the incident laser fluence. The low
fluence fs laser also contributed to surface ripples structure
on the MG surface, which is in agreement with other reports
by ns ablation. In an investigation by different laser para-
meters, Ma et al.”** studied the formation of concentric rings
Zrs5Al10NisCuzo MG by multi-pulse fs lasers, suggesting that

This journal is © the Owner Societies 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cp00701g

Open Access Article. Published on 20 April 2021. Downloaded on 12/7/2025 10:55:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

type I ring structure with nonthermal features occurred at low
laser fluence due to the small laser accumulation effect, while
type II ring structure with evident molten traces was found at
high laser fluence. But unfortunately, surface structural
changes of MG ablation by an ultrashort pulsed laser under
water or other liquids are still missing.

5.2. Matter-removal and competitive mechanism

The phenomena of hydrodynamic instability have explained
the melting behavior of MGs and viscous liquid dynamics
under confinement in water, but ex situ surface morphologies
still lack direct observation for the analysis of the ablation
mechanism. In fact, pulsed laser ablation of MGs should
involve vaporization and boiling of the melt. It is generally
accepted that ultrashort laser pulses can induce an effective
ablation in liquid by nearly instantaneous evaporation,>'?
where laser duration regimes from ps to fs are more favorable
for the explosive boiling behavior, which is also known as phase
explosion since the longer pulse duration has more apparent
heat conduction within targets and plasma shielding effects
lowering the ablation efficiency. However, high fluence laser
ablation is also able to transfer the normal melting and
vaporization into phase explosion. Yoo et al>'**" observed
the phase explosion of silicon by the dramatic increase of
craters in volume when a threshold irradiance of 2.2 x
10> W cm™? was used in the ns-laser ablation; Bulgakova
and Bulgakov indicated the dramatic increase of ablation rates
of graphite, niobium and YBa,Cu;0,_s superconductors over
the threshold fluences (22, 15 and 17.5 J cm™?, respectively)
using infrared ns pulses.*'®

It is also interesting to verify whether MGs will have a
different phenomenon from crystalline materials. Recently,
Jiang et al.*°® reported the superheating and phase explosion
by ns-laser ablation of Zr-based MG at high laser fluences. In
their case, the phase explosion was captured by a high-speed
camera with the emission of high-temperature matter as bright
sparks, where they ruled out the possibility of plasma and the
shock wave by the spatiotemporal resolution of the camera.>’®
In addition, the formation of a liquid-gas spinodal pattern has
been observed on the irradiated area. According to their mod-
ified thermal model, Fig. 13a shows the spatiotemporal profile
related to MG surface temperature, where the highest tempera-
ture always occurs at the outermost surface and the tempera-
ture decreases from the surface toward the inside of the MG.
Fig. 13b suggests that the ablation of MG by a single-pulse laser
at high fluence causes normal heating within the pulse dura-
tion (10 ns) until the explosive boiling occurs at T,. Since the
pressure at the explosive boiling of Zr-based MG is much less
compared to that of crystalline metals (i.e. Ni), it is expected
that MG is easier to be heated to form a highly metastable
liquid with a higher degree of superheating.>’® Note that the
thermal conductivity of amorphous and supercooled liquid
states is generally lower than that of the crystalline counter-
parts due to the restricted mean free path of phonons in the
disordered atomic structure,”®® possibly leading to (stronger)
local superheating at the short laser pulses.
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In a high time-resolved imaging study of Zr-based MG, Jiang
and coworkers had further captured the formation and quench-
ing process of laser-induced plasma in water.>’” The observed
plasma on the MG surface firstly expanded but was limited by
the constraint of water within 10 ns, and then cooled down with
the trace at around 70 ns. Given that the laser irradiance was
about 3.7 x 10° W cm ™2, that is 42-127 times lower than the
breakdown threshold of water by infrared ns-laser pulses,*'®
the plasma at the target surface was likely induced by free-
electron formation from ablated materials. At the same time, a
peak pressure of 1.5 GPa by deposited energy into water is
generally enough for explosive vaporization of water, leading to
the formation of cavitation bubbles during or at the end of
10 ns laser pulse. In this case, the delayed bubble formation at
~500 ns may indicate that the laser energy is mainly deposited
into the MG target and plasma luminescence in water is caused
by the ejection of electrons. The application of a single-pulse
ns-laser on Vitreloy 1 led to the ejection of bright objects
(bubbles or droplets) from the MG surface at the time frame
of tens of ps. It is known that phase explosion of ablated matter
can occur in the confined water environment.>'®?*° This may
also lead to the conclusion that compared to crystalline materi-
als, MGs are likely to experience superheating and phase
explosion under laser ablation.>*®

