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Diverse nanomaterials, in the forms of carbides, sulfides, oxides, metals, hydroxides, etc., have been synthesized by laser
ablation in liquids (LAL) with metal targets as the dominant educts. Many advantages of LAL technique itself and its products
have been revealed since 1983 when the first report about LAL was released. Different from traditional wet-chemical synthesis,
one unique feature of LAL is its resultant extreme high-temperature and high-pressure local environment for the nucleation and
growth of nanomaterials, despite being performed at room temperature. This extreme condition can induce the atomization and
ionization of the target materials and liquid molecules to incur different chemical reactions. The laser, liquid, liquid additive, and
target can significantly alter the local environment in a broad range. Thus, different phases and shapes of nanomaterials are
producible even from the same target. Through directly comparing the products of LAL of 13 kinds of chosen representative
metals synthesized under different conditions, this review presents and discusses current understandings, challenging issues, and
perspectives related to the diversity of LAL-products, which is willing to promote a deeper investigation and discussion on a

clear clarification of the chemical reactions and particle nucleation/growth processes.
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1 Introduction

Nowadays, the development of nanomaterials in many fields
related to human life and industry is rapidly advancing. With
the emergence of extreme weather due to the CO,-induced
greenhouse effect, developing renewable and sustainable
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energy to build smart cities and industries [1] is important for
the long-run interests of humankind, where high-perfor-
mance nanocatalysts are critical keys [2]. Future flexible
electronics also resort to 1D and 2D hybrid nanomaterials
[3]. Other applications related to environmental remediation
(such as removal of radionuclides [4] and heavy metal ions
[5]), and biomedicine (such as photothermal therapy [6],
antibacterial [7], and drug delivery [8]) are as well the
driving forces that push forward enriching the diversity of
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nanomaterials and elevating the performance of nanomater-
ials, which consequently promote the exploration and in-
novation of bottom-up and top-down nanomaterial synthesis
techniques [9].

Owing to the invention of the laser system by Maiman [10]
in 1960 and its continuous innovation with a milestone of
chirped pulse amplification, ultrashort lasers with high
powers and short pulse durations and increasingly low prices
have become accessible to researchers, which open up many
avenues for material processing, such as laser cutting [11],
laser functional structuring [12-16], laser machining [17],
laser cross-linking [18], 3D/4D laser printing [19-21], ad-
ditive manufacturing [22], and laser patterning [23,24].
Unlike laser additive manufacturing and laser printing
techniques that are aimed to construct 3D or 4D structures
from smaller-scale building blocks, laser ablation is a sub-
tractive manufacturing technique with micro/nanomaterials
as the subtractive materials [11,25]. Confined in liquids to
ensure the security of operators and to realize in sifu nano-
material dispersion, laser-based nanomaterial synthesis
techniques, including laser ablation in liquids (LAL), laser
fragmentation in liquids (LFL), laser melting in liquids
(LML), and laser defect engineering in liquids (LDL) (Figure
1), have become an important branch of nanomaterial
synthesis techniques [26], which can trace back to its first
discovery in 1983 [27]. After almost three decades of de-
velopment, many advantages of these techniques have been
unveiled, including extreme convenience, capacity in pro-
cessing any bulky materials, cost-effective educts, synthesis
of pure nanocrystals, remote-control operation, and green
synthesis of high-purity products without the need of che-
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micals (Figure 1) [26,28]. High-purity makes LAL-synthe-
sized nanomaterials highly competitive for applications in
catalyst-based applications [29-31].

Numerous reviews have been published to introduce the
progress in LAL, LFL, LML, and LDL from the fundamental
and applicational perspectives, with LAL prevailing in the
reports. Explosive growth in the review/perspective pub-
lication number has been witnessed since 2017, which in-
dicates the gradually rising status of laser-based synthesis
techniques in nanoscience. Barcikowski’s group [28] com-
prehensively reviewed the fundamentals and applications of
laser synthesis and processing of colloids (LSPC) in liquids
and summarized the advantages of this technique and col-
loids for various applications. Moreover, they reviewed the
progress in applying laser colloids for heterogeneous cata-
lysis [29]. Yang’s group [32] reviewed how to combine
multiple external fields (e.g., magnetic, electric, and elec-
trochemical) with LAL to diversify the products. Kanitz et al.
[33] introduced the critical factors that influence particle
formation in the early stages of LAL. Zhang et al. [34,35]
proposed six growth mechanisms for laser-synthesized na-
nomaterials and explained how to utilize LSPC and its
compatible downstream processes to prepare particle-poly-
mer composites [35]. Miiller’s [36] and Ma’s [31], and
Liang’s [30] groups summarized the merits of using laser-
synthesized nanomaterials for catalytic applications. Liang
and his colleagues [37] provided their perspectives on how to
produce amorphous metal nanoparticles (NPs) and where to
apply them. Magnetic particles/composites [38], mono-
metallic and bimetallic Ni-Based NPs [39], rare-earth doped
NPs [40], Ag NPs and their application as antimicrobial
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agents [41], and diversities of liquids and targets used for
LAL [42] have also been reviewed in recent years. Despite
the existence of many reviews/perspectives, how to control
the phases of laser-synthesized nanomaterials is still chal-
lenging because of enormous laser and processing para-
meters and the diversity of liquid compositions. A direct
comparison of various products from the same educt target is
needed to shed light on the critical factors that govern the
nucleation and growth of desirable nanomaterials.

Various types of nanomaterials are attainable from the
majority of elemental metal materials in the periodic table,
including alkaline metals, alkaline earth metals, transition
metals, main group metals, lanthanides, and actinium series.
Alkaline metals such as Li and Na are active and dangerous
to be put into liquids; hence no report about LAL of alkaline
metals has been published. Within the scope of alkaline earth
metals, only LAL of Mg has been studied. For main group
metals, many studies focused on LAL of Al, Bi, Sn [43-57],
and Ge [58-67], but few reports are available on Sb [68-70],
In [71,72], and Pb [73,74]. Transition metals are most fre-
quently investigated for LSPC, which can be transformed
into different phases of metals, oxides, sulfides, nitrides,
carbides, hydroxides, and metal-polymer composites via
reactive laser ablation in liquids (RLAL). In view of the great
potential for these products to be used in multiple applica-
tions, their progress deserves special attention to clarify how
a chemical reaction or phase evolution takes place. Most
lanthanides are used as dopants, whereas actinium series
metals are radioactive. Hence, this review mainly focuses on
the progress in nanomaterials synthesized starting from
transition metals and provides a short introduction about an
alkaline earth metal and a main group metal. In specific, Mg
is selected as the representative for alkaline earth metals,
Ti/Mn/Fe/Co/Cu/Zn/Ru/Rh/Pd/Pt for transition metals, and
Al for main group metals. With respect to the selected
transition metals, Ru/Rh/Pd/Pt are precious metals that are
less reviewed compared with Au and Ag in previous reviews
[29,41,75]. Thus, the present review briefly introduces the
current states of LAL of Ru/Rh/Pd/Pt in liquids. The corre-
lation of nanomaterial properties, such as phases and
morphologies, with laser parameters and liquid composi-
tions, is presented, and the corresponding potential reasons
are discussed. Compared with other synthesis methods based
on organic molecules, polymers, and biomolecules [76,77],
morphological diversity of laser-synthesized nanomaterials
lags far behind unless with the aid of aging colloids or
triggering chemical reactions [28]. Thus, an emphasis is
placed on the achievable nonspherical nanomaterials and
their formation mechanisms/conditions. For Pt/Pd particles
that are widely used for catalysts [78,79], their particle size
and shape really matter, which are the key points for the
introduction. Finally, current challenges are summarized,
and our perspectives on future development are presented.
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Methodologies of LAL, LFL, LML, and LDL have been
reviewed elsewhere [26,28]. Most application reports did not
show the unique advantages of laser-synthesized nanoma-
terials. They are only briefly introduced but not stressed in
this review unless they have some fundamental break-
throughs.

2 Alkaline earth metal (Mg)

Elemental magnesium (Mg) is an actively flammable mate-
rial. Once burned, Mg releases immense heat instantaneously
and may trigger an explosion. Hence, the synthesis of pure
Mg nanomaterials starting from bulky metal targets is chal-
lenging but achievable via LAL, which is beneficial because
of its incapability to react with water and organic solvents at
room temperature. Synthesis of pure Mg nanomaterials un-
der optimized environments is feasible following two
methodologies. One synthesis route is to prevent the gen-
eration of reactants (e.g., oxygen or hydroxyl) during LAL
that can react with Mg atoms/ions. In this regard, organic
solvents that can provide a reductive environment (i.e., CO,
CH,, etc.) during LAL [80] are preferable for LAL of Mg,
which can decompose MgO even when they form during
LAL. By removing the dissolved oxygen gases in liquids
using nitrogen (N,) gases, ElFaham et al. [81] synthesized
pure Mg nanomaterials by LAL of Mg in 2-butanol, as
confirmed by X-ray diffraction (XRD). Prolonging the ab-
lation time from 10 to 30 min slightly decreases the particle
size from 30 to 21 nm. The other favorable synthesis route is
to encapsulate Mg particles in a matrix to prevent their re-
action with other active species. Organic-solvent dissolved
polymer matrix solution (e.g., THF/PMMA, tetrahydrofuran
(THF), poly(methyl methacrylate) (PMMA)) [82] offers a
choice. XRD characterization (Figure 2(a)) of as-prepared
nanocomposites indicates the formation of pure Mg particles
(JCPDS 04-0770) without any MgO and Mg(OH), im-
purities. Due to the size quenching effect induced by PMMA
molecules, the particle size is small, with the majority less
than 5 nm (Figure 2(b)). The synthesized PMMA-Mg poly-
mer-particle composites have the potential to be used as
catalysts for hydrogen storage [82].

Compared with pure Mg nanomaterials and Mg-polymer
composites, Mg(OH), and MgO nanomaterials presenting
various morphologies such as spheres, lamellar, fibers, pla-
telets, flowers, and cubes are much easier to be prepared by
LAL, as listed in Table 1 [74,81-91], and they are as abun-
dant as those prepared using top-down and bottom-up tech-
niques [92]. Hollow structures originate from the cluster
aggregation on the bubble interfaces generated during LAL
[93]. The growth mechanism for nonspherical MgO nanos-
tructures is difficult to clarify because of the ultrafast pro-
cesses of LAL [28]. Other synthesis methods, such as the sol-
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Figure 2 LAL-synthesized Mg/PMMA composites. (a) XRD spectrum of
composites, where Mg, cubic MgO, and hexagonal Mg(OH), featured
peaks are included for identification. (b) Transmission electron microscope
(TEM) image of Mg particles and corresponding size histogram. Copied
from ref. [82] with permission.

gel method [94], may provide inspiration to speculate on the
formation mechanism for LAL. LAL of organic solvents
often causes the decomposition of organic solvent molecules,
leading to the formation of C,0, or C,H,O, ion species,
which may react with Mg% to form MgC,O, or MgC,H,0, in
the plasma phase. Subsequent dehydration and decomposi-
tion of these compounds at temperatures of hundreds of °C
lead to the formation of nanostructures with different
morphologies [94]. Another possibility is that hydrocarbon
byproducts generated by LAL or the solvent themselves
serve as adsorbents to guide the anisotropic growth of MgO
nanostructures.

The most frequently adopted liquid for LAL of Mg is
water, sometimes with additives such as surfactants (e.g.,
sodium dodecyl sulfate (SDS) and sodium citrate (SC) [88])
and supporting materials (e.g., graphene oxide (GO) na-
nosheets [87]). Mixtures of MgO and Mg(OH), are the main
products of LAL of Mg in water and aqueous solutions.
Aside from Mg(OH), and MgO phases, MgsO(OH); lamellar
structures are also achievable in water [84]. Deduced from
the formation of Mg(OH),, MgO, and MgsO(OH),, LAL in
water should produce a large amount of oxygen and hydroxyl
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species that can react with Mg atoms/ions ejected from the
target. MgO may be first generated and then evolve into
Mg(OH), through the reaction of MgO + H,0 — Mg(OH),
[95]. The opposite decomposition reaction of Mg(OH), into
MgO occurs at ~370°C [96], which can also be induced
during LAL. Mg(OH), decomposition is a dehydration and
heat storage process, whereas the evolution of MgO into
Mg(OH), is a hydration and heat output process [95]. Re-
action cycles for hydration and dehydration processes can be
tens of times [97]. After dehydration, the structural shape can
be well preserved [98]. Successively incident pulses can
continuously create a high-pressure, high-temperature en-
vironment and then induce its ultrafast quenching to room
temperature. Repetitive hydration and dehydration reactions
must have occurred during LAL. Hence, the mixture of
Mg(OH), and MgO phases can be simultaneously produced
after LAL of Mg in water [84].

Only three reports demonstrated the possibility to produce
pure Mg(OH), nanostructures, including Mg(OH), platelet-
like structures produced in pure water [86], Mg(OH), na-
noflakes in water with GO [87] and SDS additives [90],
respectively. In another report [88], the authors claimed that
surfactants such as SDS or SC could inhibit the adsorption of
water molecules on MgO. Thus, the chance to produce pure
Mg(OH), via the reaction between MgO and water mole-
cules MgO (s) + H,O — Mg(OH),) [95] is significantly
reduced. In consequence, they produced the mixture of la-
mellar and hollow MgO and Mg(OH), nanostructure [88],
and so did the work performed by Pereira et al. [89]. As
shown in Table 1, laser parameters (i.e., pulse duration, re-
petition rate, wavelength, and pulse energy) adopted for
these three experiments are different, making it difficult to
conclude which factor is critical for the generation of pure-
phase Mg-based nanomaterials. Currently, how Mg atoms
react with other species to form various products remains
unclear, especially the reaction routes for the formation of
abnormal species of MgsO(OH)g; magnesium oxyhydroxide
and pure Mg(OH), nanostructures.

Organic solvents such as acetone [91], ethanol [74], ethyl
acetate [84], n-hexane [84], and their mixtures [74] can
further enrich the products of LAL of Mg, as listed in Table
1. Unlike aqueous solutions, MgO is the dominant phase
produced in organic solvents [28], sometimes in a high
purity. In the ambient environment, oxygen gases generally
dissolve in liquids. Decomposition of organic molecules
(e.g., ethanol, acetone) yields hydroxyl ions. Hence, the
possibility of producing Mg(OH), cannot be completely ru-
led out. Considering no discovery of Mg(OH), phase in most
studies of LAL in organic solvents. Thus, it is deduced that
they should completely decompose into the MgO phase
(Mg(OH), — MgO + H,0). Following this speculation, the
bubble temperature during Mg(OH), nucleation should be
much higher than that in water. Hence, the calcination pro-
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Table 1 Summary of Mg-based nanomaterials synthesized by LAL of Mg in different liquids, gas environments using different laser parametersa)
Liquid Laser Atmosphere Shape Phase Ref.
2-Butanol 7 ns, 1064 nm, 10 Hz, 90 mJ/pulse N, - Mg [81]
Water 7 ns, 532 nm, 2 Hz air nanoflowers, nanofibers Mg, MgO, Mg(OH), [83]
Water 7 ns, 1064 nm, 20 Hz, 180 mJ/pulse air lamellar Mg;O(OH)g, Mg(OH),, MgO [84]
Water 7 ns, 1064 nm, 15 Hz, 200 mJ/pulse air lamellar Mg;O(OH)g, Mg(OH), [85]
Water 35ns, 510.5/578 nm, 10 kHz air platelet-like Mg(OH), [86]
Water + GO 6 ns, 1064 nm, 10 Hz, 100 mJ/pulse air nanoflakes Mg(OH), [87]
Water, water + SDS/SC 30 ns, 10 Hz, 7.5 and 15 J/em® air lamellar, hollow MgO, Mg(OH), [88]
Water + SDS 35 ns, 1064 nm, 20 kHz, 2400, 4800, : :
(0.025 mol/L) 9600, 19200 J/em” air nonspherical Mg, MgO, Mg(OH), [89]
Water + SDS . wormhole-likc?, fiber-like,
- d-lik
(0, 0.001, 0.01, 0.05 mol/L) 7-8 ns, 355 nm, 10 Hz, 100 mJ/pulse air rod-like - Mg(OH), [90]
and platelet-like
Ethyl acetate, ethanol, 5\ 4064 nm 20 Hy, 180 mJ/pulse air spheroidal, MgO, Mg [84]
n-hexane hollow
240 ns, 1064 nm, 210 Hz, . square
Acetone 3.5 mJ/pulse, 91 Jom? air (AVG 1-1.5 um) Mg, MgO [91]
Ethanol 1 ms, 1064 nm, 1 Hz, 10° W/em® air cubic MgO [74]
. spherical
THF/PMMA 1064 nm, 10 Hz, air (size dominates at 2-6 nm) Mg [82]
Ethanol/n-hexane (1:5 v/v) 1 ms, 1064 nm, 1 Hz, 10° W/em® air hollow MgO [74]

a) SDS, sodium dodecyl sulfate; SC, sodium citrate, PMMA, polymethylmethacrylate; THF, tetrahydrofuran; GO, graphene oxide; AVG, average size.

cess should be in situ triggered to induce the instantaneous
transformation of Mg(OH), into MgO.

