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Abstract

Catalysts are the foundation of sustainable and renewable energies to address
the depletion of natural fossil fuels problem. Because the catalysts’ activity
is surface chemistry dependent, those “naked” , so-called ligand-free catalysts
with more active sites exposing to the reactants are more preferable. With
ligand-free, highly surface charged nanomaterials as the innate products, a newly
emerging technique laser synthesis and processing in liquids is gaining increasing
attention. The priority of laser-synthesized ligand-free metallic catalysts over
chemically-synthesized counterparts has been confirmed by increasing groups
through comparative studies on their catalytic activities. Besides the ligand-
free metallic catalysts, this technique also excels at synthesis of bimetallic-alloy,
core-shell and defect-rich semiconductor catalysts, and show good compatibility
with other techniques (e.g., hydrothermal treatment and electrophoresis) to de-
velop advanced catalysts such as ternary oxide, doped semiconductor, supported
composite, nanoparticle-polymer matrix and film catalysts. Following the con-
cept of why to choose, how to synthesize and where to use, in this review, we
first introduce the advantages of this technique and the synthesized catalysts,
secondly show how to develop complex catalysts using the laser-generated parti-
cles as the building blocks, and finally present the exciting application examples
for photodegradation, water splitting and fuel cells.
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Abstract

Catalysts are fundamental to sustainable and renewable energy solutions ad-
dressing the depletion of natural fossil fuels. Since catalytic activity is surface
chemistry-dependent, “naked” or ligand-free catalysts with more exposed ac-
tive sites are highly desirable. Laser synthesis and processing in liquids (LSPL)
is an emerging technique that inherently produces ligand-free, highly surface-
charged nanomaterials, garnering increasing attention. Comparative studies by
numerous groups have confirmed the superiority of laser-synthesized ligand-free
metallic catalysts over chemically-synthesized counterparts in catalytic activ-
ity. Beyond metallic catalysts, this technique excels at synthesizing bimetallic
alloys, core-shell structures, and defect-rich semiconductor catalysts. It also
demonstrates excellent compatibility with other methods (e.g., hydrothermal
treatment and electrophoresis) for developing advanced catalysts such as ternary
oxides, doped semiconductors, supported composites, nanoparticle-polymer ma-
trices, and film catalysts. Following the conceptual framework of why to choose,
how to synthesize, and where to use, this review first introduces the advan-
tages of this technique and its synthesized catalysts. We then demonstrate how
to develop complex catalysts using laser-generated particles as building blocks,
and finally present exciting application examples in photodegradation, water
splitting, and fuel cells.

Introduction

Catalysis has become a research hotspot in both academia and industry due
to its widespread applications in developing sustainable/renewable energies to
mitigate the global energy crisis and in photodegrading toxic organic molecules
to reduce environmental contamination [?]. To meet these demands, both physi-
cal top-down and chemical bottom-up methods have been extensively exploited
to synthesize nanoscale catalysts with well-controlled size, morphology, and
extraordinary activity [?]. However, ligand-involved wet-chemical approaches
require capping agents that adversely affect catalyst performance [?], making
ligand removal through thermal or oxidative treatment inevitable. This removal
process can alter the chemical and physical properties of the treated catalysts.
Ligands conjugated on catalyst surfaces can block active sites and cause cat-
alyst deactivation [?]. After two decades of development, an interdisciplinary
technique involving laser ablation of bulk targets in liquids (LAL) and laser pro-
cessing of colloids in liquids (LPL) has emerged as a facile and efficient one-step
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tool for nanomaterial synthesis, particularly producing ligand-free nanoparticles
(NPs) that are highly appealing for catalytic applications.