Other works from the same group have also shown the
evolution of cavitation bubbles after a single pulse ns
laser.>'*??° Fig. 13c shows that the bubble generated from ns-
laser ablation of Vitreloy 1 expands for a duration of around
400 ps, then shrinks and finally collapses at the time scale of
about 1000 ps. The experimental result is reported to approxi-
mately match with the temporal variation of the bubble radius
using conventional Rayleigh-Plesset theory.>'® The first oscilla-
tion of the bubble generally fits the Rayleigh-Plesset equation.
However, it has been reported that the Gilmore model can
describe the subsequent oscillations better with consideration
of liquid compressibility.?*' Further consideration (e.g. vapor-
ization, condensation, and heat conduction) is also possible
but the full model will be more complicated.””* Fig. 13d
describes the main stages of ablation (including plasma and
bubble evolution, and explosive boiling) at a time scale of
1000 ps, where Jiang et al. postulated the phase explosion to
start before the bubble nucleation, and therefore part of the
ablated matter is thought to be ejected directly into the colder
water, which provides part of the NP formation mechanism for
the ablation of bulk MGs. According to Jiang and coworkers,**°
the ablation of Vitreloy 1 in water led to the formation of
a fraction of small amorphous NPs (Fig. 14a) without forming
crystals (SAED not shown here), while the others mainly
presented as core-shell structures. The core-shell structured NPs
could be divided into crystalline@amorphous core-shell type and
polycrystalline core-shell type. Fig. 14a shows that Zr, Ti, Cu, Ni,
and O are homogeneously distributed in the whole amorphous
NP. For core-shell structures (Fig. 14b and c), it is evidenced that
both core-shell structures are favorable for the elemental segrega-
tion of Cu and Ni as the crystalline core due to positive mixing
enthalpy,”®” which is detrimental to the GFA of MGs. Note that
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due to a synthesis environment in water, all NPs have been
oxidized.

Based on aforementioned different NP structures, Fig. 14d
shows a time-temperature-transformation (TTT) diagram of
MG-NP formation during LAL of the MG target.”*® The laser
energy absorption induces the atomization and ionization of
the target but those active species are confined in the hot
plasma plume, leading to the formation of homogeneously
mixed atoms. According to the authors, the preservation of
stoichiometry in the NPs most likely occurs due to the direct
ejection of ablated matter by phase explosion, thus contribut-
ing to the glass-formation condition. Both factors may com-
pensate for the side effect of oxidation, but the high cooling

1M42 | Phys. Chem. Chem. Phys., 2021, 23, 11121-11154

rate generally dominates the bypasses of the crystallization
“nose” in the TTT curve. However, trapping of most of the
ablated matter in the cavitation bubble is unavoidable. In a
consecutive process, the cavitation bubble can survive in a
microsecond timescale, which is enough for the nucleation
and crystallization of NPs. Therefore, it is believed that the NPs
formed in the bubble before releasing into liquid have the
propensity to form a crystalline structure unless the GFA of NPs
is enough to suppress the crystallization.

Since a multicomponent target in water is usually involved
with complex chemical reactions, the current study is still not
sufficient to reveal a general rule of the formation of MG-NPs
and their competitive mechanism by the ablation of the MG
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target. Many other influencing factors for the formation mecha-
nism of MG-NPs by LAL have not been studied and this would
be a novel and promising area regarding NP formation by laser
synthesis and target processing in liquid.

6. Properties and applications of
amorphous metal nanoparticles

6.1. Heterogeneous catalysis

Currently, many investigations have focused on the application
of laser-synthesized NPs as heterogeneous catalysts,?** > due
to the enrichment of catalytic active sites on the nanometer
scale.”?”**® In addition, amorphous alloy ribbons have also
presented an attractive catalytic performance
splitting,'****%?3° wastewater treatment,”*'">*° fuel cells,>**>*’
etc., due to the ready-to-use nature with low activation
energy,”**** fast electron transfer,>'>**' and abundant

in water

This journal is © the Owner Societies 2021

coordinately unsaturated atoms>***** in the amorphous struc-

ture. Therefore, the lowering the dimension of amorphous
metallic materials into NP size holds the promise to present
outstanding catalytic behavior.