Some attempts have been dedicated to the applications of
LAL-synthesized MgO, Mg(OH),, and their mixed products.
For example, LAL-prepared Mg(OH), structures possess a
good optical nonlinearity with a potential application in
nonlinear optics [86]. Wang et al. [87] showed that Mg
(OH),/GO composites synthesized by in situ LAL of Mg in
GO solution are good photocatalysts and adsorbents for
pollutant degradation and heavy metal removal. Nemoykina
et al. [85] reported that LAL-synthesized lamellar MgsO-
(OH)g and Mg(OH), structures are effective in increasing the
transparency, strengthening and deacidification of old paper
for its long-term restoration and conservation. However,
compared with extensively reported physicochemical prop-
erties and applications of MgO and Mg(OH), [92], the study
on LAL-synthesized Mg-based nanomaterials is still in its
infancy, and the advantages of LAL-synthesized Mg-con-
taining nanomaterials over their counterparts obtained by
other methods are still unclear, deserving further investiga-
tion.

3 Transition metals

31 Ti

Titanium, constituting 0.44% of the Earth’s crust, is very
reactive toward nitrogen, carbon, and oxygen during LAL, in
which solvents and their decomposed products are reactants.

Consequently, nitride, carbide, and oxide Ti-based nanoma-
terials are producible by LAL, as shown in Table 2 [99-114].
For example, Takada et al. [99] reported the possibility of
triggering RLAL in liquid nitrogen to produce polycrystal-
line TiN particles with the N/Ti atomic ratio of 0.4. LAL of
Ti in organic solvents such as ethanol, acetone, n-hexane,
and toluene produces TiC@C core-shell particles [100]. The
product phases strongly depend on the pulse duration of laser
systems and the compositions of organic solvents. Nanose-
cond (ns) LAL of Ti in acetone generates pure TiC particles
[101], whereas femtosecond (fs) LAL produces a mixture of
TiC and TiO, [100]. Oxidants come from the dissolved
oxygen in liquids and LAL-decomposed organic molecules.
The formation of pure TiC by ns-LAL is attributed to the
thermal effect of ns lasers, which can trigger the reduction of
TiO, by carbon shells or reductive gases surrounding the
particles. If aiming at producing TiC@C particles by fs-
LAL, organic solvents whose molecular formula should not
contain oxygen, such as toluene [100], and optimization of
organic solvents for ns-LAL is not needed [101]. When
bubbling organic solvents with hydrogen gases to make them
saturated for ns-LAL, porous NPs with a cavity volume ratio
of 20%-50% are achievable [102]. In the case of LAL in
organic solvents (i.e., ethanol) using a continuous wave
(CW) laser, TiO, rather than TiC particles are generated.
Three TiO, phases, including rutile, anatase, and brookite,
are produced with brookite as the dominant phase [103].
Researchers only used fast Fourier transform to confirm the
phases from only a few NPs; hence, some other phases may
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Table 2 Summary of products obtained by LAL of Ti in different liquids, gas environments using different laser parametersa)

Atmosphere +

Liquid Laser post-treatment Shape Phase Ref.
2 . spherical .
Water 10 ns, 1064 nm, 10 Hz, 5 J/cm air (AVG 34 nm) amorphous TiO, [105]
Water + SDS . . . amorphous, amorphous/
(0, 0.001, 0.01, 0.1 mol/L) 355 nm, 10 Hz, 150 mJ/pulse, 60 min air spherical (AVG 3 nm) anatase TiO, [106]
Water + SDS 7 2 . spherical (AVG 27 : .
(0. 0.01 mol/L) CW, 1070 nm, 250 W, 2x10" J/cm air and 40 nm) anatase, anatase/rutile TiO, [104]
180 fs, 800 nm, 1kHz, 2 J/cmz; spherical (30-50 nm); quasi-spherical with holes
Ethanol 70 ns, 1064 nm, 2 kHz H, facetted (>100 nm) inside (102]
Ethanol CW, 200 W, 10° W/cm® air spherical rutile, anatase, brookite TiO, [103]
(5-50 nm)
focus, below/ spherical TiO, 5/TiO, (rutile), TiO, 5/
Water 5 ns, 532 nm, 15 Hz, 4 mJ/pulse above focus (13,9, 12 nm) TiO, (anatase)/Ti, TiO, s [107]
Water + PVP (0.01 . herical (AV/ . .
ater PV /L() = 10 ns, 1064 nm, 80 mJ/pulse air spherica n(m) G rutile TiO, [108,109]
Water 10 ns, 532 nm, 80 J/cm’ air spherical (AVG 13 nm) rutile TiO, [110]
Water 10 ns, 1064 nm, 1 Hz, 400 mJ/pulse, air spherical (40-110 nm) anatase TiO, [111]
7 2 air + laser spherical . .
Water CW, 1075 nm, 200 W, 1.3x10° W/cm irradiation (AVG 11-17 nm) rutile/anatase TiO, [112]
Water 8 ns, 1064 nm, 10 Hz, 120 mJ/pulse air spherical anatase TiO, [113]
Water 6 ns, 1064 nm, 20 Hz, 20 J/cm® i‘jgiefff‘ﬁ spherical (5-30 nm) anatase TiO, [114]
. core-shell .
Acetone 7 ns, 1064 nm, 100 mJ/pulse air (AVG 12.7 nm) TiC@C [101]
core-shell U .
Acetone, n-hexane, toluene 100 fs, 800 nm, 1 kHz, 3 mJ/pulse, air (AVG 10, 19, TiC/ T‘T?é@@%LTC‘C@C’ [100]
20 nm)
Liquid N, 6ns, 1.06 um, 10 Hz, 1-30 Jem® N, spherical (AVG 800 nm) TiN [99]

a) OLC, onion-like carbon; PVP, polyvinylpyrrolidone.

be omitted. Their results showed that CW laser is inefficient
to decompose organic solvent molecules, at least much less
efficient than ns and fs lasers. In addition, water boiling or
ignition of organic solvents can be easily induced because of
the strong thermal effect from CW lasers more than that from
ns lasers. Thus, the ablation period for CW-LAL is normally
constrained in a short period, such as 1 s [104]. Hence, CW-
LAL has been seldomly reported, even though the products
differ greatly from those generated by pulsed LAL. Of great
interest, C—H-doped anatase nanospheres with disordered
C,Si:H shell and planar defects have been produced by
LAL of Ti in tetraethyl orthosilicate (TEOS), which indicates
the possibility to realize self-doping during LAL with the
dopants originating from the decomposed liquid molecules
[115].

Nonstoichiometric TiO, and three stoichiometric phases of
TiO,, including rutile, anatase, and brookite, are the main
products of LAL of Ti in aqueous solutions. The thermo-
dynamic stability of rutile, anatase, and brookite is correlated
with particle size. Anatase is more stable than rutile when the
particle size is small, such as less than 14 nm [116] or less
than 40 nm [117]. The most stable phase for TiO, particles
11-35 nm in diameter is brookite [118]. However, these

empirical conclusions applicable to other synthesis methods
are no longer relevant to LAL-synthesized particles because
of superfast quenching. As shown in Table 2, anatase TiO,
particles in small (i.e., ~5 nm [57]) and large dimensions
(i.e.,, 40-110 nm [111]) and rutile particles with an average
size of 13 nm [110] are all producible via LAL. Brookite is a
metastable TiO, polymorph that is difficult to synthesize and
only appears as a byproduct with anatase and rutile phases
[103].

The phase of the colloids from LAL of Ti in aqueous
solutions depends on the ablation condition (governing the
temperature). For example, anatase TiO, particles can be
produced by LAL at a low pulse energy of 1 mJ/pulse,
characterized by an absorption peak at the wavelength of
253 nm, as shown in Figure 3 [119]. Increasing the pulse
energy to 2 mJ/pulse leads to the emergence of a rutile-phase
peak at ~337 nm, which becomes more apparent when the
laser pulse energy is 3.5 mJ/pulse. This result indicates a
preferable nucleation/growth of anatase and rutile at low and
high pulse energies, respectively, which is in accordance
with previous reports showing that anatase evolves into rutile
while heating at hundreds of °C [120]. Interface nucleation
between small anatase particles may occur, leading to the
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Figure 3 Optical absorption spectra of the titania NPs, synthesized by
LAL of Ti in water at laser pulse energies of 1, 2, and 3.5 mJ. Copied from
ref. [119] with permission.

formation of large rutile-phase TiO, particles [120]. The low
heating rate causes the coarsening of particles, resulting in
the formation of large rutile TiO, particles [120].

Sharma and Nath [121] performed a theoretical simulation
and claimed that cavitation bubble collapse and shockwave
promote the formation of the rutile phase through mechan-
ical effects. However, the applicability of this simulation is
doubtful because anatase and rutile TiO, particles have been
generated by LAL; nevertheless, it provides a new me-
chanism to explain the formation of the rutile phase during
LAL. X-ray photoelectron spectroscopy (XPS) analysis re-
vealed that there are abundant oxygen vacancies on LAL-
synthesized TiO, particles [122]. Photoluminescence (PL)
characterization of LAL-synthesized anatase TiO, also con-
firms the formation of oxygen vacancy and interstitial tita-
nium atoms [123]. Hence, even though XRD
characterization indicates the formation of pure TiO, phases,
some defects still exist on the surfaces or inside the particles.

Different types of nonstoichiometric TiO, nanomaterials
have been produced by LAL of Ti in water, such as TiO
[124], TigO;s [125], TiO, s [107], and TiO, o,/ Ti,O5 [126].
The formation rate of TiO, 5 particles depends on laser focus
conditions because of the variation in laser fluence, which
causes the change in the production rate and size of anatase
and rutile TiO, particles, as shown in Figure 4 [107]. Laser
fluences of 10 mm above the focus, at the focus, and 5 mm
below the focus (Figure 4(a), (b)) are 1.4, 80, and 0.2 J/em’,
respectively, under which conditions the average sizes of
particles are 12, 13, and 9 nm, respectively (Figure 4(c)-(¢e)).
TiO, 5, particles are generated in these three conditions but
other products are different. A tightly focused laser at the
highest fluence produces a high-temperature and high-pres-
sure environment, enabling the generation of rutile TiO,
(Figure 4(g)), which is the most thermodynamically stable
phase normally formed at the temperature range of 600°C-
1855°C. When the target is below the focus, plasma induces
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Figure 4 LAL-synthesized non-stoichiometric TiO, particles. (a) Focus
changing experimental set-up (WP: water plasma; TP: target plasma). (b)
Laser spot variation due to focus change (af: above focus; f: focus; bf:
below focus). TEM images (c)-(e) and SAED patterns (f)-(h) of NPs pre-
pared above focus, focus, and below focus, respectively. (A: anatase; R:
rutile), respectively. Copied from ref. [107] with permission.

the formation of a large number of cavitation bubbles filled
with O, gases and water vapors, which facilitate the forma-
tion of anatase TiO, (Figure 4(h)). Under the above-focus
condition, no extra O, gas is generated, and the products are
pure TiO, s particles without any rutile and anatase TiO,
particles (Figure 4(f)). Although the above-focus condition
significantly diminishes the effective energy used for LAL, it
offers opportunities to synthesize nonstoichiometric TiO,
nanomaterials. LAL-synthesized nonstoichiometric TiO,
nanomaterials, such as anorthic TigO,s, can be transformed
into anatase and rutile phases by post-irradiation treatment at
optimized periods of 10 and 20 min [125]. In other solutions
such as supercritical CO,, metastable phases (anatase-TiO,,
Ti,0;, and TiOggy) are producible (Figure 5(a)), whereas
LAL in water under the same condition is only capable of
producing rutile/brookite-TiO, (Figure 5(b)) [127]. This
phenomenon indicates that different oxygen concentrations
in the local environment originating from different solutions
and dynamics (pressure and temperature) are critical for the
generation of nonstoichiometric TiO, nanomaterials, which
are in high possibility to appear as byproducts together with
dominant anatase/rutile-TiO, particles. In addition, Ti,O,
particles synthesized in supercritical CO, are well dispersed
(Figure 5(c)), unlike those synthesized in water, which ag-
gregate into web-like nanostructures (Figure 5(d)). This
phenomenon is attributed to the non-polar and zero surface
tension of supercritical CO, and the absence of hydrogen for
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Figure 5 XRD pattern, TEM/SAED images of nanoparticles produced by
LAL of Ti in supercritical CO, (a), (c) and H,0O (b), (d), respectively.
Copied from ref. [127] with permission.

the formation of electrical double layers on the particles.

Aside from the influence of liquid composition on ablation
dynamics, additives such as surfactants, polymers, salts, or
colloids also affect colloidal phases [28]. For example, SDS
molecules can decrease the surface/interface tension and
increase solution viscosity and thermal conductivity, leading
to the formation of long lifetime cavitation bubbles with high
temperature and high pressure [128,129]. When the SDS
concentration is around the critical micelle concentration
(CMC, 8.6x10° mol/L [130]), finely crystalline anatase
TiO, particles are achievable [106]. Other concentrations
either less (0, 0.001 mol/L) or more (0.1 mol/L) than CMC
only produce amorphous TiO, particles [106]. The formation
of amorphous structures is associated with the strong thermal
effect induced by the third harmonic laser (355 nm), which is
often adopted for LML with a purpose for submicron spheres
preparation [28,131,132]. Chaturvedi et al. [128] found that
LAL of Ti in water can produce anatase TiO,, independent of
the ablation period, but LAL of Ti in an SDS aqueous so-
Iution (0.001 mol/L) yields a rutile phase when the ablation
period is no more than 60 min. In analogy, rutile TiO, par-
ticles are produced in aqueous solutions containing poly-
vinylpyrrolidone (PVP) surfactants [108,109]. The ablation
period should not be too long; otherwise, SDS will be
completely consumed before ablation terminates, so other
phases may be generated. For example, elongating the ab-
lation period of LAL in SDS solutions to 90 min produces a
mixture of anatase and rutile phases [128].

Oxygen vacancies can narrow the TiO, bandgap to dra-
matically enhance light absorbance and photothermal con-
version efficiency, making them suitable to be directly used
as photocatalysts [133] and photothermal converters for
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enhanced solar water evaporation [134]. The existence of
abundant oxygen vacancies also allows defect engineering
through post treatments such as hydrothermal, heating, in
situ reduction and ultraviolet (UV) irradiation, to build a
bunch of composite catalysts (e.g., Ag/TiO, [113], Pt/TiO,/
rGO [43]) for photocatalytic and electrocatalytic applica-
tions, as reviewed in ref. [30]. Figure 6(a) displays the pro-
cedures of how to prepare Pt/TiO,/rGO by in situ LAL in the
presence of GO nanosheets, subsequent H,PtCl, salt mixing,
and in situ reduction of Pt NPs on TiO, NPs, which also leads
to the reduction of GO into rGO. Figure 6(b), (c) display
different magnifications of the resultant Pt/TiO,/rGO com-
posites, from which (004)/(111) lattice planes of anatase
TiO, and Pt NPs are identifiable, respectively. Pt NPs de-
corated on TiO, particles are ultrasmall with an average size
of (1.740.6) nm (Figure 6(d), (e)). Energy dispersive X-ray
spectroscopy (EDS) mapping in Figure 6(f) indicates the
uniform distribution of TiO, and Pt on rGO nanosheets. Such
Pt/TiO,/rGO ternary electrocatalysts display an excellent
performance for methanol oxidation reaction with a mass
activity of 698.9 mA/mg (Figure 6(g)), which is much better
than those of Pt/SnO,/rGO, Pt/C, and Pt/rGO catalysts [65].
Meanwhile, 81.4% of mass activity is still preserved after
1200 cycles, displaying excellent stability and robustness
(Figure 6(g)). Ag/TiO composites synthesized by in situ
LAL in AgNO; aqueous solutions are good multifunctional
coating materials on polyvinylidenefluoride (PVDF) nano-
fibrous membranes to enhance antifouling and catalytic
properties for oil-water separation [126]. Other applications
such as antibacterial [105] and lithium-ion batteries [135]
have also been investigated. The photocatalytic and anti-
bacterial performances of LAL-synthesized amorphous TiO,
particles (AVG ~50 nm) are superior to those of commercial
TiO, particles [105]. LAL-synthesized TiO, particles are
more effective in inhibiting gram-negative charged bacteria
than gram-positive ones because of the electromagnetic at-
traction and TiO, particles, which can enhance the anti-
bacterial effect of amoxicillin, a penicillin antibiotic [136]. In
recent years, anatase-TiO,/carbon quantum dots (CQDs) and
Ag/TiO, composites have also been developed for sugar
detection [137] and nonlinear optic [138] applications via
LAL of Ti in a solution containing CQDs and AgNOj salt,
respectively.