LAL is a top-down technique that employs pulsed lasers to ablate targets im-
mersed in liquids (e.g., water [?], ionic liquid [?], organic solvent [?], surfac-
tant [?], or polymer-containing solution [?] or their mixtures [?]). During LAL,
a plasma with high temperature (3000-7000 K) and high pressure (1.3x10 -
5.7x10 Pa) is generated initially [?], causing atomization and ionization of
the ablated material and its ejection into the liquid, leaving behind ablated
grooves [?]. During rapid plasma quenching, energy is transferred to the sur-
rounding liquid and simultaneously a cavitation bubble forms, capturing most
of the colloids inside [?]. The fast plasma generation-quenching process (10 ! -
10t s) facilitates the production and preservation of rich defects in the nucle-
ated nanomaterial catalysts [?]. After bubble collapse, the colloids are released
into the liquid and undergo particle coalescence [?, ?], attachment [?, ?], or
self-assembly [?] to evolve into various nanomaterials, including metallic, ox-
ide, carbide, nitride, and nanoparticle-polymer composites [?, ?]. Because LAL
synthesis is completely different from “mild” chemical methods, novel nano-
materials with unique physical and chemical properties are anticipated, and
published literature has confirmed this speculation (see Section 2). In partic-
ular, the innate ligand-free nanomaterials generated by LAL are attractive for
catalytic applications because they free researchers from complicated cleaning
procedures for ligand removal (including centrifugation, solvent extraction, cal-
cination, or ozonolysis) and provide “naked” bare surfaces with high activity,
eliminating ligand blocking effects.

LPL includes fragmentation in liquids (LFL) and laser melting in liquids (LML).
LFL operates through photothermal vaporization [?] or Coulomb explosion
mechanisms [?], while LML relies on laser-induced heating [?]. LPL is often used
to narrow size distribution [?], introduce surface defects [?], purify NP phases [?],
or fuse colloidal mixtures into alloy particles [?] and metal-encapsulated oxide
composites [?]. LAL-synthesized colloids [?, ?], chemically-synthesized NPs [?],
and microscale powders [?, ?] are all suitable for LPL, ensuring its widespread
applicability for tailoring catalyst physical and chemical properties.

Fundamental research on LAL and LPL has progressed rapidly over the
past two decades [?, ?, ?], and LAL/LPL-synthesized colloids show high
compatibility with other methods, enabling further construction of ternary-
oxide, doped, supported, nanoparticle-polymer, and film catalysts (Section 3).
Driven by the great demand for renewable and sustainable energies, the use
of LAL/LPL-synthesized NPs for catalytic applications has advanced steadily
with new results emerging continuously. This review examines the develop-
ment of LAL/LPL-synthesized catalysts from a methodological perspective,
revealing advantages originating from catalyst diversity (e.g., alloy, core-shell,
hollow, composite), ligand-free surface chemistry, surface charge, unsaturated
coordination, and oxygen vacancy introduction. We also discuss how to use
LAL/LPL-synthesized nanoparticles as building blocks to construct ternary
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oxide, doped semiconductor, supported composite, nanoparticle-polymer,
and film catalysts, highlighting their integration capabilities for advanced
catalysts and electrodes. Finally, representative literature demonstrating
distinguishable features of LAL/LPL-synthesized nanomaterials for catalytic
applications (photodegradation, water splitting, direct methanol fuel cells, and
electrochemical detection) is introduced (Section 4), followed by perspectives
on current challenges and future trends (Section 5).

[Figure 1: see original paper] Schematic of LAL and LPL processes and the
obtainable bimetallic-alloy (core-shell, intermetallic and heterostructure) and
oxide (e.g., Ge-doped -Fe O, anatase and rutile TiO , ZnSnO ) catalysts and
the typical shapes of synthesized catalysts.