Recently, the exploitation of ultrasmall amorphous metal
oxides has been achieved by Yang and coworkers by the long-
time fragmentation of the crystalline counterparts in water,
where the amorphous metal oxides were subsequently
employed as efficient photocatalysts for water splitting, namely
solar hydrogen evolution.®>?°%*°* In the typical case of Ni
oxide, amorphous NiO nanosheets obtained from the long-
time fragmentation of crystalline NiO powders have achieved
52.02 pmol h™" of H, evolution in a water/methanol (as a hole
scavenger) solution by simulated solar irradiation and this was
increased to 1008.46 pumol h™' by H doping on Ni atoms
(Fig. 15a and b), which formed the 2D plasmonic amorphous
NiO nanosheets.”*" The investigation of the electronic structure
found that the 2D effect and amorphization of NiO have the
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NPs (AFNs) and crystalline Fe,O3z powders (CMNs). Reproduced with permission from ref. 82. (d) Schematic illustration of band structure transformation
by the 2D effect, amorphization, and H doping. Reproduced with permission from ref. 201. (e) Schematic illustration of Z-scheme photocatalytic overall
water splitting by amorphous CoO nanosheet/graphene oxide. Reproduced with permission from ref. 200. Comparison of (f) overpotential values at
10 mA cm™2 and (g) Tafel plots of amorphous CoNiPO, (L) by LFL, crystalline CoNiPQO, (E) by electrochemical oxidation, crystalline CoNi,P, and

commercial RuO, and IrO,. Adapted with permission from ref. 203.

ability to enhance the electron doping with the compensation
of intrinsic hole doping and to suppress the carrier recombina-
tion with the transformation of surface trapping sites from
recombination centers to active sites.”’" Fig. 15d schematically
illustrates the elevation of Fermi levels (Ef) by the 2D effect,
amorphization and H doping in sequence to reach conduction
band edge. In fact, such H doping of amorphous NiO
nanosheets boosts the subsequent photocatalytic activity origi-
nating from the surface plasmon resonance (SPR) effect with
high electron density (>10>" cm™?).>*

In a similar case but using Fe oxide, the application of
nanoscaling by the fragmentation of large Fe,O; particles into
nano-scale Fe,O3; NPs led to more surface states and dangling
bonds, which was further enhanced by the amorphization of
NPs by repetitive melting and quenching processes in water.®?
The amorphization can be considered as a further nanoscaling
due to the disordering of the atomic structure. As a result, the
up-shift of the conduction band edge over the H'/H, potential

11144 | Phys. Chem. Chem. Phys., 2021, 23, 11121-11154

level and the elevation of the Fermi level by additional electrons
contributed to thermodynamically driven photocatalytic H,
evolution by amorphous Fe,O; NPs (Fig. 15¢).*> In general,
the excitation-wavelength-dependent small polaron trapping
effect of photoexcited carriers has been reported in the crystal-
line Fe,0;, leading to a lower photoconversion efficiency than
the theoretical value.>** But the amorphization can overcome
this effect, which increases the photoconversion efficiency in
the visible light region, thereby achieving a higher utilization of
solar irradiation. Therefore, the amorphization in metal oxides
could serve as a unique function in the photocatalytic applica-
tion. The coordination number of the metal-oxygen bond could
also serve as a crucial factor for the superior properties of
amorphous metal oxides.>*> This could further demonstrate
the amorphization function of oxide nanomaterials from the
fragmentation of crystalline counterparts. Besides, laser-
synthesized amorphous CoO nanosheets have shown efficient
overall water splitting with an expected 2:1 stoichiometry by
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solar irradiation.>*°

More importantly, robust stability with
continuous H, and O, generation of more than 120 h was
presented due to the amorphization of CoO materials, and
the photocatalytic activity was further promoted by a factor of
13 through the decoration of 20% graphene oxide due to the
bionic Z-scheme structure (Fig. 15¢), which enhanced the light
absorption in both visible and near-infrared regions. This
provides the new idea of incorporating amorphization and
decoration to form amorphous/crystalline composites, which
can further modify their unique properties in catalysis.