3.2 Mn

Mn is a highly reactive transition metal that can be trans-
formed into a large variety of compounds with multiple va-
lence states of +2, +3, +4, +5, and +6. LAL of Mn is
primarily performed to synthesize different types of man-
ganese oxide nanomaterials; it is sometimes employed to
synthesize Mn-doped nanostructures, as shown in Table 3
[139-146]. LAL of Mn in water excels at the synthesis of
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Figure 6 (Color online) Usage of LAL-TiO, as both adsorbents and ad-
sorbates for composite catalyst application. (a) Schematic illustration of the
procedures for preparing Pt/TiO,/rGO and Pt/SnO,/rGO composites, in-
cluding in situ LAL, addition of H,PtCl, salt, and in situ reduction at
60°C/90°C for 48 h. (b), (c) TEM images, (d) high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM) image, (e) Pt
particle size distribution, and (f) STEM-EDS mapping of Pt/TiO,/rGO
composites. (g) Mass activity of different catalysts towards methanol oxi-
dation reaction. Copied from ref. [43] with permission.

cubic Mn;0, nanocrystals (Figure 7(a), (b)) with sizes
dominant at 8-9 nm (Figure 7(c)), irrespective of pulse
duration. When the concentration of Mn;0, crystal is suffi-
ciently high (achievable by ps-LAL at a high repetition rate
of 100 kHz), the two stage growth of Mn;0, crystals can be
triggered (Figure 7(d)-(f)) [139]. Small Mn;O, crystals
(Figure 7(d)) first grow into nanocubes (Figure 7(e)), which
can further evolve into large hollow spheres (Figure 7(f)).
Another report showed that Mn;0, may evolve from MnO,
as illustrated in Figure 8. LAL, with an ablation period of no
more than 15 min only produces a mixture of MnO and
Mn;0,. MnO dominates the products after 5 min-LAL but
becomes less in the case of 10 min-LAL (Figure 8(a), (b)).
When the ablation period is no less than 15 min, pure Mn;0,
is produced (Figure 8) [142], which indicates that Mn;0,
may evolve from a phase transition of MnO through a
completely progressive oxidation process. In general, seed
growth based on the wet-chemical LaMer model can only
proceed after the seed concentration is above the critical
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Figure 7 (Color online) LAL-synthesized Mn;0, nanocrystals and their
two-stage growth into nanocubes and hollow spheres. (a)-(c) TEM/SAED,
HRTEM and particle size distribution histogram of LAL-synthesized
Mn;0, nanocrystals [147]. (d) Particle-attachment of Mn;O, particles
(8-11 nm) into nanocubes (20-30 nm) (e), and their further growth into
bigger hollow spheres (90-170 nm) (f). Copied from ref. [139] with per-
mission.
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Figure 8 (Color online) LAL-period dependent phase evolution. (a), (b)
Raman and XRD spectra of the colloids obtained by LAL of Mn in water
for 5, 10, 15, 25, and 35 min. Featured Mn;0, Raman spectrum and XRD
pattern of MnO and Mn;0O, are included for comparison. Copied from ref.
[142] with permission.

concentration but terminates when it drops below this value
[34]. A long period of LAL assures both the concentrations
of the smallest building blocks and their assembly structures
to increase above the critical concentration values to trigger
multi-growth [34], allowing the naked ligand-free particles
to grow into novel structures. Aside from hollow spheres
[139], LAL-synthesized Mn;0, nanocrystals can also evolve
into y-MnOOH (the most stable polymorph of trivalent hy-
droxides) nanowires via a protonation process during colloid
aging [140] and hydrothermal treatment [ 141]. Increasing the
colloid temperature via thermal treatment accelerates the
transition rate. The width of nanowires is larger than the size
of Mn;0, building nanocrystals, indicating that Oswald ri-



D. S. Zhang, et al.

Sci. China-Phys. Mech. Astron.

July (2022) Vol.65 No.7 274203-10

Table 3 Summary of the products obtained by LAL of Mn in different liquids, gas environments and post treatments using different laser parametersa)

Atmosphere +

Liquid Laser post-treatment Shape Phase Ref.
Water 10 ps, 1064 nm, 100 kHz, 80 p/pulse air cube — hollow Mn;0, [139]
Water 10 ns, 532 nm, 10 Hz, 700 mJ/pulse air + aging cube — nanowire Mn;0, — y-MnOOH [140]
Water 10 ns, 1064 nm, 60 mJ/pulse air + hydrothermal cube — nanowire Mn;0, — y-MnOOH [141]
Water 1064 nm, 15 Hz, 50 mJ/pulse air lrreg“lazg\,’g“ﬁ}fgfr‘f)l shapes \1,0/Mn,0, — MO,  [142]
. . spherical — triangular and square
+
Ethanol 50 ps, 1064 nm, 2 Hz, 3 mJ/pulse air + aging (6-50 nm — 7-14 nm) Mn [143]
NiCl, solution 10 ns, 1064 nm, 160 mJ/pulse air nanosheets Mn-doped o-Ni(OH), [144]
Water 1064 nm, 10 Hz, 20-50 mJ/pulse air + aging nanowire, cube, sphere, nanorods MnO [145]
Water 10 ns, 523 nm, 10 Hz, 70 mJ/pulse air polygonal (AVG 9 nm) Mn;0, [146]

a) BTC, benzene-1,3,5-tricarboxylic acid; MeOH, with methanol; DMF, dimethylformamide.

pening and orientated attachment growth mechanisms are
involved in the morphology transition. Manganese oxides are
magnetic; thus, the colloid tends to aggregate, making the
particle size difficult to identify. Magnetic measurement,
especially the blocking temperatures shown in the zero-field-
cooled (ZFC) and field-cooled (FC) magnetization curves
can give an indirect deduction of particle sizes through
comparing with the counterparts synthesized by the wet-
chemical method [147].

A long-period (e.g., 1 h) of ns-LAL can significantly in-
crease the temperature of colloids and generate a large
amount of Mn ions and hydroxyl ions, promoting the ani-
sotropic growth of MnO particles into nanowires and na-
norods [145]. In the presence of SDS, small MnO(OH)
spherical particles with sizes of 10-20 nm are generated be-
cause of their different ablation dynamics as compared with
that in water [148]. During colloid aging, particles first grow
into large spheres and then transit into flower-like and mi-
crorod-like shapes with SDS as assembly linkers [148].
However, the reason why the MnO and MnO(OH) phases
rather than the Mn;0O, phase are generated in these experi-
ments remains unclear to date.

LAL-synthesized high-purity Mn;0, particles of 9 nm in
diameter are superior to commercial gadolinium (Gd)-based
contrast agents for magnetic resonance imaging (MRI) [146].
The relaxivity of water protons for LAL-Mn;0, NPs is
8.26 mM ' s ', which is much higher than the 4.11 mM ' s~
of Gd agent because of the shorter distance between water
protons and Mn ions of ligand-free Mn;0, particles, thus
enabling a clear in vivo imaging of organ tissues. High bio-
compatibilities in vitro and in vivo reported by the authors
make LAL-Mn;0, particles good substitutes for commercial
Gd-based contrast agents for clinical MRI tests. However,
another report showed that LAL-Mn;0, NPs may induce
subchronic toxicity in rats [149]. Hence, a comprehensive
evaluation of their biocompatibility and toxicity for LAL-
synthesized manganese oxide nanomaterials must be con-
ducted before practical applications. Other than biological

applications, nonlinear optical application [143] and the ca-
pacity for rapid removal of trace pentachlorophenol by
physical adsorption [147] have also been demonstrated for
LAL-synthesized Mn-based nanomaterials. However, these
reports only indicate that these nanomaterials are suitable for
these applications and fail to specify their advantages over
their counterparts.

Mn-based colloids are good dopants for the growth of
nonspherical nanomaterials to extend their application scope.
For example, LAL of Mn in NiCl, (0.01 mol/L) aqueous
solution produces Mn-doped Ni(OH), nanostructures with-
out any Mn-related phases [144], indicating the affinity of
Ni*" ions to OH  ions for chemical reactions. As-prepared
Mn-doped Ni(OH), nanostructures for electrochemical su-
percapacitors exhibit an excellent cycling ability and a spe-
cific capacitance of ~1000 F/g under a current density of
5 A/g [144]. Hydrothermal treatment of LAL-MnO, colloid
and FeCl;-6H,0 salt mixture can produce Mn-doped a-Fe,
O; polyhedral NPs, saucer-shaped, and hexagonal na-
nosheets, which are helpful to identify the facet-dependent
adsorption ability toward Pb(II) and Cd(II) heavy-metal ions
[150]. Figure 9(a)-(i) display the TEM images, size dis-
tributions, HADDF-STEM images, SAED patterns, and EDS
analysis of Mn-doped o-Fe,O; polyhedral NPs, saucer-
shaped, and hexagonal nanosheets obtained using 3/10/12-min
LAL-synthesized MnO, colloids. The average sizes of
polyhedral NPs, saucer-shaped, and hexagonal nanosheets
are 30, 81, and 63 nm (inset images in Figure 9(a)-(c)), re-
spectively. The dominated facets are isotropic for polyhedral
NPs and {116} and {001} planes for saucer-shaped and
hexagonal nanosheets, respectively (Figure 9(d)-(f)). The
doping levels are 3%, 7%, and 11% (as confirmed by EDS
analysis in Figure 9(g)-(i)), respectively. Square wave anodic
stripping voltammetric tests show that the as-prepared na-
nostructures display different facet-dependent adsorption
abilities toward Pb(Il) and Cd(II) heavy-metal ions. Poly-
hedral NPs possess a weak adsorption capacity toward both
Pb>" and Cd”" ions, whereas saucer-shaped and hexagonal
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Figure 9 (Color online) Mn-doped a-Fe,O; nanostructures obtained from
hydrothermal of LAL-MnO, colloid and FeCl;-6H,0 salt. TEM images (a)-
(c), HRTEM (d)-(f), and HAADF-STEM-EDS (g)-(i) analysis of the Mn-
doped a-Fe,O; nanostructures with shapes of polyhedral NPs, saucer-
shaped nanosheets, and hexagonal nanosheets. Insets in (a)-(c) and (d)-(f)
are nanostructure size distribution histograms and analyzed regions, re-
spectively. The scale bar in the inset is 10 nm. (j)-(k) Typical SWASV
responses of polyhedral (black lines), saucer-shaped (red lines), and hex-
agonal (blue lines) nanostructures, with a modified GCE for analysis of (j)
1.6 umol/L Pb(1l), (k) 2.0 pmol/L Cd(II). (1) Simulated crystal morphology
of the Mn-doped a-Fe,O; NCs and their ion adsorption ability. Copied from
ref. [150] with permission.

nanosheets feature a highly selective adsorption toward Pb”
and Cd*" ions, respectively (Figure 9(j)-(1)). These facet-
controllable nanostructures grown from LAL-MnO, colloids
are a good supplementary of wet-chemical synthesized na-
nostructures to shed light on facet-related properties, such as
ion adsorption.

3.3 Fe

Fe is the fourth-most material in the earth’s crust, after
oxygen, silicon, and aluminum. Iron and its multiple com-
pounds are widely applied in biomedicine [151], energy
[152], and environmental remediation [153]. Aside from
zero valence of Feo, Fe has various valences including Fe%,
Fe3+, Fe4+, Fe5+, and Fe6+, with Fe*" and Fe’* forming most
Fe-based compounds. The main products of LAL are
amorphous Fe, a-Fe (ferrite), a-Fe,O; (hematite), Fe;0,
(magnetite), y-Fe,0; (maghemite), Fe;C (iron carbide), and
FeO (wustite), as shown in Table 4 [154-170].

LAL of Fe in water generally yields complex products,
such as Fe;0,/0-Fe,05/y-Fe,05/FeO/Fe [159], a-Fe/FeO
[161], and Fe/FeO/Fe;0,4 [171]. In the presence of reductant
NaBH,, a-Fe particles are producible, whereas the addition
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of ascorbic acid enables the encapsulation of a-Fe particles
by carbon, leading to the formation of a-Fe@C core-shell
particles [170]. Carboxylate ions bonding via in situ LAL in
citric acid solutions produces FeO, colloids with hydrophilic
surfaces [172], which may promote their biological appli-
cations through bioconjugation. LAL of Fe in PVP-con-
taining aqueous solution producing pure FeO particles with
their sizes adjustable from 45 to 5 nm by increasing PVP
concentration from 0.01 to 0.2 mol/L [168].

Colloidal phases of LAL of Fe are highly sensitive to so-
lution compositions. Figure 10(a)-(e) and (f)-(j) display the
TEM morphologies and corresponding SAED patterns of the
particles synthesized by LAL in water, methanol, ethanol,
acetone, and toluene [173]. Besides an irregular amorphous
Fe@C particle obtained in toluene (Figure 10(e) and (j)),
products in other solvents are complex spherical particles
containing at least three phases, as marked by different colors
(Figure 10(a)-(d)) and confirmed by SAED analysis (Figure
10(f)-(1)). The carbon shell is composed of onion-like carbon
and amorphous carbon (Figure 10(p), (q)) [154]. Amorphous
Fe@C particles are formed by the ejection of molten Fe

1 1
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Figure 10 (Color online) (a)-(¢) HRTEM images and (f)-(j) SAED ana-
lysis of colloids generated by LAL of Fe in (a) water, (b) methanol, (c)
ethanol, (d) acetone, and (e) toluene. Copied from ref. [173] with per-
mission. (k) TEM image and (1)-(o) EDX mapping of an Fe@FeO, core-
shell particle synthesized by LAL of Fe in acetone. (p), (qQ) TEM images of
Fe@C particles. Copied from ref. [154] with permission.
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Table 4 Summary of products obtained by LAL of Fe in different liquids, gas environments and post treatments using different laser parametersa)

Atmosphere +

Liquid Laser post-treatment Shape Phase Ref.
. -shell (AVG Fe@FeO,, Fe@C
Acetone 457 fs, 1045 nm, 100 kHz, 6 w/pulse air core 45_56m5) c@ dea.‘Fezgg’ [154]
Water 7 ns, 1064 nm, 20 Hz, 150 mJ/pulse air spherical (1-10 nm) Fe, Fe,03, Fe;0, [155]
Water 5ns, 532 nm, 20 Hz, 1900 J/em® air spherical Fe, a-Fe,03, Fe;0, [156]
Acetone, water 250 fs, 527 nm, 10 Hz, 15 Jem® air flp/}z‘grirf;l’ (;’}5‘5‘0321) Felo-Fe,0s, FeO/Fes0,  [157]
Ethanol 750 ps, 1064 nm, 10 Hz, ~13 J/em’ air Sglfrgczﬂlébfgngg{“)l’ FeyC, Fes0, [158]
Ethanol Sns, 532 nm, 20 Hz, 1900 J/em® air core-shell (bimodal Fe, Fe,0; [156]
17 nm, 24 nm)
. . Fe;0,, a-Fe,0;,
Water 7 ns, 1064 nm, 20 Hz, 150 mJ/pulse air spherical (2-80 nm) y-Fe,0s, FeO, and Fe [159]
240 ns, 1064 nm, 2 kHz, 3.5 mJ/pulse; . spherical
Water 100 ns, 532 nm, 10 kHz, 8 mJ/pulse ar (AVG 7nm and 17nm) | FeO, Fes04 [160]
Water 532 nm, 10 Hz, 100 mJ/pulse Ar spherical (AVG 20 nm) a-Fe, Fej g0 [161]
2 . spherical :
Water 9ns, 1064 nm, 10 Hz, 10 J/em air (AVG (10£6) nm) Fe, FeO, a-Fe,03, Fe;0, [162]
[PggssHCOO and o spherical
[Pyess] TFSI fonic liquids (5£2) ns, 532 nm, 5 Hz, 20 mJ/pulse 1 Pa at 60°C (AVG (7.143.5) nm) Fe [163]
Liquid N, 200/5 nsé 111?1?31/151:.32 r;r;‘l,J /]ci(l)zo /10 Hz, N, spherical and acicular Fe,N, FegN, [164]
. herical which - Fe;C and
Ethanol 10 ns, 532 nm, 5 Hz, 100 mJ/pulse magnetic field spbl;rliiliov:ni?rog;i?sn ;eS C [165]
2 . spherical
DMSO 9ns, 1064 nm, 10 Hz, 5 J/cm air (AVG (4.74+2.3) nm) Fe [166]
Water + . .
GO-PEG 7 ns, 1064 nm, 15 Hz, 200 mJ/pulse air spherical (AVG ~6 nm) v-Fe,04 [167]
Water + PVP . spherical
(0.01 to 0.2 M) 10 ns, 1064 nm, 10 Hz, 80 mJ/pulse air (AVG 45-5 nm) FeO [168]
15/25 ns, 532/248 nm, 20 Hz, . . . a-FeO(OH) —
Methanol 120 mJ/pulse air, annealing nanowires, nanosheets 0-Fe,0; [169]
Metl;zrclg}ﬁbtclii%ﬁ‘ * 7 ns, 1064 nm, 10 Hz, 90 mJ/pulse air core-shell Fe@C [170]
Water + NaBH, 7 ns, 1064 nm, 10 Hz, 90 mJ/pulse air spherical a-Fe [170]
Water 7 ns, 1064 nm, 10 Hz, 90 mJ/pulse air spherical Fe, Fe,04 [170]

a) DMSO, dimethylsulfoxide; PEG, polyethylene glycol, PVP, Polyvinylpyrrolidone; GO, graphene oxide.

droplets from the ablated substrate followed by the carbon
precipitation on their surfaces. Amorphous Fe@C particles
are achievable by fs-LAL [154] and ns-LAL [174] in organic
solvents. Apart from amorphous Fe@C core-shell particles
[154,170,173], Fe@FeO, core-shell particles are most fre-
quently produced by LAL in organic solvents, as confirmed
by EDS (Figure 10(1)-(0)) and HRTEM (Figure 10(k)) (white
rectangle) [154]. Fe@FeO, particles are formed by the in-
complete oxidation of Fe particles, which indicates that
oxidants are produced during LAL of organic solvents unless
gas purging is used to remove all dissolved oxygen gases.
Fe,C;@FeO, core-shell particles and a mixture of Fe;O, and
Fe;C particles are producible by ps-LAL in acetone [175]
and ethanol [158], respectively. Currently, why carbon can
turn out to be carbon shells or carbides in different cases

remains unclear. When liquid nitrogen is used as LAL liquid,
spherical and acicular iron nitride nanomaterials such as
Fe,N and Fe 4N, are produced via metal nitridation reactions
[164].