Advantages of LSPC for Catalysis
Catalyst Diversity by LAL

2.1.1 Bimetallic Catalysts Bimetallic nanoparticles, classified into three
types including core-shell, intermetallic/alloyed structures, and heterostruc-
tures, often outperform their monometallic counterparts as catalysts due to
synergistic effects between the metals [?]. However, synthesizing bimetallic NPs,
especially alloyed NPs, is very complicated and difficult [?], which indirectly
increases production costs and hinders extensive practical use. LAL and LPL
techniques conveniently transform bulk bimetallic targets (commercial [?, ?] or
self-pressed pellets using powder mixtures [?]) and colloidal mixtures [?, ?] into
different kinds of bimetallic nanoparticles (Figure 2a [Figure 2: see original
paper]), such as core-shell (e.g., FeQAu [?], Cu@Ag [?]), heterostructure (e.g.,
Cu-Ag [?]), and alloys (e.g., AgAu [?, ?], PtCo [?], PtFe [?], PtNi [?]). With
enriched diversity in LAL-synthesized alloy NPs, many tests have evaluated
their activities for various catalytic reactions. In 2014, Ma and coworkers
confirmed a strong synergistic effect between Au and Pt during 4-nitrophenol
reduction, while no synergistic effect was found using mixed Au and Pt NPs
(Figure 2b) [?]. Later, Oko et al. showed that Au Pt alloy NPs derived
from LAL could significantly enhance the oxidation current of ascorbic acid by
three times compared to Au NPs [?]. Recently, Barcikowski’ s group alloyed
Ni with Mo into NiMo alloy NPs by LAL and demonstrated their synergistic
effect for oxygen evolution reaction (OER) (Figure 2c) [?]. Surprisingly,
LAL-synthesized Cu Ni alloy nanoparticles outperform Cu, Ni, and even Pt
NPs as cocatalysts with TiO nanorods for photocatalytic H evolution (Figure
2d) [?]. These reports reveal the competence of LAL in producing alloy NPs.
Considering the cost-effective nature of LAL, which requires only inexpensive
bulk targets and liquids, a new avenue for developing various bimetallic NPs is
being paved.

[Figure 2: see original paper] Bimetallic nanoparticles synthesized by LAL and
their catalytic performance. (a) Core-shell, intermetallic and heterostructure
Ag-Cu NPs with different Cu atom ratios as determined by high-angle annular
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dark field (HAADF), energy dispersive X-ray (EDX) mapping and line scan.
Adapted with permission from Ref [?]. Copyright 2014 American Chemical So-
ciety. (b) Variation of the normalized kapp with respect to the Pt content in
Pt Au  alloy-NP/CeO -NTs. Adapted with permission from Ref [?]. Copy-
right 2014 Royal Society of Chemistry. (c¢) Comparison of the OER activity
of Mo, Ni and Ni Mo alloy colloid as well as a 40:60 mixture of nickel with
molybdenum colloid. Adapted with permission from Ref [?]. Copyright 2016
Elsevier. (d) Typical time courses of H evolution in the systems with different
cocatalysts. Reprinted with permission from Ref [?]. Copyright 2017 Royal
Society of Chemistry.

2.1.2 Core-Shell Catalysts Core-shell NPs are prevalent catalysts because
shell coating improves NP stability and dispersibility while reducing core par-
ticle reactivity loss during catalytic experiments [?]. Among various shell can-
didates, carbon shells are of great interest due to their high chemical and ther-
mal stabilities [?], making carbon-coated core-shell particles very appealing for
electrochemical applications. Carbon shells are an inherent feature when im-
plementing LAL in organic solvents (Figure 3a) [?] because the laser-generated
plasma is powerful enough to decompose organic molecules into carbon clusters
that rapidly precipitate and coalesce on the formed inorganic NPs during rapid
plasma quenching (Figure 3c) [?]. To date, a large variety of carbon-coated
core-shell NPs have been synthesized by LAL, including TaCQC [?], NbCQC
[?], HfCQC [?], MoC@C [?], W C@C [?], Au@C [?], and Co CQC [?]. The
onion shell can have as many as 28 carbon layers (Figure 3b) [?]. Some LAL-
synthesized carbon-coated particles have shown potential as supercapacitor elec-
trode materials for energy storage, achieving a specific capacitance up to 223 F
g ! (Figure 3d) and slight capacitance loss (<6%) after 5000 charge-discharge
cycles (Figure 3e) using LAL-TaCQC assembled electrodes [?].