All these amorphous transition metal oxide nanomaterials
have advantages of a very high surface-to-volume ratio and
abundant coordinately unsaturated atoms, which in fact are
potentially active in many other catalytic applications, such as
wastewater treatment. Li et al.'®® have reported the superior
adsorption ability of amorphous Fe, Co, and Ni oxides by LFL in
the treatment of methyl blue. The comparison study indicated
that crystalline NiO needed more than 150 min for full color-
ization while amorphous NiO achieved that within 1 min. In
fact, in addition to physical adsorption, the abundant catalytic
active sites in the amorphous oxides will also induce the strong
reduction of the dye leading to its fast decomposition. On the
other hand, the employment of multiple elements for tailoring
the electronic structure of A-NPs is expected to promote their
catalytic performance. By using amorphous CoNiPO, NPs from
LFL, Sun et al.’” showed a low overpotential of 238 mV at
10 mA cm > (Fig. 15f) and a Tafel slope of 46 mV dec " in the
OER performance (Fig. 15g), which were much lower than those
of the electrochemically active commercial RuO, and IrO,. They
ascribed it to the existence of abundant high-valence Ni** in
amorphous CoNiPO, NPs.?® But it may also include the tailor-
ing effect of the electronic structure by the P element, which
has been widely reported for MGs in the studies of HER and
OER.98’246

Regarding the carbon shell structure in the NPs, Kim et a
investigated the PA@C core-shell structure for the reduction of
nitrobenzene to aniline, where the carbon layer can facilitate
hydrogenation reactions. So it is expected that the carbon-
encapsulated A-NPs have the potential to be exploited as
hydrogenation catalysts as well. But currently, not many amor-
phous metal carbides synthesized by LAL or LFL are reported in
the catalytic applications.

l 177

6.2. Magnetism

Magnetic nanoparticles including elemental metals, metal oxi-
des, and carbides are available for a wide range of applications
in magnetic devices such as data storage and magnetic field
sensors,'”®*"” and in bio-applications such as selective drug
delivery and magnetic resonance imaging.>**>*° Particularly,
extensive interest has been focused on iron due to its easy
availability and magnetic nature. For iron oxide NPs, a size
range <10 nm is suitable for contrast agents in magnetic
resonance imaging due to superparamagnetic behavior and
good dispersion in the hematic flux, while a size range between
30 and 40 nm can be effectively applied for magnetic hyperther-
mia by multiple magnetic heating mechanisms."*® The size of
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20 nm is suitable for both applications. As such, LAL and LFL
with easy regulation of NP size and structure could serve as
effective methods to modify and optimize magnetic properties
of iron oxide NPs. According to the products from laser ablation
of the o-Fe,O; target in different liquids, amorphous iron
oxides/hydroxides (in water) have a lower saturation magnetiza-
tion (M) than carbon-encapsulated y-Fe,O; (in ethanol and
acetone).’®® This may be attributed to the effects of ultrasmall
amorphous hydroxides and the high dispersity of NPs. In this
case, Amendola et al.**® have used dilute HCl and disodium
ethylenediaminetetraacetate (EDTA) to remove amorphous
Fe hydroxides after LAL to increase the entire crystallinity,
and the magnetic properties of the resulting products were
investigated.

In contrast, the formation of an amorphous Fe core in core-
shell oxide NPs may have an apparent effect on the enhance-
ment of Mg, where soft ferromagnetic amorphous Fe particles
with My > 100 emu g ' were compared with the smaller
magnetization of o-Fe,O; (4-5 nm) of 1 emu g 7> |t
has been reported that the coercivity (H,.) of large amorphous
Fe@uo-Fe,0; core-shell NPs matched well with the reported
H_ of amorphous Fe particles with 160 Oe at 5 K,"*”**° while the
M, with 72.5 emu g~ " and 61.9 emu g " at 5 K and 300 K,
respectively, mainly originated from amorphous cores."*” The
lower Mg in amorphous Fe@a-Fe,O; compared to amorphous
elemental Fe is due to the antiferromagnetic nature of a-Fe,O3
inducing interfacial magnetic interactions and reducing the M;.