In most cases, the colloids obtained from LAL of Fe in
liquids are spherical. However, Luo et al. [176] demonstrated
the feasibility of synthesizing spherical and hexagonal na-
nostructures with a pure magnetite phase by LAL in water
with the aid of a vortex fluidic device (VFD), which enables
LAL in confined and continuous modes (Figure 11(a)-(d)).
All nanostructures are very small with most of them close to
20 nm (Figure 11(e), (f)). The pure magnetite phase is
identified from SAED analysis (Figure 11(g)). Owing to the
small sizes, the colloids collected inside and outside the tube
display superparamagnetic properties (Figure 11(h), (1))



D. S. Zhang, et al.

(a) (b)

Water injected from the syringe.. __

N
Jet feed
Iron rod

......

Sample collection
_Pulsed Nd:YAG laser
4 beam

Confined mode

(c) VFD tube.

(d)
Dynamic thin film .
P -~ Synthesized NPs

Plasma plume

Nucleation and interfacial
interactions with oxygen
molecules

089 0
0o Plasma plum of Fe
atom/ions

(h)ss (i) ¢
4
35 | ——VFDretained =, M,
——VFD collected 2
E o
<
52 H.
4
6
-0.002 0.001 0 0.001 0.002
KoH (T)

M (Amikg?)
d A N o N > o
\k

05 1 15 0002 -0.001 0 0.001 0.002
HH (T) HoH (T)

Figure 11 (Color online) (a)-(d) Schematic illustration of a vortex fluidic
device (VFD) for LAL. (a) Confined mode LAL via lase irradiation on a
static iron rod. (b) Laser beam irradiation of the device operated in con-
tinuous flow mode with an iron rod placed inside the VFD tube. (c) Plasma
plume during the interaction of laser with iron rod. (d) Particle nucleation
and formation scenario in the VFD device. (e)-(g) TEM, HRTEM, and
SAED (magnetite) of Fe-colloid obtained by LAL at the flow mode with a
rotational speed of 7500 r/min and a flow rate of 0.1 mL/min. (h) Magnetic
hysteresis (M-H) curves of the colloids retained in the tube and collected
outside the tube. (i) Low-field M-H curves for the two samples. Copied
from ref. [176] with permission.

[177]. Henley et al. [169] reported the possibility to syn-
thesize nonspherical nanostructures via LAL in methanol
(laser wavelength of 248 nm, pulse duration of 25 nm). In-
creasing the pulse number from 6000 to 24000 shots causes
the structure evolution from microbelts to nanowires, which
is attributed to increased nuclei concentration, spontaneous
self-assembly behavior, and photo-driven fragmentation of
nanobelts. In other organic solvents such as ethanol and
isopropanol, no 1D nanowire and 2D nanosheets are pro-
duced. Except for two reports [169,176] that demonstrated
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the feasibility to synthesize hexagonal nanostructures,
spherical particles are commonly produced in batch, semi-
batch and flow chambers, indicating the uniqueness of VFD
for nanomaterial synthesis [178].

The blocking temperature (73) of LAL-synthesized iron
oxide particles has been investigated as a good indicator of
particle size. In general, the smaller the particle size, the
lower the blocking temperature. According to the 75 values
reported so far, the particle size follows the trend of fs-LAL
(Tg=52 K, AVG 4-5 nm [154]) < ps-LAL (73=120 K, AVG
12 nm [158]) < ns-LAL (75=220 K, AVG 15 nm [179]). If
aligned with the assistance of a magnetic field, the saturation
magnetization can reach 261 emu/g at room temperature,
exceeding that (212 emu/g) of bulky Fe [165]. The surface
functionality of FeO, particles by ligands makes them sui-
table for macrophage labeling and cell sorting/manipulation
under a magnetic field [162]. Given their magnetism, LAL-
synthesized iron oxide particles can also be used as anti-
bacterial agents that can capture Staphylococcus aureus
bacteria [180]. Richter et al. [181] reported that the sy-
nergistic effects of fibrin blending, LAL-Fe colloid embed-
ment, serum protein coating can increase the
endothelialization of alginate hydrogels because of the in-
creased surface roughness, elastic modulus, and cellular
adhesion. Successive LAL of Fe and Au allows the forma-
tion of Fe@Au core-shell particles ~64 nm in diameter
[182]. Subsequent nanoformulation by curcumin (CU, anti-
tumor drug) and folic acid (FA, target siting and enhancing
cytotoxic effect of CU) makes Fe@Au composites suitable
for cancer treatment, as evidenced by 85% apoptosis and
decreased breast cancer viability (T-47D) and tumor size (in
vivo measurement) overtime. Au coating on Fe is aimed to
inhibit Fe oxidation and enhance the stability and dis-
persibility of Fe colloids.

Many studies focused on the catalytic applications of
LAL-synthesized Fe-based products. For example, the mix-
ture of FeO, Fe;0,4, and Fe,O; NPs synthesized by LAL in
water can be integrated on TiO, nanotubes as adsorbents to
enhance the photoelectrochemical performance of oxygen
evolution reaction (OER) with the best 2.5 times as com-
pared with pristine materials while bathing [183]. Zhang et
al. [184] developed reduced graphene oxide (rGO)-
supported Fe—N-doped carbon (Fe—N—C/rGO) -catalysts
by mixing LAL-FeO colloid with GO solution, adding pyr-
role monomer and inducing polymerization and pyrolysis.
Owing to synergistic effects, high specific surface area, fast
mass transfer, and active site abundance, the oxygen reduc-
tion reaction (ORR) activities (characterized by onset
potential and half-wave potential) of Fe—N—C/rGO catalysts
are comparable to that of Pt/C catalysts in alkaline solu-
tions, whereas their durability and tolerance against me-
thanol crossover are superior to those of commercial Pt/C
catalysts.
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34 Co

Cobalt (Co) metal is a ductile and ferromagnetic metal that is
stable at room temperature but becomes oxidized in air at
temperatures above 300°C. Co is reactive during LAL and
can be transformed into pure cobalt, cobalt oxide, cobalt
hydroxide, cobalt nitride nanomaterials, and Metal Organic
Framework (MOF) nanostructures by changing the liquid
compositions and laser parameters, as shown in Table 5
[164,185-190]. In the presence of dissolved O, gases, LAL
of Co in water produces CoO particles, which evolve into
Co;0, aggregates after 3-day aging in solution due to pro-
gressive oxidation [188]. The opposite transformation route
from Co;0, to defect-rich CoO particles can be realized via
laser fragmentation, which is appealing for electro-
chemically catalytic applications such as OER [191,192]. In
the absence of dissolved O, via N, purging, hexagonal
B-Co(OH), nanostructures are producible, which can com-
pletely evolve into Co;0, after 3-day aging due to thermal
decomposition and oxidation [188]. B-Co(OH), nanos-
tructures are positively charged, which can assemble onto
negatively charged MoS, nanosheets via aging their mixed
colloids at 70°C; during this process, f-Co(OH), transits into
Co;0, particles with an average size of 5 nm [189]. In al-
kaline solutions at pH 13 and 14, Co;0, nanorods can be
produced, whose diameter increases with increasing pH
[188]. Above the pH threshold of 12, such nonspherical
nanostructures are merely achievable by 532 nm-LAL at low
laser fluences less than 5ml/cm’ but unachievable by
532 nm-LAL at high laser fluences or 1064 nm-LAL, in
which cases spherical particles are produced, indicating the
rigorous environment for the formation of Co;0, nanorods.

Interestingly, LAL of bulk cobalt (hexagonal structure) in
ethylene glycol (EG) produces hexagonal closely packed
(hep) a-Co and face-centered cubic (fce) B-Co particles with
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an average size of 22 nm and surface plasmon resonance
absorption peak at 510 nm [194]. The hep a-Co and fee B-Co
are stable below and above the isomeric transformation
temperature of ~427°C, respectively [195]. Retainment of
the high-temperature phase of fcc B-Co after LAL quenching
may be due to the annealing twinning of polycrystalline
cobalt particles [196]. Regarding RLAL of Co, Co;C@C
core-shell NP chains have been produced by LAL in ethanol
under a magnetic field, and the assembled ferromagnetic
chains possess a magnetization of 232 emu/g, which is
among the highest cobalt-based magnetic nanomaterials
[190]. Zhang et al. [193] synthesized Co;C@C core-shell
particles by ns-LAL in acetone (Figure 12(a), (b)) and found
that the carbon shells are onion-like with the thickest shell
possessing 28 carbon layers (Figure 12(c)). Aside from
onion-like carbon, amorphous carbon is also found among
the particle aggregates (Figure 12(d)). Given the presence of
carbon shells, other than the intrinsic superparamagnetic
property from Co;C cores, Co;C@C particles also have ex-
citation-wavelength-dependent PL originating from carbons
[193]. In liquid nitrogen, nitridation can be triggered during
LAL, resulting in the formation of Co,N and Co;N NPs
[164].

With the precursor addition in the liquid and with the aid of
a warm bath at 65°C for crystallization, LAL of Co in the
mixed solution of 2-methylimidazole (Hmim) and KOH
enables the formation of highly crystalline metal organic
zeolitic imidazolate framework-67 (ZIF-67) structures with
adjustable structural morphologies through changing the
synthesis temperature and ablation duration [197]. To enrich
the products, the authors added another salt of potassium
tetra chloroplatinate(Il) (K,PtCl,) in the solution for LAL
and innovatively synthesized MOF-derived PtCo/Co;0,
nanocomposites in carbonaceous matrices, which display
superior ORR performance, with their best 5-fold enhance-

Table 5 Summary of products obtained by LAL of Co in different liquids, gas environments and post treatments using different laser parameters

Atmosphere + post-

Liquid Laser treatment Shape Phase Ref.
Water 8 ns, 355 nm, 10 Hz, 30-210 mJ/pulse air spherical (1.4-4.5 nm) Co30, [185]
Water, ethanol 1064 nm, 10 Hz, 30/40/50/60 mJ/pulse air spherica) (2V'G nf)'” M, 04.0,/C00, Co  [186]

Mixed Na,S,0; and . . Co-doped
Ni(NO), aqueous solution 10 ns, 1064 nm, 130 mJ/pulse aging, annealing nanosheet network Ni(OH), [187]
Water 4 ns, 1064/532 nm, 10 Hz, 0,/N,, + ultrasonication sphere, hexagonal Co0O — Co30,, [188]

330/165 mJ/pulse + aging sheets B-Co(OH), — Co;0,
Wi 2 0,/N, + ultrasonication

ater + KOH (pH 13, 14) 4ns, 532nm, 10Hz, 1J/cm + oxidation nanorods Co;0, [188]

air + mixed with MoS, . B-Co(OH),,
Water 6 ns, 1064 nm, 10 Hz, 150 mJ/pulse solution and aging spherical C030; — Co.0, [189]
Ethanol 10 ns, 532 nm, 10 Hz, 60 mJ/pulse magnetic field nanochains consisted of Co;C [190]

200/5 ns, 1064/532 nm, 15020/10 Hz,

Liquid N, 3 mJ/pulse, 75 J/em

spheres (AVG 200-300 nm)

N, spherical Co,N and Co;N [164]
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Figure 12 (Color online) (a) TEM image, (b) SAED, (c), (d) HRTEM
images of Co;C/OLC (onion-like carbon) NPs prepared by ns-LAL of Co
in acetone. Copied from ref. [193] with permission.

ment in specific mass activities compared with commercial
Pt catalysts [198].

The applications of Co particles synthesized by LAL are
mainly within the scope of nonlinear optics and catalysis.
Co-based particles synthesized in chloroform (CHCI;) and
chlorobenzene (C4HsCI) are more suitable than colloids
synthesized in carbon tetrachloride (CCl,), benzene (C4Hy),
toluene (C¢HsCHj), ethanol (C,HsOH), and water for optical
limiting applications because of their excellent two-photon
absorption and nonlinear scattering [199]. Co-based particles
synthesized by LAL in toluene are better candidates for
optical limiting than fullerene Cg4, because of their nonlinear
absorption, nonlinear scattering, and thermal nonlinear re-
fraction properties [200]. Regarding the catalytic applica-
tions, Blakemore et al. [185] reported the extraordinary
water oxidation performance of LAL-synthesized surfactant-
free ultrasmall (<5 nm) Co;0, NPs. LAL-synthesized Co@C
core-shell particles can be embedded onto graphenes to be
transformed into graphene-supported Co-based NPs en-
capsulated in nitrogen-doped graphitic layers (Co@NC/
rGO) via hydrothermal treatment followed by pyrosis in N,
environment [201]. Graphene-supported Co-based NPs are
excellent catalysts for ORR (onset potential of 0.98 V, half-
wave potential of 0.86 V in alkaline media) and are com-
parable to commercial Pt/C catalysts [201]. With the aid of a
mixed aqueous solution containing 0.1 mol/L Na,S,0; and
0.02 mol/L Ni(NOs3),, ns-LAL of Co can produce Co-doped
Ni(OH), flower-like structures consisting of nanosheet net-
works [187]. Such hierarchical structures can be applied as
pseudocapacitors, showing a specific capacitance of
1421 F/g at 6 A/g and 76% retention after 1000 cycles in
1 mol/L KOH aqueous solution. Subsequent annealing
treatment can make them transform into Co-doped NiO na-
nosheets with a good heritage of structural morphology,
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which can significantly enhance the retention level to 92%
with a compromise of specific capacitance down to 720 F/g
[187]. This work shows that ablated Co colloids can be used
as dopants to develop doped mesoporous metal oxides and
hydroxides for applications such as catalysis in need of the
high surface area.

35 Ni

Similar to Fe and Co, LAL also enables Ni to be transformed
into different compounds with the main phases of metals,
oxides, and nitrides, as shown in Table 6 [74,164,202-212].
In aqueous solutions, the main product is the NiO and Ni
mixture because of the incomplete oxidation rate [207].
Through a theoretical calculation of the optical extinction
spectroscopic features, Muiieton Arboleda et al. [203] re-
ported the possibility to synthesize hollow nickel particles,
Ni@NiO and NiO@N!i core-shell particles by LAL in water.
In the presence of SDS surfactants to induce anisotropic
growth, cubic [212] and dumbbell-shaped [213] NiO na-
nostructures can be produced. Hollow spherical Ni particles
have also been synthesized in water [214] and acetone [32]
through the generation of bubbles and the magnetic proper-
ties of small clusters to aggregate on the bubble interfaces.
With respect to LAL-synthesized large Ni-based spherical
particles with sizes of hundreds of nm, particle surface
roughness can be either smooth or rugged (Figure 13(a)-(d)),
which indicates their different formation/growth dynamics in
different solutions [215]. Different solutions also alter LAL

Figure 13 (a)-(d) TEM images of Ni-based NPs prepared by LAL in
methanol, water, hexane, and acetonitrile, respectively. Insets: (i) SEM and
(i) HRTEM images of the corresponding samples. Copied from ref. [215]
with permission.
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Table 6 Summary of products obtained by LAL of Ni in different liquids, gas environments and post treatments using different laser parametersa)

Atmosphere + post-treat-

Liquid Laser ment Shape Phase Ref.