[Figure 3: see original paper] Formation of inorganic@carbon core-shell particles
and their catalytic applications. (a, b) Low and high-resolution TEM images of
LAL-synthesized inorganic@carbon core-shell particles. (c¢) Schematic illustra-
tion for the formation process of C-coated core/shell NPs. (d) Comparison of
the specific capacitance of TaCQC core-shell NSs with other recently reported
carbide-derived carbon and TaC nanowires/activated carbon. (e) Cycling per-
formance of TaCQC core-shell NSs. Reprinted with permission from ref [?].
Copyright 2013 Elsevier. Reprinted with permission from ref [?]. Copyright
2016 Elsevier.

2.1.3 Hollow Catalysts Core-shell NPs serve as excellent sacrificial tem-
plates for synthesizing hollow catalysts through dissolution methods, where core
materials should be susceptible to acids while shell materials resist acid etch-
ing. Hollow particles such as ZnS cages have been successfully synthesized using
acid-containing solutions for LAL to trigger in situ etching of the Zn core [?]. Se-
lective etching of LAL-synthesized Zn@QZnO core-shell NPs into hollow Zn cores
[?] suggests that hollow ZnO should also be accessible by LAL of Zn targets
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in acid solutions. Many other metal@oxide core-shell particles (e.g., Fe@QFeO
[?], FeMn@FeMn O [?], AuFe@FeO [?]) have been developed by LAL, though
no efforts have yet been devoted to transforming them into hollow structures
through in situ selective etching LAL.

2.1.4 Composite Catalysts To enhance catalyst stability, prevent electron-
hole recombination, or reduce anode and cathode catalyst costs, many efforts
have focused on decorating catalysts on supports with high specific surface areas,
porosities, electrical conductivities, and thermal/mechanical stabilities, such as
oxides [?] (e.g., TiO , A1 O, SiO, CeO ) and graphene-derivative layered struc-
tures [?]. Traditional techniques (e.g., precipitation and impregnation) and
emerging methods (e.g., melt infiltration, colloidal synthesis, atomic layer de-
position) are widely adopted for supported catalyst synthesis [?]. Compared
to these complicated techniques, LAL provides a one-step platform for sponta-
neous attachment of target-ejected materials to solid support additives in liquids,
termed in situ LAL synthesis of supported catalysts, differing from ex situ syn-
thesis achieved by subsequent colloid mixing (Section 3.3). To date, layered
structures (e.g., graphene [?] or graphene oxide (GO) [?]) and particle colloids
(e.g., ALO [?], CeO [?]) have been utilized for in situ construction of sup-
ported catalysts. With defined adsorbent colloidal solutions, simply changing
the target composition and comparing resultant catalytic differences induced by
adsorbate alternation (e.g., A1 O -AgAu, Al O -Ag) allows flexible and rapid se-
lection of optimal adsorbates [?]. Additionally, benefiting from highly charged
surfaces, LAL/LPL-obtained stable NPs easily assemble into supported cata-
lysts by mixing with oppositely charged support colloids or into film catalysts
by electrophoretic deposition (EPD) for device development (Section 3.5).

Ligand-Free Surface Chemistry

[Figure 4: see original paper| Surface chemistry and catalytic reactivity com-
parison between chemically-synthesized ligand-covered counterparts and LAL-
synthesized ligand-free Au NPs. (a) Surface chemistry of citrate-covered and
LAL-synthesized ligand-free Au NPs. Reprinted with permission from ref [?].
Copyright 2013 Elsevier. (b) Oxygen evolved upon visible light ( > 380 nm)
illumination of the FeCl suspension (4 mmol L !, 50 mL) containing the photo-
catalysts (50 mg) of LAL-Au/BiFeO and Chem-Au/BiFeO NPs, respectively.
Reprinted with permission from ref [?]. Copyright 2013 Royal Society of Chem-
istry. (c) Cyclic voltammograms (CV) of the Au electrodes formed by LAL-Au
NPs and chemically synthesized CTAB-Au NPs in 0.1 mol L. ! NaOH recorded
at 20 mV s ! and at a controlled temperature of 20 °C. The inset shows the un-
derpotential deposition of lead in 0.1 mol L * NaOH and 1 mmol L * Ph(NO )

for a LAL-Au NPs-based electrode under the same conditions. Reprinted with
permission from ref [?]. Copyright 2015 American Chemical Society.