On the other hand, the magnetism of A-NPs may be applic-
able as well when metal-carbon bonds are formed. Kanitz
et al'”' reported that fs-laser ablation of the Fe target in
methanol, ethanol, acetone, and toluene produced nanocom-
posites (i.e. amorphous iron, iron-oxides, and carbides) with
M, = 80, 60, 67 and 14 emu g ' and H, = 92, 65, 56 and 52 Oe,
respectively. It is known that ferromagnetic particles give a
higher M, with decreasing NP size but this is inversed for the
oxide compound.'”* Given that the higher carbon to oxygen
ratio of organic solvents increases the carbonization rate of
entire products and vice versa, the higher M; value in methanol
is mainly attributed to the higher content of iron oxide NPs
with larger NPs. But the high amount of precipitated carbon in
toluene significantly reduces the magnetic effect of amorphous
iron-carbide NPs. In addition, Kwong et al.®®> have suggested
superparamagnetic (SPM) behavior and ferromagnetic (FM)
property of amorphous Co-C NPs at different temperatures,
and the superparamagnetic property of metal carbide NPs
could be well preserved by the graphitic shell due to the less
oxidation. This superparamagnetic phenomenon of amor-
phous metal carbides with a carbon shell was further explained
by Huh and Nakajima."®® In Fig. 16a-d, the magnetic hysteresis
loops and zero-field-cooling/field-cooling (ZFC/FC) curves at
H. = 100 Oe indicate the ferromagnetism of amorphous Fe-C
and Co-C NPs at room temperature and no blocking tempera-
ture below 300 K. Fig. 16e-h also shows the temperature
dependence of My and H,, which is different from amorphous
Fe-C and Co-C without a carbon shell.”>" A sharp increase of
M, and H, at a temperature lower than 20-30 K was attributed
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Fig. 16 Magnetic properties of laser-generated amorphous metal carbide N
cooling/field-cooling (ZFC/FC) curves at H = 100 Oe of (c) Fe—C and (d)

Ps. The hysteresis loops at 300 and 2 K of (a) Fe—C and (b) Co-C; zero-field-
Co-C; coercivity (H) and saturation magnetization (M) as a function of

temperature of (e and g) Fe—C and (f and h) Co-C. (i) The proposed magnetic core—shell structure for amorphous Fe—C and Co—C NPs. Adapted with

permission from ref. 180.

to the superparamagnetic behavior of carbon-encapsulated
amorphous NPs originating from a large increase of magnetic
spin moments below the critical temperature. In Fig. 16i, a
magnetic core-shell structure with carbon onion and SPM shell
and FM core has been proposed to explain the anomalous
magnetic behavior of amorphous Fe-C and Co-C NPs with a
carbon shell at low temperatures. Accordingly, Huh and Nakajima
indicated that the amorphization of Fe-C and Co-C NPs encap-
sulated by carbon onions would show some different features
compared to common magnetic NPs, including (1) the protected
surface spins, (2) the separated amorphous magnetic cores by
the carbon onions, and (3) the disordered spins originating
from the disordered atomic structure."®°

6.3. Other applications

Amorphous Fe NPs with excellent electromagnetic and catalytic
properties have been found with the application in cancer
therapy by a localized Fenton reaction by taking advantage
of mild acidity and the overproduced H,0O, in a tumor micro-
environment, which mainly relied on the local production
of *OH by the on-demand release of Fe ions without the need
for external energy input.®*® The amorphization of Fe NPs
also promotes their biodegradability and magnetism-related
properties, leading to a prospective contrast agent for magnetic
resonance imaging.**® Since the amorphous Fe NPs in
Zhang et al.’s study were based on the hubble-bubble reduction

11146 | Phys. Chem. Chem. Phys., 2021, 23, 11121-11154

process with involvement of surfactants, the surfactant-free
amorphous Fe NPs by laser synthesis and processing in water
are expected to provide a more suitable alternative due to the
ultrapure requirement for bioapplications. Laser-generated
amorphous/crystalline NigoNby, nanocomposites have also
been investigated with respect to the electrochemical none-
nzymatic glucose-sensing ability in the alkaline medium.>*?
In fact, compared with other reports of amorphous
metallic materials, the applications of laser-synthesized NPs
are still very limited. But the comparable applications of
amorphous metal oxide NPs from hydrothermal, pyrolysis,
etc., and MG-NPs from chemical reductions have attracted
interest in hydrogenation,®* hydrogenolysis,'® oxidation,®>?
supercapacitors,"'® batteries, and water splitting.>*> Therefore,
the combination of nanoscaling and amorphization with
surfactant-free nature by laser synthesis and processing should
contribute to a great promise in different fields.