TEOS 240's, 1064 nm, 10 Hz, 1000 mJ/pulse air spherical (20-80 nm) S"‘gierdgped [202]
1-x

spherical, hollow
n-Heptane 120 fs, 800 nm, 1 kHz, 100 pJ/pulse air (bimodal, 2.5 and 7 nm by Ni [203]
AFM)
Acetone 457 fs, 1045 nm, 100 kHz, 6 pl/pulse air spherical, hollow - [204]
’ ’ » O WI/p (AVG 4.3 nm)

Methanol 7 ns, 1064 nm, 10 Hz, 80 mJ/pulse air, laser irradiation spherical (8.68 — 7.16 nm) fce Ni [205]
2 . spherical U

Water 10 ns, 337 nm, 5 Hz, 50 J/cm air (bimodal, peaks at 6/100 nm) Ni@NiO [206]

Water 7 ns, 1064 nm, 10 Hz, 80 mJ/pulse air, laser irradiation core-shell Ni, NiO [205]

. NP spherical . .

Hexane 7 ns, 1064 nm, 10 Hz, 80 mJ/pulse air, laser irradiation (7.08 nm —> 6.62 nm) fce-/hep-Ni — fee-Ni [205]

Acetonitrile 7 ns, 1064 nm, 10 Hz, 80 mJ/pulse air, laser irradiation  spherical (6.32 nm — 5.32 nm) fcc-/hcp-Ni — hep-Ni  [205]

15 1064/532/355 nm, 10 Hz, . . herical (4.9 in ethanol, -
Water, ethanol ns, 20.56] /Crr;lrzn z air, magnetic field Sp 62574 /g in lxa(:er)a no Ni, NiO [207]
. spherical -
Water 120 fs, 800 nm, 1 kHz, 100 pJ/pulse air (bimodal: 7.8/20.6 nm) Ni, NiO [203]
3-6 ns, 532 10 Hz, 3.2/ . . .

Water + SDS “S’l 0 /1“9‘% J/szz’ air spherical (1.8, 2.9, 10.8 nm) NiO [208]

Water 7 ns, 1064 nm, 10 Hz, 50-150 mJ/pulse air sphere (35, 47, 61 nm) NiO [209]
air, addition of hydrazine spherical . .

Water + GO 10 ns, 1064 nm, 60 mJ/pulse hydrate and aging for 20 h (2.3 nm) NiO, — Ni [210]
Water 1 ms, 1064 nm, 20 Hz, 10° W/em® air cube NiO [74]
- 200/5 1064/532 1500/10 H: . . .

Liquid N, nsa, mJ/pulse, 1;1;1,] Jom? % N, spherical NizN, NigN [164]

Liquid CO, 8 ns, 1064 nm, 10 Hz, 2.64 mJ/pulse 17°C, 5.2 MPa core-shell (5-350 nm) NiO,@C [211]

Water + SDS (0.1, 1070 nm, continuous, ~250 W air spherical, cube (AVG 10-13 nm) NiO [212]

0.01, 0.001 mol/L)

a) TEOS, tetraethyl orthosilicate.

productivities and Ni/NiO particle sizes, both of which affect
their magnetic-field-assisted assembly capacities into dif-
ferent lengths of 1D microstructures [207]. Regarding RLAL
of Ni, Niu,N and NigN particles form in liquid N, [164],
whereas Ni/Ni;C@C particles are produced in acetone [101].
When the carbon-encapsulated particles are less than
200 nm, the number of carbon shells increases almost line-
arly with the particle size [215]. The carbon shell thickness
reaches a plateau when the Ni particles are in the range of
200-500 nm [215]. Benefiting from solvent decomposition
and in situ doping during particle nucleation/growth, Si-
overdoped Ni;_,O nanocondensates/particulates with novel
superstructures have been synthesized by LAL of Ni in
TEOS [202]. In the liquid CO,, the resultant particles of LAL
are composed of 99% C without nickel, which suggests that
Ni is a good catalyst for the formation of carbon spheres by
LAL [211]. However, what becomes from the ablated Ni
materials remains unclear.

Ni crystal structures can be divided into three types: fcc,
body-centered cubic (bee), and hep, with fec being the most
thermodynamically stable and bcc and hep structures as

metastable phases [205]. Solvent-dependent production of
fcc and hep-Ni using two steps of LAL is shown in Figure 14(a)-
(f) [205]. The first (primary) step is LAL of Ni. The second
step is LAL of the colloids synthesized by the first-step LAL.
Figure 14(a)-(d) display the particle morphologies after the
first and secondary LAL in methanol and acetonitrile and
their corresponding size histograms. Primary LAL of Ni in
water, methanol, hexane, and acetonitrile produces fcc-Ni/
NiO, fce-Ni, fee-/hep-Ni, and fee-/hep-Ni particles, respec-
tively (Figure 14(e)). After secondary LAL, the product
phases in water, methanol, and hexane remain the same,
whereas the colloid in acetonitrile transforms into pure hcp-
Ni particles (Figure 14(f)). Regardless of the solvent used,
the particle size diminishes after the secondary LAL, about
1-2 nm downsize, thereby triggering fragmentation and the
high-pressure impact of the colloids. Hence, the solvent
should significantly influence the plasma phase that governs
the nucleation of particles to induce the formation of dif-
ferent phases. The initial colloid particles are very small and
difficult to further be decreased. If much larger particles are
treated for secondary LAL, the difference in particle size
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Figure 14 (Color online) TEM images of the primary (a), (c) and secondary ablated (b), (d) Ni nanoparticles in methanol (a), (b) and acetonitrile (c), (d)
(scale bar = 40 nm) and corresponding size distribution histograms. XRD patterns of NPs synthesized by primary and secondary LAL in water, methanol,
hexane, acetonitrile with fcc Ni, hep Ni and NiO marked by circles, squares, and triangles. Copied from ref. [205] with permission.

between the first and secondary LAL should be in great
discrepant. This work, to some extent, is similar to the result
of LAL of Co [194], but it is another milestone by showing
the possibility to produce pure metastable Ni phase colloids
rather than mixed phases.

LAL-synthesized Ni-based particles can be directly used
as catalysts [216] or as adsorbents on support materials to
build composite catalysts. The latter is a popular strategy to
develop excellent composite catalysts. LAL of Ni in GO-
containing solution followed by N,H, reduction yields fine
Ni/rGO composites [210]. Electrostatic adsorption of posi-
tively charged NiO; particles ensures fine anchoring of NiO,
on GO sheets. NiO particles and Ni@NiO core-shell parti-
cles are both identified from HRTEM analysis of the crystal
planes. After reduction, the NiO phase transforms into Ni
and the particles located on rGO sheets are as small as
2-3 nm. The as-prepared Ni/rGO composites are so far the
best Ni-based catalysts for methanol oxidation reaction
(MOR) at a methanol concentration of 4 mol/L, with a higher
catalytic activity of 1600 mA/mg and higher stability
(63.75% remaining after 1000 cycles) [210] than commercial
Pt/C composites. Size-dependent antibacterial performance
has been confirmed for LAL-NiO particles: the smaller the
particle size, the higher antibacterial performance they
possess [209]. In addition, it is found that NiO particles are
more effective against gram-negative bacteria (i.e., Es-
cherichia coli and Candida albicans) than gram-positive
bacteria (i.e., Streptococcus aureus and Bacillus subtilis)
[209]. However, NiO compounds are commonly toxic, and
thus they should be carefully evaluated before biomedical
applications.

3.6 Cu

The interest in LAL of Cu lies in the production of multiple
shapes of Cu-related nanostructures and corresponding me-
chanisms, as shown in Table 7 [74,101,217-229]. To un-
derstand how morphologies and phases change with liquids
for LAL of pure Cu, Begildayeva et al. [220,230] performed
a series of experiments using ten solvents and their results
are shown in Figures 15 and 16. Figure 15(a)-(h) and (i)
show the SEM images and XRD spectra of the nanomaterials
obtained by LAL of Cu in water, methanol, ethanol, 1-pro-
panol, butanol, EG, hexane, and acetonitrile under the same
conditions [220]. Water induces the formation of Cu@Cu,O
core-shell particles upon LAL (Figure 15(a), (i), (j)), whereas
organic solvents such as ethanol (Figure 15(c)), 1-propanol
(Figure 15(d)), butanol (Figure 15(e)), EG (Figure 15(f)),
and hexane (Figure 15(g)) produce Cu@C core-shell parti-
cles [220]. Rod-like CuO nanostructures 400-500 nm in
length and 30-50 nm in thickness are produced in methanol
(Figure 15(b), (1)), which may benefit from the generation of
copper(Il) hydroxide (Cu(OH),) intermediates through the
interaction between Cu’~ ions and OH groups coming from
LAL-induced methanol decomposition [220]. Such spec-
ulation is in accordance with the report by Goncharova et al.
[231] who found that CuO nanofibers can be produced in
H,0, and NaOH with rich OH radicals. During methanol
decomposition, OH groups are released due to C—O bond
breaking, whereas C—C rather than C-O dissociates during
LAL in ethanol, 1-propanol, and butanol because of the
lower binding energy of C—C bond than C-O bond. In con-
sequence, oxidation occurs in methanol, whereas carboni-
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Table 7 Summary of products obtained by LAL of Cu in different liquids, gas environments and post treatments using different laser parameters

Liquid Laser Atmosphere Shape Phase Ref.

2 spherical
Methanol, 2-propanol 7ns, 532w, 101z 10 Ve, air (7/15/19 nm in methanol, 9/12/  Cu, CuO, Cu,0 217]

17 in 2-propanol)

2 spherical
Methanol 1064 nm, 10 Hz, 0.1 J/pulse, 12.7 J/cm Ar (bimodal: 21/55 nm) Cu [218]

14 ns, 532 nm, 20 kHz, 0.26 mJ/pulse; . spherical
Water, methyl alcohol 1064 nm, 0.8 ns, 200 kHz, 0.03 mJ/pulse air (3-9 nm) Cu, Cu,0, CuO [219]
Methanol 7 ns, 1064 nm, 0.08 J/pulse air rod-like CuO [220]
Acetonitrile 7 ns, 1064 nm, 0.08 J/pulse air microcube and spherical CuCN, Cu@C [220]

Dimethyl 2 . spherical
sulfoxide (DMSO) 7 ns, 1064 nm, 10 Hz, 0.5, 2, 3.5, 5 J/cm air (AVG 17-75 nm) CuS [221]
1-Dodecanethiol 1 ms, 1064 nm, 20 Hz, 10°® W/em® air nanowires CuS [74]
Ethanol, 1-propanol, butanol, 7 ns, 1064 nm, 0.08 J/pulse air spherical Cu [220]

ethylene glycol, hexane

Acetone 40 ns, 1064 nm, 5 kHz, 5.5 mJ/pulse air spherical Cu [222]

(~3 nm)

. spherical
Acetone 7 ns, 1064 nm, 100 mJ/pulse air (17.1 nm) Cu [101]

spherical (10-40 nm) — ani-
. . sotropic (100-500 nm long and
Water-alcohol 7 ns, 1064 nm, 20 Hz, 150 mJ/pulse air + aging 100-400 nm wide), lenticular- Cu, Cu,0 — CuO [223]
like (150-550 nm)

nanowire

Water 10 ns, 1064 nm, 10 Hz, 100 mJ/pulse air (15-30 nm wide, 200-600 nm Cu, Cu,O [224]
long)

. spherical
Water 7 ns, 532 nm, 10 Hz, 30/50/70 mJ/pulse air (AVG 7-20 nm) Cu, Cu,O [225]
Water 6ns, 532 nm, 1 Hz, 184-210 mJ/pulse air rugged structures Cu,0; [226]

(1-9 pm)
Water 40 ns, 1064 nm, 5 kHz, 5.5 mJ/pulse air needle-like Cu, Cu,0, CuO [222]
Water 40 ns, 1064 nm, 5 kHz, 5.5 mJ/pulse argon rectangle-like Cu, Cu,0 [222]

5 ns, 1064/355 nm, 10 Hz, 54 mJ/pulse;
Water 800 nm, 200 ps, 1 kHz, 0.56 mJ/pulse; air spindle-like CuO, Cu,O [227]
800 nm, 30 fs, 1 kHz, 0.56 mJ/pulse

Water 10 ns, 532 nm, 5 Hz, 100 mJ/pulse  air, electrical field spindle-like CuO [228]
Water +0.01/0.02mol/L. g o 1064 nm, 10 Hz, 50 mJ/pulse air core-shell, spherical Cu@Cu,0, Cu [229]

PVP

(AVG 13, 5, 4 nm)

zation occurs in ethanol, 1-propanol, and butanol. Large
microcubes are produced in acetonitrile because of the for-
mation of Cu(I) cyanide (CuCN) [220,230], as shown in
Figure 16(a). Similarly, CN" bond dissociates from acet-
onitrile during LAL because of the cleavage of C—C (Figure
16(b)) (binding energies of C—C and C=N are 530.78 and
1167.64 kJ/mol), which interact with Cu-ions to form cubic
CuCN structures. By contrast, free carbon atoms are gener-
ated from propionitrile and butyronitrile solvents, which
aggregate on the Cu particles, leading to the formation of
Cu@C particles [220].

In water, the dominant products are the mixture of Cu and
Cu,O (Cu,0 and CuO) or the mixture of CuO and Cu,O, as
shown in Table 7. When using argon gas to inhibit oxidation
rate by removing the dissolved oxygen, rectangle-like na-

nostructures consisting of Cu and Cu,O phases are attainable
by LAL of Cu in water [222]. Need-like nanostructures
composed of Cu, Cu,0, and CuO are producible by LAL in
the air while keeping other processing conditions constant
[222]. Thus, rectangle-like structures are preferable to be
generated under OH  concentrations lower than those re-
quired for needle-like structure formation, which is in ac-
cordance with the trend of CuO synthesized by the wet-
chemical method [232] in need of thermal treatment at 80°C
for a certain period. Hence, it is estimated that LAL of Cu for
nonspherical nanostructures production is a wet chemical
process with in situ hot-water thermal treatment. This finding
is in line with the fact that most nonspherical Cu/CuO, na-
nostructures are generated by ns-LAL, during which the
thermal effect dominates. At a very high fluence of 80 Jem®,
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Figure 15 (Color online) Solvent-dependent Cu-based nanomaterials prepared by LAL. SEM images of nanomaterials produced by LAL of Cu in (a) water,
(b) methanol, (c) ethanol, (d) 1-propanol, (e) butanol, (f) ethylene glycol, (g) hexane, and (h) acetonitrile, respectively. The inset image in (h) indicates the
formation of spherical NPs and microcubes. (i) XRD patterns of as-prepared nanomaterials in the abovementioned solvents. Featured patterns of Cu NPs
(JCPDS #01-085-1326) are denoted as *, Cu,O (JCPDS #01-077-0199) and CuO (JCPDS # 00-048-1548) are marked as ° and #, respectively, while peaks of
CuCN (JCPDS #96-110-1019) are indicated by +. (j) Schematic illustration of the products produced by LAL of Cu in different solvents. Copied from ref.

[220] with permission.

a large amount of H, gases are generated, enabling the for-
mation of hollow CuO, structures [233]. Fs laser ablation is a
“cold” process because of the insufficient electron-phonon
relaxation [234], which can significantly inhibit the thermal
effect. Picosecond (ps) laser ablation generally induces a
gentle thermal effect between ns laser and fs laser. Hence, the
growth rate should follow the sequence of ns-LAL > ps-LAL
> fs-LAL if the seed difference caused by different laser
systems is neglected. This finding has been verified by CuO/
Cu,0 spindle-like structures produced via ns/ps/fs-LAL of
Cu in water [227].

Aging LAL-synthesized CuO, colloids often induce
structural evolution into spindle/bundle-like structures
[72,231,235], accompanied by the phase change from Cu,O
to CuO through a completely progressive oxidation process.
Owing to good electrical conductivity and adsorption capa-
city, they can be used to construct gas sensors for ppm-level
ethanol gas detection [235]. The thermal conductivity of EG
solvent can be enhanced ~24% by introducing Cu@C col-
loids after 30 min-LAL of Cu [236], making the colloid

suitable as nanofluids. CuO,/GO composites synthesized by
in situ LAL can be transformed into high-performance Cu/
rGO composite catalysts via NaBH, reduction [237]. LAL-
synthesized Cu NPs, either in the form of Cu@C or CuNP-
s@polymer composite, are good antibacterial agents against
Gram-negative Pseudomonas spp. bacteria, making them
appropriate for food packages [238,239] or food preservation
[240]. Once LAL-synthesized CuO NPs are conjugated on
GO nanosheets, the antibacterial performance of GO na-
nosheets toward E. coli bacterial can be further enhanced
[241], indicating the efficacy of CuO NPs for antibacterial
applications. LAL-Cu colloid also exerts an antibacterial
effect on textile, such as cotton fabric [242].