Most chemically-synthesized particles are covered by ligands [?] (Figure 4a, left)
or stabilizers that to some extent change the intrinsic activity of as-prepared
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catalysts, sometimes even causing catalytic deactivation [?]. Regarding free-
dom from surface-impurity influence, LAL-synthesized ligand-free particles [?]
(Figure 4a, right) are anticipated to be excellent reference materials for both the-
oretical studies on catalytic reaction kinetics and experimental enhancement of
catalytic reactivities. Findings reported so far have indeed confirmed these hy-
potheses. For theoretical modeling, strong support comes from the higher fitting
rate (70% fitting [?]) of LAL-synthesized Au NPs to the Langmuir-Hinshelwood
model based on 4-nitrophenol reduction, compared to chemically-synthesized
polyelectrolyte-brush-covered Au NPs (30% fitting [?]). For experimental verifi-
cation, strong support comes from the remarkably higher reaction rate constant
of LAL-synthesized AuNPs (1.40 x 10 2s ! m 2) over Chem-AuNPs (2.25 x 10 2
s ' m ?) tested as adsorbants on CeO adsorbent supports for 4-nitrophenol re-
duction [?]. Moreover, Li et al. demonstrated that the photocatalytic activity
of LAL-synthesized Au NPs is 1.5 times that of chemically-synthesized Au NPs
(Figure 4c) when assembling equal amounts (1.0 wt%) on BiFeO nanowires for
water oxidation [?]. Hebié et al. showed that the 2nd cyclic voltammogram
(CV) cycle of electrodes assembled from LAL-Au NPs for glucose electrooxida-
tion equals the 10th cycle of electrodes prepared from cetyltrimethylammonium
bromide (CTAB)-Au NPs (Figure 4d), thus proving higher electrochemical ac-
tivity of LAL-Au NPs over chemically-synthesized CTAB-Au NPs [?]. Hence,
LAL-synthesized ligand-free metallic catalysts with more active sites are excel-
lent substitutes for ligand-covered catalysts to further promote catalytic perfor-
mance.

Surface Charge

Zeta potential ( -potential) is often used to identify colloidal stability. Gener-
ally, when measured zeta potential is above +30 mV or below -30 mV, colloids
are stable because repulsive forces among charged NPs are strong enough to
maintain dispersion [?]. Table 1 lists zeta potentials of various NPs obtained
by LAL or LPL, including Au [?], Ag [?], Cu [?], Mg [?], Pd [?], Ge [?], TiO
[?], ZrO [?], and Au@SiO [?]. Synthesis conditions and particle sizes are in-
cluded to help researchers understand how these colloids are synthesized and
their physical states. Most metallic particles synthesized in water are negatively
charged. Sylvestre et al. confirmed that M-O and M-OH bindings on particle
surfaces induce surface charges that stabilize Au NPs [?]. By measuring zeta
potential of LAL-synthesized ZnO NPs with pH adjusted by HCl and NaOH,
He et al. revealed that surface states are pH-dependent, with MOH appearing
at low pH and M-O forming at high pH [?]. Besides acids and alkalis, ionic
buffers can also adjust NP surface charge strength, with Barcikowski’ s group
conducting extensive work in this area [?, ?]. They found that zeta potential of
LAL-synthesized particles depends on ionic strength [?] (1-10 mM) and ion type
7] (F SO? <Cl NO <I Br SCN), concluding that ion adsorption
plays an important role in stabilizing LAL-synthesized colloids [?]. Detailed
effects of ions and pH environments on colloidal nanoparticles are reviewed by
Pfeiffer et al. [?]. To obtain positively charged metal particles, cationic surfac-
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tant CTAB is an effective additive, where CTA ions first neutralize negatively
charged particles and then gradually attach to particle surfaces to form double-
layer coatings, resulting in stable particles [?]. Regardless of whether colloids
are negatively or positively charged, they are long-term stable for direct use or
mixing with oppositely charged supports to form supported composite catalysts
(Section 3.3), or assembling into film catalysts by EPD (Section 3.5).