7. Conclusions and prospects

The unique short-range ordered and long-range disordered
atomic arrangement of amorphous materials leads to an
excellent combination of structure and activity properties that
overcomes the natural limitation of the crystalline counter-
parts. Extensive efforts have been devoted to developing and
improving synthesis methods of amorphous materials based
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on hypothesized formation mechanisms. A typical approach of
different amorphization processes is to suppress the crystal
nucleation by employing a large temperature gradient and a
fast quenching of molten metals within a short time. Currently,
chemical reduction is still the main approach to achieve
colloidal amorphous metal nanoparticles (A-NPs) with a large
specific surface area. However, the severe contamination by
surfactants from chemical reduction usually needs further
calcination treatment to remove those residuals, which easily
leads to structural relaxation and further crystallization of the
amorphous structure. The synthesis of surfactant-free A-NPs,
particularly for catalytic applications, thus encounters new
challenges and requirements.

Laser synthesis and processing of colloids (LSPC) has widely
been used to produce colloidal crystalline NPs. Extensive inves-
tigations of their formation mechanisms and the related ther-
modynamics and kinetics in the liquid, phase transition,
crystal nucleation, and growth were correlated to the laser-
induced plasma and cavitation bubble dynamics. Yet, although
also A-NPs have been synthesized in the past, the formation
mechanism and related synthesis conditions are less under-
stood. Hence, in this perspective article, we addressed previous
work on laser synthesis and processing of A-NPs from the last
two decades to identify related synthesis conditions and for-
mation mechanisms.

Amorphous metal oxide NPs tend to be formed in a liquid
environment enriched with oxygen when a high cooling condi-
tion is satisfied. Based on the literature survey, the oxygen
“impurity”’ appears to be beneficial for or participates in the
formation of amorphous oxide NPs during laser ablation in
water. On the one hand, ns pulse duration is preferable for
targets with limited elemental mixing. On the other hand,
ultrashort-pulsed LAL may trigger stronger acceleration of the
plume leading to jetting (and thereby stronger quenching)
phenomena. Either the direct ejection of molten metals into
the cold and high-density region of water or the ejection of
matter into the mixing zone at the front of the expanding
plume may provide sufficient quenching or oxidation condition
for amorphization. However, for the matter trapped inside the
cavitation bubble, the cavitation period may support the sub-
sequent nucleation and growth of crystalline phases, at least
until the bubble’s collapse. During the collapse phase, high
peak temperatures and pressures may again provide good
starting conditions for structural changes in the nanoparticles
(in the subsequent fast cooling process during release from the
collapsing bubble). Multiple pulse LAL is always accompanied
by LFL processes, but LFL can also be employed intendedly
either on LAL-generated colloids or on other particle suspen-
sions. The fragmentation by fs- and ps-laser pulses can provide
repetitive melting and quenching processes in water and hence
control the amount of amorphization with the number of laser
pulses and related fluence. The significant reduction of particle
size is also likely to be beneficial for amorphization, and UV
LFL seems to be advantageous to yield amorphous NPs. In fact,
amorphous metal oxides gained by LFL have been employed in
several studies on HER and OER for water splitting, and oxygen
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reduction reactions (ORR) for fuel cells and supercapacitors,
holding the promise of surfactant-free and ultrapure amor-
phous metal oxide NPs from LSPC as superior candidates
compared to those from other synthesis methods.

In addition to water, organic solvents provide more choices
and advantages (higher reductive potential, delivery of C, N, or
P dopants to stabilize MG) as liquid medium during LAL. The
enriched C environment originating from decomposition of
organic solvents easily forms the carbon shell of NPs to
stabilize NPs. The involvement of metalloid C satisfies the
empirical rules of glass formation, where metalloid elements
located at ~20 at% induce a good glass-forming ability of
metallic materials. For LAL, the simultaneous diffusion of C
atoms into the metallic matrix (metal core) depends on their
affinity and enthalpy to form metal-carbon bonds and largely
increases the mobility of the metallic liquid, thereby supporting
and promoting the amorphization ability of NPs during
the quenching process. An influence can be also considered
for the confinement effect of the carbon shell, which sup-
presses the recrystallization and stabilizes the disordered struc-
ture of the metal core. As such, regardless of the quenching rate
in different liquids, the organic solvents would be more favor-
able for the formation of an amorphous structure due to the
cooperation of C.