3.7 Zn

Zn metal, upon LAL treatment, most frequently transforms
into ZnO, [243], Zn@ZnO [244], or ZnO [245-247] nano-
materials. Water is the dominant oxidant for LAL-induced
Zn oxidation. Soliman et al. [248] showed the feasibility of
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Figure 16 (Color online) (a) LAL of Cu in nitrile solvents (acetonitrile,
propionitrile, or butyronitrile) at laser wavelengths of 1064, 532, and
355 nm with cubic CuCN and spherical Cu@GC (GC, graphene carbon) as
products. (b) Separated bonds for different organic nitrile solvents because
of different binding energy (BE) in different positions. Copied from ref.
[230] with permission.

altering morphology, crystallinity, and size of ZnO using
30 MPa pressurized water. During LAL, Zn particles first
undergo fast defect-free oxidation in the plasma phase and
then experience slow defect-endowment oxidation through
water diffusion in the liquid phase [249]. Taking advantage
of X-ray spectroscopy, Reich et al. [250] quantified Zn-to-
ZnO transition within the initial 10 min period and revealed
the subsequently slower reaction route into hydrozincite. The
plasmonic peak of Zn and defect/exciton emission of ZnO
can be used as indicators for the formation of Zn and ZnO
phases, respectively [249]. At extreme conditions induced by
high-power LAL of Zn in water (e.g., 1.7%10" W/em® at
4=1064 nm and 8.3x10" W/cm” at A=532 nm excitation), the
high-pressure phase of W-ZnO and e-Zn(OH), composite
nanocondensates is producible [251]. Summary of products
obtained by LAL of Zn is shown in Table 8 [71,72,101,243,
251-267].

Ishikawa et al. [254] reported that the growth of ZnO
particles into columnar structures starts at temperatures
higher than 60°C and becomes finely crystalized at 80°C.
Aging the synthesized particles by LAL of Zn in water leads
to the shape transition into larger cubic and polyhedral
structures, irrespective of the sizes of initial particles but
dependent on the pulse durations of laser systems and cor-
respondingly different thermal effects [71]. Columnar ZnO
structures form via surfactant adsorption, such as lauryl di-
methylaminoacetic acid (LDA), an amphoteric surfactant
with an anionic part at the end. Adding SDS surfactant, a
template that facilitates the formation of lamellar nanos-
tructure [268] in the ethanol-water mixture at a volume ratio
of 1:4 produces nanolayer self-assembled zinc hydroxide/
dodecyl sulfate (Zn(OH),/DS) nanostructures [259]. The
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concentration of SDS should be optimized because Zn@ZnO
core-shell particles rather than Zn(OH),/DS will be produced
at a much lower concentration of 10 mmol/L [260]. At the
same SDS concentration of 10 mmol/L, Zeng et al. [262]
produced a mixture of layered structures and particles with a
pure phase of ZnO. Results indicate that ethanol facilitates
the heterogeneous nucleation of Zn(OH), nanolayers and
their further assembly into 3D flower-like nanostructures
[259].

If SDS does not participate in the reaction, it will act as a
size inhibitor and phase manipulator, offering the possibility
for both size and phase control. In pure water, a mixture of
Zn and ZnO is produced, with ZnO dominating the product
[262]. SDS with concentrations (i.e., 0.0001 and
0.001 mol/L) less than its CMC (0.008 mol/L) leads to the
formation of pure ZnO nanostructures despite the difference
in the absence/presence of nanolayers, whereas concentra-
tions of 0.01 and 0.05 mol/L facilitate the formation of
Zn@ZnO core-shell particles [262]. LAL of Zn at the SDS
concentration of 0.1 mol/L produces core-shell particles with
Zn as the core and ZnO/Zn(OH), as the thin shell. This result
indicates that a high concentration of SDS surfactants can
efficiently depress the oxidation of Zn into ZnO and the
dehydration of Zn(OH), into ZnO. Cationic surfactant CTAB
displays a weak adsorption capacity toward ZnO NPs; thus,
surfactant-dependent structure evolution is normally un-
achievable. ZnO particles generated by LAL are often po-
sitively charged; hence, increasing CTAB concentration
enhances the electrostatic repulsive force between ZnO NPs
so their size and crystallinity can be increased and elevated,

Figure 17 (Color online) TEM image (a) and SEM images (b), (c) of
interconnect ZnO nano-cages generated by LAL of Zn metal in water-
ammonia mixture with a volume ratio of 5:1. Scale bars are 200 nm in (b),
(c). Copied from ref. [257] with permission.
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Table 8 Summary of products obtained by LAL of Zn in different liquids, gas environments and post treatments using different laser parametersa)

Atmosphere +

Liquid Laser post-treatment Shape Phase Ref.
DMF-+BDC 7 ns, 1064 nm, 5 Hz, 0.8-1 Jem? air cube, particle (0.8-1 pum) MOF-5 [252]
Water 5ns, 1064 nm; 200 ps, 30 fs, 800 nm air, aging cube (150-300 nm) — [72]
Water 0.5/1/2 ms, 1064 nm, 1/5 kW air nanorods ZnO, Zn/ZnO [253]
Water 7 ns, 355nm, 10 Hz, 3.2 J/em® 40/60/80°C spherical >columnar ZnO [254]
P. Pinnata leaf extract 7nO (water)
s . . ,
with 0% (pure water), ¢\ 1064 nm 10 Hz, 530 Jem? air particles/tods mixture — Zn/Zn0 [255]
20%-40% ethanol-water spherical particles h diti
concentration (other conditions)
Water + chloroauricacid 5 o 1064 nm, 10 Hz, 60 mJ/pulse air core-shell Au@ZnO (speculated)  [256]
(HAuCl, 3H,0) g g g P P
3% H,0, water 8 ns, 355 nm, 10 Hz, 300 mJ/pulse air - Zn0, [243]
Water + ammonia (V5:1) 10 ns, 1064 nm, 10 Hz, 8 GW/em® air flower-like, porous nano-cages ZnO [257]
1064/532 nm, 8§00 mJ, . spherical, particulates, Waurtzite-type (W)-ZnO
Water 1.7x10"/8.3x10" W/em® ar nanorod, nanoplate and &-Zn(OH), (251]
TEOS 240 ps, 1064 nm, 10 Hz, 1000 mJ/pulse air core-shell Zn/W-ZnO [258]
Water + SDS 2 .
(0.04 mol/L) 30 ns, 248 nm, 10 Hz, 4.3 J/em air nanolayer B-Zn(OH),/DS [259]
Water + SDS . elongated core-shell
(10 mmol/L) 10 ns, 1064 nm, 10 Hz, 35 mJ/pulse air (500 nm long, 300 nm wide) Zn@ZnO [260]
Water + SDS . ZnO with ibl
(0.8;;mol/L) 532 nm, 10 Hz, 60 mJ/pulse 0, spherical (AVG 13.7 nm) & gﬁogﬁsm e [261]
Water + SDS
. core-shell Zn@Zn0,
(0.0001, 0.001, 0.01, 0.05, 10 ns, 1064 nm, 10 Hz, 70 mJ/pulse air (AVG 18.1-44.5 nm) Zn@Zn(OH), [262]
and 0.1 mol/L)
Water + chitosan (20 g/L) 10 ns, 532 nm, 10 Hz, 60 mJ/pulse air spherical (AVG 5-9.4 nm) ZnO [263]
Water + CTAB 130 fs, 800 nm, 1 kHz, . .
(1 mmol/L) 0.05/1.11/1.15 mJ/pulse air spherical Zn0 [264]
Acetone 7 ns, 1064 nm, 100 mJ/pulse air core-shell (AVG 4.6 nm) Zn, ZnO [101]
~ 2 . spherical and hexagonal
Ethanol 10 ns, 532 nm, 10 Hz, 2.45-3.89 J/cm air mixture (AVG 65-75 nm) ZnO [265]
Ethanol/water (vol ratio )
1:4 or 1:3) + SDS 30 ns, 248 nm, 10 Hz, 4.3 J/cm air flower-like B-Zn(OH),/DS, ZnO [259]
(0.04 mol/L)
Water + with different 5 01664 nm, 10 Hz, 100 mJ/pulse air spherical (AVG 25 nm) Zn0 [266]
concentrations
Cotton fablfllfioafueous so- 7 ns, 1064 nm, 10 Hz, air spherical (10-700 nm) ZnO [267]
200 ps, 800 nm, 1 kHz, 0.54 mJ/pulse; . .
Water 5 ns, 1064 nm, 10 Hz, 102 mJ/pulse; air, aging spherical — cubic and Zn, ZnO [71]

60 fs, 800 nm, 1 kHz, 0.87 mJ/pulse

rectangular

a) BTC, benzene-1,3,5-tricarboxylic acid; MeOH, with methanol; DMF, dimethylformamide.

respectively [269].

Many shapes of ZnO nanomaterials have been prepared by
LAL via varying liquid compositions, laser parameters, and
environmental conditions. For example, novel ZnO nano-
cages (Figure 17(a)) displaying flower-like (Figure 17(b),
(c)) morphologies under SEM observation have been pre-
pared by LAL of Zn in a mixture of water and ammonia with
the volume ratio of 5:1 [257]. Hollow structures form
through the generation of NH;. ZnO nanocages assemble
into flower-like aggregate structures, with each flower-like
nanosheet consisting of numerous NPs (Figure 17(b), (c)).

Zn species may also react with (NH 3)? to form Zn(NH 3)i+

clusters to be embedded in nanocages [257]. Interestingly,
ms-LAL of Zn in water and water-ethanol mixture produces
nanorods, whose dimensions can be tuned by changing pulse
duration and laser power [253]. The longest nanorods with a
length of 225 nm and an aspect ratio of 6 are obtained at 1 ms
and 1 kW, and nanorods with 200 nm length and an aspect
ratio of 1.6 are obtained by 0.5 ms and 5 kW. Pure ethanol
only allows the achievement of spherical particles irrespec-
tive of pulse durations, whereas ethanol-water mixture with a
volume ratio of 9:1 enables the synthesis of ZnO nanorods,
which indicates the essential existence of water for the
synthesis of ZnO nanorods. This finding means that the
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amount of OH groups decomposed during LAL in aqueous
solutions is crucial for the synthesis of ZnO nanorods via
dehydration of Zn(OH),.

Natural resources are attaining increasing attention be-
cause of their bioaffinity and environmental friendliness.
Yudasari et al. [255] performed LAL of Zn in Pometia pin-
nata leaf extract (PPLE) solution and found that ZnO na-
norods prepared in pure water transformed into smaller Zn/
ZnO spherical particles after adding PPLE, indicating the
reduction and capping capacities of PPLE. Pure Zn NPs are
obtainable in aqueous solutions containing chitosan biomo-
lecules to inhibit oxidation [263]. With the aid of polymer
conjugation, the colloidal stability is much higher than that
produced in water [263]. In a less oxidative environment
provided by H,0, (3%), ZnO, nanomaterials are produced
[243]. Annealing of ZnO, for several hours at hundreds of °C
(i.e., 200°C-600°C) allows a complete phase conversion
from ZnO, to ZnO [243].

Ns-LAL of Zn in acetone produces a mixture of Zn and
ZnO [101], whereas ms-LAL of Zn in ethanol produces pure
Zn particles [253], which indicates the advantage of ms-LAL
in synthesizing abnormal nanomaterials aside from non-
spherical ZnO nanostructures [270]. In heptane, the products
are ZnO/Zn(OH),/ZnO, nanocomposites with ZnO as the
main phase [271], indicating the complexity of solvent-de-
pendent ablation dynamics and chemical reactions. The
common difference between colloids synthesized in organic
solvents compared with those synthesized in water is their
encapsulation by carbon shells and incapability to grow into
nonspherical nanostructures because of the existence of carbon
shells. In TEOS, high-pressure products, such as Zn@ZnO
core-shell NPs with 1D commensurate (0001) Zn super-
structure and wurtzite-type ZnO shell, can be obtained [258].

ZnO is a type of n-type II-VI semiconductor with broad
applications, such as gas sensing [272], antibacterial [273],
and photocatalysis [274]. Besides the direct application of
LAL-synthesized ZnO colloids for photocatalysis [275],
chemical etching of the Zn core of LAL-synthesized
Zn@ZnO particles allows the formation of hollow ZnO
photocatalysts [276]. Further enhancement of hollow ZnO
particles for photocatalytic application can be realized by
surface coating of Pt particles to construct ZnO/Pt compo-
sites [276]. Thermal treatment of LAL-synthesized ZnO and
FeO, colloids allows the synthesis of ternary oxide (i.e.,
ZnFe,0,) photocatalysts [277]. Benefiting from photo-
catalytic capacity, reactive oxygen species (ROS) generation,
and internalization, LAL-synthesized ZnO [255], Zn/ZnO
[255], and Zn@ZnO [255] colloids are also suitable for an-
tibacterial applications. Successive LAL of Zn and Fe targets
offers a good strategy to prepare antibacterial Fe-doped ZnO
composites with a better performance than pure ZnO [278].
Along this route, Ag-ZnO [279] or Ag@ZnO [280] or Au-
ZnO [281] composites with anticancer, photoluminescent,
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and gas-sensing capacities have also been developed.

3.8 Ru, Rh

Ru is a type of rare transition metal belonging to the iron
group metal, which becomes oxidized in air at 800°C. Ru is
thermodynamically stable as an hcp structure, but it has a
metastable phase of fcc structure stable above 1819 K at
ambient pressure [282]. Owing to LAL-induced high-tem-
perature and high-pressure environment and ultrafast
quenching, LAL offers a possibility to synthesize fcc-Ru
NPs in organic solvents, including methanol, ethanol, and
acetone, as shown in Figure 18(b)-(d) [283]. The products
synthesized in pure water are shown in Figure 18(a) for
comparison. In water, pure thermodynamically stable hcp Ru
NPs are generated at 100 mJ. Increasing pulse energy to
200 mJ leads to certain oxidation of Ru particles to form
RuO,. Pure fcc-Ru particles are achievable by LAL in methanol
(Figure 18(b)) and ethanol (Figure 18(c)) at 16 mJ/pulse.
LAL in methanol and ethanol at other pulse energies of 50,
100, 150, and 200 mJ/pulse and LAL in acetone merely
produces a mixture of fcc and hep Ru particles. Normally,
post irradiation must occur at high pulse energies. Hence, the
phase transition from fcc Ru to hcp Ru phase through
secondary irradiation is indispensable, which may explain
the formation of mixed phases. Fcc metastable phase can
also be obtained by annealing hcp Ru at 1819 K [283]. The
higher the pulse energy, the higher the temperature can be
induced. In this regard, fcc Ru would dominate the product
synthesized by LAL at high pulse energies rather than low
energies. Hence, another mechanism, such as the formation
of fce-carbon alloy [284], may be involved for its stability
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Figure 18 (Color online) XRD patterns of fcc Ru and hcp Ru NPs pro-
duced by LAL in different liquids at different pulse energies. (a) Water with
100 and 200 mJ/pulse. Methanol (b), ethanol (c) and acetone (d) with 16,
50, 100, 150 and 200 mJ/pulse. Copied from ref. [283] with permission.
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after synthesis at room temperature. This work reveals the
favorable condition for fcc-Ru production, which is helpful
to develop fcc-Ru-based high-performance catalysts [285].

Rh is another rare noble metal with great potential to be
applied as catalysts after downsizing its dimension to na-
noscale [286]. Volpato et al. [287] produced Rh particles by
LAL of Rh in water and ethanol using the experimental setup
shown in Figure 19(a). Figure 19(b), (c) show the TEM
images, size histograms, and SAED patterns of the particles
synthesized in water and ethanol (termed as W-Rh-NPs and
E-Rh-NPs), respectively. The particles synthesized in water
are much larger than those synthesized in ethanol: (28+14)
vs. (14+11) nm. SAED analysis of the colloids synthesized in
water and ethanol indicates the formation of pure Rh NPs.
XPS spectra in Figure 19(d) reveal that Rh colloids synthe-
sized in water and ethanol are both subjected to surface
oxidation with 73% and 84% Rh(0), respectively. Due to the
absence of carbon coatings, Rh particles synthesized in water
exhibit higher electrochemical performances than those
synthesized in ethanol, as indicated by lower overpotential
values, higher specific activity (SA, 1.69 vs. 0.70 mA cm_z),
mass activity (MA, 0.39 vs. 0.13 mA ug_l) and turnover
frequency (TOF, 0.21 vs. 0.07 s_l), as shown in Figure 19(e).
Different from the report from Volpato et al. [287], Fazio et
al. [288] showed the possibility to synthesize Rh,0; particles
with sizes in the range of 2-12 nm via ns-LAL of Rh in water.
The oxidation may be due to the shorter wavelength of
532 nm and longer ablation period of 40 min. After anneal-
ing the colloids at 200°C for 2 h, most colloids evolve into
the RhO, phase, which can be further reversibly transformed
into the Rh metal phase by thermal treatment in an H, en-
vironment. Regarding the application, LAL-Rh,O, colloids
possess excellent gas-sensing selectivity for H, gas among
all tested H,, CO, CO,, NO,, and O, gases [288].