Of great significance, surface charges eliminate ligand requirements like wet
chemical synthesis methods, enabling one-step convenient synthesis of NP cata-
lysts. These surface charges also make synthesized NPs “naked”enough to expose
more active sites to reactants for sufficient reactions, explaining the higher ac-
tivities of LAL-synthesized catalysts over chemically-synthesized counterparts
shown in Section 2.2.

Zeta potential and particle size of LAL/LPL-synthesized NPs under different
synthesis conditions.

Zeta Po-  Particle  Synthesis Conditions (targets, laser

MethodMaterialgential Size properties, ablation period, liquids)
LAL Ag, -40 mV Majority Bulk targets; Ti:sapphire (<10 ps, 1030
Cu, <10 nm  nm, 200 kHz, 250 J/pulse); 30 s

Mg ablation; 50 mL acetone
LAL Au -30 mV 20-80 Nd:YAG (10 ns, 1064 nm, 10 Hz, 90
nm mJ/pulse); 20 min ablation; 20 mL
water
LAL Pd -49 mV 9-12nm  Nd:YAG (8 ns, 1064 nm, 10 kHz, 385
J/pulse); 3 min ablation; 30 mL water
LAL Au -24 to 5-40 nm  Gold rod; Ti:sapphire (120 fs, 800 nm, 1
(in -47 mV kHz, 0.2 mJ/pulse); 20 min ablation; 3
wa- mL deionized water, or NaCl, KCl,
ter) NaNO , HCI (0.1 N), NaOH (0.1 N)
LAL Au +32 to - Gold disk; Ti:sapphire (100 fs, 800 nm,
(with  +40 mV 1 kHz, 300 J/pulse); 20 min ablation; 2
CTAB) mL CTAB aqueous solution or pure

deionized water

LAL Ge 0to-81 3.4 nm Ge target; Nd:YAG (9.8 ps, 1064 nm,

mV 100 kHz, 126 J/pulse); 3 min ablation;

Milli-Q water, sodium phosphate,
sodium carbonate, sodium hydroxide

LAL TiO -83 mV 7-8 nm  Ti target; Nd:YAG (10 ns, 1064 nm, 100
mJ/pulse); 5 min ablation; 15 mL
deionized water

LAL ZrO -45mV  ~23nm  Zr plate; Nd:YAG (8 ns, 1064 nm, 10
Hz, 120 mJ/pulse); 20 min ablation; 20
mL deionized water
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Zeta Po- Particle  Synthesis Conditions (targets, laser

MethodVaterialg¢ential Size properties, ablation period, liquids)
LAL ZnO -45 to 15-26 Zn plate; Nd:YAG (7 ns, 355 nm, 10 Hz,
+30 mV  nm 100 mJ/pulse); 60 min ablation; HCI

(pH 5.36) and NaOH (pH 11.98)
LPL Au@Sn0O-38 mV 16+4 Au target; Nd:YAG (10 ns, 1064 nm, 10
nm Hz, 60 mJ/pulse); 10 min ablation; 10
mL SnCl aqueous solution (0.1 M)
LPL TiO -37 to 12-30 1.5 mg/3.0 mL Au flakes (0.1-0.2 m);
(anatase}65 mV nm Nd:YAG (6 ns, 1064/532 nm, 10 Hz,
40-100 mJ/pulse); 60 min irradiation;
Air, Ar, or O atmosphere
LPL TiO -50 mV 6+3 nm 10 mg/mL anatase-TiO powder;
(ru- Nd:YAG (6 ns, 1064 nm, 10 Hz); 60 min
tile) irradiation; acetone
LPL TiO -59 mV 30 nm 10 mg/mL rutile TiO powder; Nd:YAG
(6 ns, 10 Hz, ~1 J/(pulse - cm?)); 10 min;
deionized water