In general, the formation of MG-NPs can be considered as a
competitive process of nucleation and amorphization. To
achieve a higher fraction of the amorphous structure in the
whole product, the nucleation should be suppressed to a
minimum. According to the preliminary discussion of amor-
phous single-metal oxides and carbides by LSPC, we have
summarized the key factors that affect the amorphization of
MG-NPs (Fig. 17). These include, firstly, the cooling rate of the
metallic liquid, where laser-generated NPs in liquids have the
advantage of a high cooling rate. Secondly, the chemical
composition generally dominates the critical cooling rate of
MG, which results in the feasibility to form an amorphous
structure under the same cooling conditions (GFA). Thus,
applying a MG bulk target with a low critical cooling rate (or
a high GFA) is expected to increase the chance of MG-NP
product during LAL. Thirdly, the diffusion effect and chemical
reaction of O and C atoms are important, where the carbon
diffusion into the metallic matrix due to the decomposition of
organic solvents could highly improve the GFA, while electronic
properties of amorphous metal oxide NPs can be tailored by the
cooperation of oxygen (mainly in water). Fourthly, preserving
the target stoichiometry could maintain the GFA as in the MG
target, which is feasible to obtain MG-NPs by the high cooling
rate under LSPC. It has been demonstrated that LSPC can
“memorize” both MGs**® and HEA"**"** target composition
to synthesize NPs with the same composition. Further consid-
eration could focus on the laser parameters (particularly the
effects of laser wavelength and pulse duration) according to the
current literature.

Consequently, despite the progress of amorphous single-
metal oxide and carbide NPs by LSPC, there are still many
challenges that need to be addressed. Based on the previous list
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Fig. 17 Schematic illustration of decisive factors for amorphization of MG-NPs from LAL.

of hypotheses, general rules and mechanisms to promote the
chance of A-NPs by LAL and LFL need to be developed. Given
that the constituent elements and compositions largely dom-
inate the properties and applications, future studies are
expected to synthesize metallic glass nanoparticles (MG-NGs)
with two or more oxygen-free elements by laser-based strate-
gies. In this respect, bulk MGs and MG ribbons, which are
mainly manufactured by casting and melt spinning respec-
tively, with good glass-forming ability (GFA) provide a promi-
nent precursor to manufacture MG-NPs by LAL which is barely
addressed in the literature yet. The uniform elemental distribu-
tion in MG ensures an even distribution of atoms in the
metallic liquid after ablation and before quenching in the
solvents. In this way, MG targets provide an excellent model
to study the formation of amorphous MG-NPs from LAL since
the GFA in MGs is highly dependent on element compositions
and their range. Additional elements can be pre-designed/
alloyed in the bulk MGs to promote the corresponding property
of MG-NPs after laser synthesis. Furthermore, MG powders in
micro size could be also used in the LFL, which is an effective
method to create ultrasmall NPs, and maybe ultrasmall MG-
NPs, in future.

Accordingly, future studies on A-NPs by LSPC are expected to
involve but not limited to (1) the effect of dominant laser
parameters on the amorphization; (2) the correlation of bubble
collapse dynamics with the amorphization and how to further
suppress the nucleation of NPs with low GFA; (3) qualitative
and quantitative analyses of the oxygen and carbon effect on
the amorphization of different elements, including liquid
degassing and dehydratisation; (4) the elemental segregation

11148 | Phys. Chem. Chem. Phys., 2021, 23, 11121-11154

effect of A-NPs based on different target compositions; (5) the
regulation of properties of A-NPs by e.g. targets with different
molar fractions and atomic doping via liquid molecules; and (6)
the exploitation of applications of surfactant-free A-NPs.

In conclusion, we believe that laser-generated ultrapure MG-
NPs could serve as the yet overseen counterpart of crystalline
nanoparticles, with promising properties, which opens a new
window for the novel design of nanomaterials and substituting
conventional crystalline NPs in different application fields.
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