39 Pt

Pt-based NPs are important catalysts. The smaller the Pt NPs,
the higher densities of active sites can be exposed to re-
actants, which is beneficial to promote catalytic perfor-
mances [289]. The synthesis of atom catalysts is a research
hotspot [290]. The activity and durability of Pt-based cata-
lysts are closely related to their structural morphology [291].
Hence, size control and morphology manipulation of Pt NPs
are important in LAL. Ns-LAL of Pt in water and SDS using
a KrF excimer laser (wavelength 248 nm, frequency 10 Hz,
pulse width 30 ns) yields microscale spherical and oval-
shaped hollow particles because of the coalescence of small
Pt NPs on the interface of cavitation bubbles [292]. Other
reports based on fs [204], ps [293], and ns [101] lasers
merely showed the possibility of producing solid Pt particles.
Hence, this rare case [292] should be associated with a very
strong thermal effect, which can anneal small Pt particles on
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Figure 19 (Color online) LAL synthesis of Rh particles and electro-
chemical application. (a) Schematic illustration of LAL of Ru in water and
ethanol using an ns laser (1064 nm, 6 ns). (b), (¢) TEM images, SAED
patterns, and size histograms of the W-Rh-NPs (water liquid) and E-Rh-
NPs (ethanol). (d) XPS spectra of as-prepared Rh NPs. (e) Electrochemical
performance (linear sweep voltammograms) of Rh/C NPs and commercial
PY/C at fixed metal loading (20 pgy cm °) on GCE (0.196 cm®), 2 mV's '
IR compensated) in 0.1 mol/L H,SO,. Inset: specific activities (SA, ex-
pressed in mA cmez), mass activities (MA, mA ngfl) and turnover fre-
quencies (TOF, s') at =50 mV of overpotential for W-Rh/C and E-Rh/C.
Copied from ref. [287] with permission.

the bubble interfaces. The amplitude of thermal effect de-
pends on the pulse duration of lasers; a long pulse duration in
the order of tens of ns facilitates the formation of large
hollow structures, whereas a laser with a short pulse duration
(5 ns) only produces small solid Pt particles with a bimodal
size distribution (1-4 and 6-8 nm) [294].

Given that the instinct absorption peak of Pt colloids is
approximately 150 nm, the fourth and third harmonic lasers
can be adopted to induce the aggregation of LAL-synthe-
sized Pt particles and melt them into submicrospheres [295].
Surfactants such as SDS are available to tune the size of Pt
NPs in the range of 2-7 nm, but the concentration of SDS
must be optimized to synthesize stable Pt colloids [296].
Stable Pt colloids are only achievable at the concentration of
0.01 mol/L [296]. Pt particles synthesized in water are much
larger than those prepared in organic solvents because of the
lack of the capping effect to inhibit particle growth [101]
unless a strong fragmentation is induced. For example, the
sizes of Pt NPs on GO nanosheets obtained via in situ LAL
are 22,18, 15, and 12 nm when the ablation periods are 5, 10,
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15, and 20 min, respectively, indicating the fragmentation
behavior of Pt during a long-period of LAL [297]. Installing
an electric field is helpful to reduce the particle size because
of its impact on the plasma plume, which is full of charged
clusters and nuclei [62]. The particle size is proportional to
the applied electric field, allowing the manipulation of col-
loid size from 20 to 9 nm within the electric field range of
0-20 V/em [298].

Fragmentation is often performed using second (532 nm)
and third (355 nm) harmonic lasers at high fluences [28].
Hence, in the synthesis of small Pt particles, LAL at high
fluences using 532/355 nm-lasers can trigger in situ LFL,
thus allowing the generation of Pt NPs dominated by small
particles less than 3 nm. At the same fluence (i.c., 14 J/cmz),
large particles populated in the range of 5-15 nm make an-
other modal size distribution because of the increase in the
explosive boiling effect [299]. Under optimized conditions,
LFL of Pt colloids by 355 nm laser irradiation can reduce the
size to ~1.5 nm [300]. Other than melting and fragmentation,
Pt alloying offers another methodology to upgrade Pt-based
catalysts [301]. Taking advantage of short-wavelength (355
and 532 nm) lasers to irradiate Pt and other metallic (e.g.,
Au) mixed colloids paves the way to produce Pt-metal alloy
particles with a composition manipulatable by the educt ra-
tios [302].

In the cases of ns-LAL in organic solvents, such as acet-
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one, ethanol, and methanol, aside from Pt NPs with sizes of
tens of nm, a large amount of ultrasmall Pt NPs with sizes of
1-2 nm are normally generated [303], and their appearance is
independent of laser parameters [101,303]. This phenom-
enon is abnormal because ultrasmall particles have not been
generated from Au, Ag, and Cu colloids synthesized under
the same conditions [101]. Taking the use of Pt particles
synthesized by LAL of Pt in water as the study target (Figure
20(a), (b)), Zhang et al. [101] post-irradiated the colloid in
acetone and unveiled the redispersion behavior of ultrasmall
Pt NPs from the irradiated Pt particles, as shown in Figure 20(c)-
(f). Originally, the Pt particles do not have small particles
with sizes of 1-2 nm. After 15 min irradiation, the particle
size slightly increases (Figure 20(c)) and carbon shells turn
out, where many small 1-2 nm Pt particles can be found on
the carbon shells (Figure 20(d)). After 60-min irradiation,
particle size significantly increases (Figure 20(e)) but tiny Pt
particles can still be found on the carbon shells (Figure 20(f)),
which indicates that their appearance is independent of educt
particle size. XPS analysis of Pt educt particles synthesized
in water and 60 min-irradiated Pt particles in acetone reveals
enhanced oxidation rates for the particles (Pt(II) peaks at
72.7 and 76.6 eV, Figure 20(g)) because of the redispersion
effect caused by laser irradiation in acetone (Figure 20(i)).
When the molten Pt is irradiated, many carbon species dis-
solute in Pt NPs because of the high solubility of carbon in
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Figure 20 (Color online) TEM images of LAL-Pt NPs synthesized by laser ablation in water for 30 min (a), (b), and post-irradiation of LAL-Pt NPs in
acetone for 15 min (c), (d) and 60 min (e), (f). XPS spectra of LAL-Pt NPs (generated in water) and Pt@C-LML-60 min NPs (g). Raman spectra of Pt@C-
LML-60 min and Pt@C-LAMOS NPs (h). Pt tiny particles redispersion due to the sequential oxidation and reduction processes and carbon shell formation
due to carbon precipitation and segregation (i). Copied from ref. [101] with permission.
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Pt. In consequence, many byproducts from acetone decom-
position are brought into Pt to induce the binding of Pt-O-
CSs (CSs=CH4+, CH,CO", etc.), as illustrated in Figure 20(i).
When Pt NPs cool down without irradiation, carbon solu-
bility significantly decreases. In consequence, carbon seg-
regates from Pt particles, during which a series of oxidation
and reduction reactions occur, leading to the redispersion of
1-2nm Pt NPs. This process can promise a continuous
supply of ultrasmall Pt NPs. Compared with Pt@C NPs
obtained by laser ablation of Pt in acetone, graphitization
ratio of the onion-like carbon shells on Pt@C-LML-60 min
NPs is much higher, as confirmed by the lower Ip/I; value
shown in the Raman spectra (Figure 20(h)), indicating the
favorable long-lasting high-temperature environment in-
duced by LML for carbon-shell graphitization. Jendrzej et al.
[304] performed LFL of LAL-synthesized Pt colloids and
studied their growth routes. The fragmented particles are
broadly distributed with sizes in the range of 1-10 nm with an
average diameter of (3.6+0.3) nm, larger than redispersed Pt
NPs. This result indicates that redispersion is a better method
than LFL for the generation of ultrasmall Pt NPs. However,
ns laser irradiation of Pt particles induces the aggregation
and fusion of small particles into large ones (Figure 20(e)).
Hence, the combination of LFL in water and laser post-ir-
radiation in organic solvents can be used to produce tiny Pt
NPs continuously. Another factor that should be considered
is the activity of ultrasmall particles, which can sponta-
neously grow into large particles or nanowires via ripening
and coalescence mechanisms. For example, after 7-day aging
of LFL-Pt colloids, the concentration of Pt particles larger
than 8 nm significantly increases [304]. Elements in the
solvent molecules may serve as dopants and reactants; for
instance, LAL of bulk Pt in TEOS yields C-doped Pt and
Pt,6S1,C, [305].

The productivity of NPs has reached 4 g/h when a high-
power ps laser system is used, and a polygon scanner is
employed to perform a high-speed (500 m/s) scanning for
bypassing cavitation bubbles [293]. This value is sufficient
for practical applications. With the aid of a newly developed
continuously operating tubular bowl centrifuge connected to
the ablation chamber, desirable small Pt particles less than
10 nm can be collected directly after LAL [306]. This ap-
proach makes these particles convenient to be applied and
helps to screen desirable Pt NPs without an additional cen-
trifugation treatment. The surfaces of LAL-synthesized Pt
NPs are partially oxidized, which differ in different reports,
such as 64% metallic Pt, 28.2%+5% and 7.5%=+5% of pt*
and Pt"', respectively in ref. [307], and 22% surface oxida-
tion (10.8% of Pt*", 11.6% of Pt'") in ref. [308]. These sur-
face charges make Pt particles highly stable with a (-
potential value of (—58+3) mV [308]. LAL-synthesized ne-
gatively charged Pt particles [309,310] can be directly used
for electrophoretic deposition (EPD) on neural electrodes
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[311] or conjugated on positively charged supports (e.g.,
graphene [312,313], rGO [309], TiO, [314,315], CeO, [316],
AlO, [317,318]) via in situ or ex situ LAL for catalytic ap-
plications such as CO oxidation, NO oxidation, OER, and Li-
air battery. Successive LAL of Pt and other easily oxidized
metal targets such as Ti in water provides a methodology to
construct metal/metal-oxide composite photocatalysts [114].
The amount of Pt particles on adsorbents is adjustable by
changing the ablation period or adsorbent amount/mass in
the liquids. The drawback is the difficulty in controlling the
properties of the adsorbents and adsorbates. Despite having a
larger dimension (6.6 vs. 3.8 nm) compared with the Pt NPs
of commercial Pt/C catalysts, the mass-specific power den-
sity of carbonic-Vulcan supported laser-generated Pt com-
posite catalysts is ~20% higher than that of commercial Pt/C
catalysts [307]. The reduced dissolution rate of Pt NPs may
induce their high stability for proton exchange membrane
fuel cell (PEMFC) than the commercial Pt/C reference cat-
alysts, with 88.4% and 72.2% retention of initial electro-
chemical active surface area (ECSA) after aging [307]. The
optical (nonlinearity) and thermal (diffusivity and effusivity)
properties of GO nanosheets can be enhanced by conjugating
Pt NPs on them via in situ LAL [297].

LAL-Pt particles are efficient not only in inhibiting the
growth of cancer cell lines [319] but also selectively efficient
in killing most common drug resistant bacteria (P. aerugi-
nosa) and less efficient toward S. aureus, E. coli, and C.
albicans [319]. The antibacterial performance of LAL-Pt
NPs toward dental-related bacteria (Streptococcus mutans;
Enterococcus faecalis, caries; Porphyromonas gingivalis,
and endodontic and periodontal lesions) has also been re-
ported [320]. Although the plasmonic effect of Pt colloids is
much lower or less distinguishable than that of Au colloids,
Pt particles can still be assembled as photoactive films for
applications in laser desorption ionization (LDI), Raman
scattering (SERS), and infrared absorption (SEIRA)
[294,321].

310 Pd

In analogy to Pt, palladium (Pd) is also a high-density silvery
precious metal. Pd-based nanomaterials can be extensively
applied for diverse purposes, such as hydrogen storage, fuel
cell, and environmental remediation [322,323]. Given its
similarity to Pt, the progress of LAL-Pd is briefly introduced,
focusing on the differences as a supplement. Navas and Soni
[324] showed that KBr ions and CTAB surfactants guide Pd
particles to grow into nanocubes and decahedron/icosahe-
dron Pd nanocrystals, incapable by SDS or in pure water
[324]. Nishi et al. [325] found that the size of Pd NPs syn-
thesized by LAL in heavy water is smaller (primary 8 nm)
than that (primary 16 nm) synthesized in light water and that
the as-prepared Pd NPs are superparamagnetic. Benefiting
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from fragmentation and gently thermal effects caused by the
second (532 nm) and third (355 nm) harmonic lasers, thin Pd
nanowires are produced via LAL in water at a low fluence of
8.9 J/em® [326,327]. Similar to the finding with respect to Pt
[101], ns-LAL of Pd in organic solvents such as acetone,
ethanol, 2-propanol, toluene, and n-hexane, yields a large
number of small particles 1-2 nm in size because of the re-
dispersion effect [328]. Thus, optimization of organic sol-
vents and laser parameters for 532 nm-LAL paves the way
for the synthesis of ultrasmall Pd particles with most of them
within 1-2 nm, such as ps-LAL of Pd in 2-propanol at the
fluence of 0.5 J/em® [329]. In non-polar solvents such as
toluene and n-hexane, Pd particles are unstable because of
the lack of adsorbed anionic species, whereas Pd particles
synthesized in acetone and alcohols are stable due to the
presence of adsorbed anions such as enolates or alcoholates
[328]. Stabilizers such as tetraoctylammonium bromide
(TCgABr) ionic micelles can be added to organic solvents to
ensure a high colloidal stability and to synthesize small
particles [330]. The surfaces of Pd particles synthesized in
organic solvents are partially oxidized depending on the
composition of organic solvents, with the oxidation ratios of ~29%
and 20% obtained in acetone and ethanol, respectively [328].
Post irradiation of Pd colloids with H,PtCl, addition al-
lows the generation of PdPt alloy particles, which can be
used as adsorbates on CdS nanorods [326]. LAL of Pd in a
CuCl, solution yields PdCu alloy particles possessing a sy-
nergistic effect to significantly enhance catalytic perfor-
mance: 5.91 times kinetic rate increase for the catalytic
hydrogenation of 4-nitrophenol to 4-aminophenol compared
with that of monometallic Pd particles [331]. Through a
model reduction of nitrobenzene to aniline by an excess
amount of NaBH, and using Pd@C particles prepared by
LAL in acetonitrile, Kim et al. [332] reported that carbon
shells have the merits of increasing the adsorption rate and
surface area, enlarging the electron concentration, and pre-
venting particle aggregation; thus, Pd@C particles have a
higher conversion efficiency than bare Pd counterparts.
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Recently, Zhang et al. [333] synthesized Pd-aerogel com-
posite catalysts and revealed their advantages of compressive
strains to boost their applications for formate and ethanol
electrooxidation. Figure 21(a) displays the synthesis proce-
dures including in situ LAL in the presence of trisodium
citrate (NaCA), ex situ addition of ascorbic acid (AA), and
colloid aging. The aging period determines the colloid
morphology. LAL of Pd in 35 mmol/L NaCA produces small
Pd NPs with an average diameter of (3.1+0.6) nm (Figure 21(b)).
After the addition of AA in LAL-Pd colloids to initiate ge-
lation, particles start to connect and fuse, accompanied by an
increase in the particle size (Figure 21(c), (d)). After 4 h
aging, Pd nanowires form with an average diameter of
4.2 nm (Figure 21(e)). NaCA salts inhibit the aggregation of
Pd particles preventing their fast growth. Without citrates,
the size of Pd particles is as large as 11.3 nm. Given their
higher specific surface area and the existence of compressive
strains, Pd aerogel is more active than Pd/C for formate
electrooxidation with mass and specific activities 2.26/1.99
times higher than those of commercial Pd/C catalysts [333].
Supported Pd composite catalysts have been prepared by in
situ LAL in MWCNTs-containing solutions [334] and ex situ
mixing of a biowaste extraction of calcium lignosulfonate for
catalytic energy storage [335]. High-temperature calcination
of the mixed colloids at temperatures of hundreds of °C is
helpful to promote partial dissolution, facilitating the con-
struction of heterogeneous catalysts. For example, the mixed
Pd and CeO, colloids cannot initiate low-temperature CO
oxidation; however, Pd/CeO, (synthesized by LAL in al-
cohol) composites possess a high low-temperature activity
after calcination [336].

4 Main group metal (Al)

Pure aluminum (Al) is an energetic material with a high
negative enthalpy (AHB) of combustion. Downsizing bulky
Al into nanoscale can significantly lower the enthalpy of Al

Ascorbic acid (AA) 0 Pd NPs

e

Figure 21 (Color online) /n situ and ex situ LAL synthesis of Pd-aerogel composite. (a) Schematic illustration for composite synthesis procedure including
in situ LAL in the presence of 35 mmol/L trisodium citrate (NaCA), post-addition of ascorbic acid (AA) in the Pd colloid after LAL and aging the mixed
colloid. (b)-(e) TEM images of LAL-synthesized Pd NPs and Pd-aerogel composites after different periods of aging. Insets in (b)-(e) are size histograms.

Copied from ref. [333] with permission.
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materials from —1675 kJ/mol (bulky Al) to —2324 kJ/mol for
a single Al atom. Thus, much attention is paid to applying
them as rocket propellants, explosives, and pyrotechnics
[337]. Small Al NPs less than 100 nm are highly reactive and
favorable for these applications because propellant for-
mulation can get access to an enhanced propellant burning
rate than micron-sized particles after the addition of Al NPs.
Al is susceptible to surface oxidation to form oxides, which
is the “dead weight” for combustion; thus, active Al particles
are often coated with silica [338] or carbon shells [339] to
produce pure Al NPs to fully use their energy for combus-
tion. Carbon coating is also appropriate for combustion ap-
plications because carbon evolves into CO,/CO gases
without the risk of causing ash residue’ blocking on the ac-
tive sites of Al surfaces. Davari et al. [337] successfully
prepared A1@C core-shell particles by LAL of Al in acetone
and toluene, as shown in Figure 22(a), (b). The carbon matrix
was identified by HRTEM, Raman, and electron energy-loss
spectroscopy. Al particles synthesized in acetone and toluene
are unimodally (peak at 15.7 nm) and bimodally distributed
(25 and 77.2 nm), both of which are smaller than 100 nm,
suitable for combustion applications. The energetic proper-
ties of LAL-synthesized Al@C particles and commercial Al
NPs (80 nm) were evaluated by laser-induced air shock from
energetic materials to investigate their energetic properties
[340]. Because of the smaller particle size and narrower size
distribution, Al@C particles prepared in acetone have the
highest laser-induced shock velocities (>755 m/s) than those
prepared in toluene and commercial Al powders and the
blank tape without any Al particles (Figure 22(c)). Results of
thermo-gravimetric analysis in Figure 22(d) indicate the
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Figure 22 (Color online) Al@C core-shell particle synthesis by LAL and
its combustion application. (a) HRTEM images of Al@C NPs prepared by
LAL in (a) acetone and (b) toluene. Scale bars in (a), (b) are 3 and 5 nm,
respectively. (c¢) Laser-induced shock velocities measured from LASEM
technique for blank, commercial Al NPs, Al@C NPs prepared by LAL in
acetone and toluene at different laser fluences. (d) TGA analysis of Al@C
NPs synthesized by LAL in acetone at 2.6 Jen?’. Copied from ref. [337]
with permission.
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oxidation behaviors of LAL-synthesized Al@C particles
upon increasing temperature. The weight first gradually de-
creases until ~470°C because of carbon transition into CO,
and CO, slightly changes due to the solid-to-liquid phase
transition, and then dramatically increases due to oxidation.
Such data suggest that LAL-produced Al@C particles are
slightly oxidized. The demonstration of successful synthesis
of Al@C particles via LAL and its attempt to be used for
combustion may extend the application scope of LAL-syn-
thesized nanomaterials, but the productivity should be a
challenging issue because it is currently in the mg/h scale for
LAL in organic solvents [341]. Increasing the pulse energy
for LAL of Al in organic solvents is risky to ignite organic
solvents, especially when using ns or ms lasers. LAL in or-
ganic solvents is accompanied by the decomposition of or-
ganic solvents, which significantly reduces LAL
productivity [11] to a level much lower than the case of LAL
in water (i.e., g/h) [293]. The size of Al particles is greatly
influenced by the ablation period because of fragmentation
and is strongly dependent on the employed organic solvents
because of possibly varying ablation dynamics [341]. Oxide
phases are also producible in organic solvents. For example,
v-Al,O; particles are generated by LAL of Al in ethanol, and
post-treatment by means of laser irradiation can only change
the particle size, incapable of altering the phases [342], as
shown in Table 9 [343-351].

Table 9 lists the products that have been generated by LAL
of Al in different liquids under different conditions, where
diverse shapes and phases of nanomaterials deserve special
attention. Hollow particles are producible by LAL of Al in
organic solvents. For example, LAL of Al in ethanol with
saturated H, gases leads to the formation of hollow core-shell
particles with Al,O; as the outmost shell, amorphous Al as
the intermediate layers, and fcc Al and cavities as the in-
nermost parts, as shown in Figure 23(a) and (b) [343]. The
formation of such abnormal nanostructures benefits from the
faster cooling rate in the outmost part than in the inner part,
which gives birth to the formation of an amorphous structure.
Fast solidification rate originates from the ultrafast tem-
perature quenching rate of ultrafast laser ablation, in the
order of 10'°-10"* Ks. Crystallization into fcc Al in the cores
may be facilitated by the high pressure of its surrounding
hydrogen. Dissolved H, gases in liquid may participate in the
nucleation and coalescence of Al particles through the for-
mation of liquid Al hydrides (AlH,). However, hydrogen
uptake of AlHj; is almost completely irreversible [352]. Thus,
the mechanism proposed by the authors still needs verifica-
tion. Gaseous H, may be captured by the solidified Al layers,
which prevent the gas diffusion outside the NPs. Hollow Al-
based spheres are also producible by LAL in the mixture of
water-ethanol without H, gas purging [93]. The hollow
structures in the microscale are amorphous with smooth
surfaces (Figure 23(c)-(e)). After annealing at 800°C and
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Table 9 Summary of products obtained by laser ablation of Al in different liquids, gas environments under different laser conditions

Liquid Laser Atmosphere Post treatment Shape Phase Ref.
) spherical (15.7 nm in
Acetone or toluene 4 ns, 1064 nm, 10 Hz, 2.6 J/cm air - acetone, 25/77.2 nm in Al@C [337]
toluene)
Ethanol 30 ps, 1.06 um, 10 Hz, 4 Jem® H, - hollow (AVG 30 nm) Al [343]
Methanol +
ascf)rba}fc“’aci 4 7ns, 1064 nm, 10 Hz, 140 mJ/pusle Ar - core-shell (20-30 nm) Al-ALO,@C [344]
White . .
vinegar 6ns, 532nm, 10 Hz, 2W air - spherical (AVG 1249 nm) Al@C and y-ALO; [345]
Water 8ns, 1064 nm, 10 Hz, 20/55 Jem®  air - Sphericazlg(liﬁf})‘s at 25, Al and ALO, [346]
6-7 ns, 1064 nm, 10 Hz, . spherical
‘Water 120 mJ/pulse air - (3-14 nm) a-Al,O4 [347]
Water 1064 nm, 2 Hz, 1/3/5 J/pulse air - spherical 7-ALO; [348]

Water + NaOH 16 ns, 1064 nm, 10 Hz, 850 mJ/pulse air

laser irradiation

(AVG 26/38/53 nm)

- spherical, microplates  y-AlL,O; and $-NaAlO, [349]

Ethanol 7ns, 1064 nm, 10 Hz, 7500 J/em®  air 0 Or}li(/)prlrlllisne), ( Ay Daerical, o) 7-ALO; (342]
Amorphous — y-AlL,O
R i B R e O
cubic Al mixture
Water 5 “j{éfﬂ?ﬁf o " L0Hz, air aging spherical AL ALO,, AIOH);  [351]
Water wn 6*’;33&22}3}) iz, air aging conical, bow-tie  ALO, 3H,0, AIOH); [351]
Water 30 fs, 800 nm, 1 kHz, 0.68 mJ/pulse, air aging polygonal Al, AlL,O4 [351]

30 min

1100°C, pure y-Al,O; crystals (Figure 23(f)-(h)) and mixed
phases of y-/0-/a-Al,O; crystals (Figure 23(i)-(k)) grow on
the shell structures, respectively. Results of this experiment
suggest that 0-/a-Al,O; forms at high temperatures, whereas
v-AlL,O; forms at relatively low temperatures. Alumina has
four typical phases, including y-, 8-, 6-, and a-Al,O;, with the
phase transition following the order of y-Al,O; — 8-Al,04
— 0-Al,0; — a-Al,O;5 [353]. y-ALO; transforms into &-
Al,0; upon heating at 800°C, which further evolves into 6-
Al,O; upon increasing heating temperature. a-Al,O; forms
when the heating temperature is above 1200°C.

White vinegar consisting of 4%-7% acetic acid and 93%-
96% water is another mixture of water and organic solvent
that has been used for LAL of Al, which produces a mixture
of Al@C and y-Al,O; with an average diameter of (12+
9) nm and size span of 2-50 nm when adopted as LAL liquid
[345]. The presence of water may facilitate the formation of
v-AlL,O; particles, which agrees with the report by Pir-
iyawong et al. [348]. Target inclination and pH adjustment of
aqueous solutions offer two methodologies to tune the sizes
and phases of nanomaterials synthesized by LAL of Al. In-
clined targets may cause less coalescence of ejected particles
because the laser cannot irradiate them during their release at
the moment of bubble collapse [354]. Acid HCI and alkaline
NH,OH, which can introduce different concentrations of H'
and OH radicals, are helpful to tune the agglomerate state in

the bubble phase [354]. pH=11.0 facilitates the formation of
small particles with a narrow size distribution. Simultaneous
adjustment of pH and 45°-inclination of the ablated sample
allows further reduction of particle size and size distribution
[354]. Acid and alkaline additives may interact with metal
species to form abnormal phases. For example, aside from -
AlL,O; and a-Al,Os;, diaspore [a-AlO(OH)] (a hydrated
polymorph of a-Al,O;) and boehmite [y-AIO(OH)] (a hy-
drated polymorph of y-Al,O5) are generated at pH of 2.5 and
10.0 but unachievable at pH of 3.0 and 11.0 [354].

Aside from temperature-dependent phase transition, the
thermodynamic stability of a-phase and y-phase is also
correlated with particle size. y-Al,O; particles are en-
ergetically stable when their surface area is larger than
125 m’ gf1 at room temperature [338], corresponding
spheres with a diameter less than 12 nm, above which
threshold a-phase prevails. However, Riahi et al. [347]
synthesized a-Al,0; NPs with diameters of 3-14 nm. Pir-
iyawong et al. [348] prepared y-Al,Oj; particles of tens of nm
in diameter, just opposite the trend of theoretically calculated
size-governed thermodynamic stability [338]. Temperature
possibly governs the formation of a-Al,O; and y-Al,O4
phases. Under hydrothermal conditions of 320°C-400°C and
1.5-10 MPa, a-Al,O; can be formed, whereas y-Al,O; for-
mation needs almost the same pressure but requires a high
temperature above 400°C [355]. The reason why pure stable
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Figure 23 (a), (b) TEM images of particles prepared by LAL of Al in
ethanol saturated with H, gases. Reprinted from ref. [344], copyright 2010
Elsevier. (c)-(e), (f)-(h), (i)-(k) TEM images and SEAD patterns of amor-
phous particles prepared by LAL of Al in a water-ethanol mixed solution
with their volume ratio of 3:1, the particles annealed at 800°C and 1100°C,
respectively. Copied from ref. [93] with permission.

a-Al,O; and y-Al,O; particles with abnormal sizes can be
produced by LAL is still a challenge to be addressed.

In aqueous solutions including water, y-, 6-, 0-, and o-
Al,Oj; are producible with additional products of H/AI”" co-
doped alumina [356] and B-NaAlO, [349]. In view that the
four phases of Al,O; correspond to different synthesis con-
ditions, LAL of Al with varying laser parameters can pro-
duce different high-temperature and high-pressure
environments, which complex the products, and arouse the
formation of many metastable phases. XRD characterization
is often used to identify the phases of LAL-products, which
may omit metastable phases that exist merely in a few par-
ticles. Hence, HRTEM and SAED analyses of LAL products
are recommended to integrate with XRD characterization to
see how crystals transform from the crystallographic per-
spective.

Aging-induced morphology transition also occurs to LAL-
synthesized alumina particles with the evolution routes
strongly dependent on the adopted laser parameters (pulse
duration and wavelength). Particles synthesized by ns-LAL,
ps-LAL, and fs-LAL can evolve into large spheres, conical/
bow-tie, and polygonal structures, respectively [351]. For ns-
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LAL, laser wavelength greatly influences the size of evolved
structures. Third harmonic (355 nm) laser enables the for-
mation of large spheres after 60-day aging than the first
harmonic laser (1064 nm), which may be because of the high
aggregation rates and difference in particle compositions
[351]. Ns-LAL at 1064 and 355 nm produces a mixture of
Al, Al,O3, and Al(OH);, but the latter has a higher density of
Al(OH); crystals. Fs-LAL and ps-LAL induce the formation
of Al/Al,0; and Al/Al,0;/Al1,033H,0/Al(OH); mixtures
[351]. LAL of Al in methanol containing ascorbic acid under
Ar gas environment (Figure 24(a)) yields Al-Al,O;@C core-
shell NPs (C shell thickness is 4.5 nm, Figure 24(b)) with a
featured absorption peak adjustable in the range of
244.2-251.4 nm (Figures 24(c), (¢)) by changing the ablation
period due to the variation in the colloid sizes (Figure 24(f),
(g)) [344]. Alteration of liquid composition can help to tune
the structural morphology. For instance, core-shell and
spindle-like structures are produced in toluene with ascorbic
acid and in pure water, respectively [344]. The deep-ultra-
violet localized surface plasmon resonance of Al@C parti-
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Figure 24 (Color online) LAL synthesis of plasmonic A1@C particles.
(a) Experiment setup with saturated shielding Ar gas. (b) TEM image and
EDS spectrum of Al@C NPs prepared by LAL in methanol and ascorbic
acid mixed solvents. (c) Absorbance of AI@C NPs in methanol. (d) TEM
images of Al NPs generated in toluene with ascorbic acid and in pure water,
respectively. (a) Absorbance of Al@C NPs fabricated by LAL in methanol
and ascorbic acid mixed solvents under different laser exposure times. (f),
(g) Size histograms and TEM images of Al@C NPs prepared by 20 and
100 min LAL, respectively (scale bar: 50 nm). Copied from ref. [345] with
permission.
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cles can be used to enhance the PL emission of CsPbBr;_Cl,
crystals when they are closely placed. Alumina particles
synthesized by LAL can also be used as an antireflective
coating to enhance the sensitivity of silicon photodiodes
[357] or as aqueous nanofluids to enhance their thermal
conductivity [347].

5 Summary

This review emphasizes the manipulation of phases, sizes,
and morphologies of nanomaterials prepared by LAL. The
lists of products produced under various conditions with
almost infinite combinations. RLAL is a ubiquitous phe-
nomenon that occurs in non-noble materials, such as Mg,
Mn, Fe, Co, Ni, Cu, and Zn, leading to the formation of
oxides, carbides, nitrides, and hydroxides. Under optimized
conditions such as removal of dissolved oxygen or with the
protection of polymer molecules or carbon shells, pure metal
nanomaterials are producible, even for very reactive metals
such as Mg. Redispersion of 1-2 nm particles occur to both
Pd and Pt NPs during LAL or laser irradiation in organic
solvents [101] and renders the possibility to break the lim-
itation of laser parameters, such as pulse duration to syn-
thesize ultrasmall Pd/Pt particles with high specific surface
areas for catalytic applications.

A large variety of nonspherical nanomaterials have been
produced by LAL of metals (Tables 1-9) following the six
mechanisms proposed in ref. [34]. This review only displays
a glimpse at the diversity of liquids, targets, and products
with respect to limited selective metals, which may serve as a
guide for a better design and control of desirable nanoma-
terials. However, under the same processing condition, re-
actions occurring to different metals may be very different.
Thus, the empirical conclusions from the discussed results
may not be applicable to other metals. In addition, LAL
contains many processes [28], most of which are like “black
box” to be explored. Although decades of efforts have been
dedicated to the synthesis of nanomaterials and a significant
advance has been witnessed, many challenging issues still
need to be addressed, such as

(1) The reason why different shapes of nanostructures
are produced for LAL of a defined metal target using
different laser systems, which is of great importance for
an accurate control of nucleation, growth routes, and
growth rates.

(2) The mechanism of how solvents become decomposed
during LAL and how these newly generated reactants react
with the active species released from the ablated targets from
the atomic or molecular viewpoint.

(3) Experimental recording of the nucleation and growth
process to clarify the roles of additives (i.e., surfactant,
polymer, salt, support materials, or other colloids) or by-
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products on the growth dynamics.

(4) Experimental measurement of the pressures and tem-
peratures within the whole process of ablation, which lays
the foundation to explain the formation of metastable phases.

(5) Quantification of atoms, ions and clusters ejected from
targets and those generated from decomposed liquid mole-
cules, which is crucial to interpret the formation of non-
stoichiometric oxide and doped materials.
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