Unsaturated-Coordination and Oxygen Vacancy Introduction

Metal-oxide semiconductor nanomaterials are excellent photocatalyst candi-
dates [?], with applicability depending on their bandgap and surface defects.
Surface oxygen defects behave like unpaired electrons. The extra electrons
in vacancies act as donor-like states, creating an accumulation layer in the
near-surface region that may cause downward band bending, band flattening,
or even upward band bending [?]. Surface-defect-induced bandgap bending
also affects light absorption efficiency and influences photocatalytic activity
[?] as well as adsorption/desorption of reactant or product molecules [?]. LAL
and LPL have proven adept at one-step synthesis of defect-rich, especially
oxygen-vacancy-rich oxides (e.g., TiO [?, 7, 7], SnO [?], x < 2) that can be
used as dopants to develop doped catalysts (e.g., (Ge, Si, Mn, Sn, or Ti)-doped
-Fe O [?], Section 3.2) or allow in situ reduction of metal ions to develop
supported catalysts (e.g., Ag-TiO [?], SnO -rGO [?] (reduced graphene oxide),
Section 3.3). This section uses TiO as a representative example to show how
oxygen vacancies are introduced by LAL/LPL.

Since the Ti/O ratio is 2 for stoichiometric TiO , there will be 6 oxygen vacancies
in 10 TiO molecules when the atomic Ti/O ratio is 1:1.4 [?]. Generally, oxygen
vacancy presence is accompanied by Ti?. For convenience, researchers often
use Ti® concentrations to indirectly characterize oxygen vacancy density. Both
X-ray photoelectron spectroscopy (XPS) and electron paramagnetic resonance
(EPR) have confirmed Ti® presence in LPL-prepared TiO colloids [?]. XPS
shows that binding energy peaks at 458.9 and 464.7 eV for Ti (2p / and 2p /
core levels) in pristine TiO shift to 458.2 and 462.5 eV after laser irradiation,
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fitting well with Ti® 2p / and 2p / core levels. Additionally, Ti® induces an
apparent EPR signal, while no signal is observed for pristine TiO . During LPL,
high-energy lasers (e.g., h = 3.49 €V) trigger electronic transitions between
TiO conduction and valence bands (Ti 3d and O 2p states, respectively). O
atoms donate electrons while Ti accepts electrons to form Ti? , following the
reactions shown below [?]. After O atoms are peeled from the TiO NP surface,
oxygen vacancies form:

07 50 4e

Ti*" + e — Ti"

By calculating the ratio of Ti® peak areas to overall Ti® and Ti peak
areas in XPS spectra, Ti® content can be roughly estimated. The highest
Ti® /(Ti® +Ti ) atomic ratio is 49%, obtained by LPL of rutile TiO powder in
deionized water (10 mg/mL) using a ns Nd:YAG laser (6 ns, 355 nm, 10 Hz, ~1
J/(pulse - cm?)) for 10 min [?]. For LAL, the Ti® formation mechanism differs.
The Ti* percentage in (TiO :Ti*) products is laser-energy dependent, with a
maximum value of 45.45% [?]. The authors proposed that plasma-related ther-
modynamic states and rapid quenching processes play critical roles in forming
TiO with different Ti® ratios. Specifically, increasing laser energy creates a
relatively higher thermodynamic state during LAL, producing more Ti O NPs
that become frozen due to rapid plasma plume quenching. Further increasing
laser energy extends quenching time, increasing transition opportunities from
the metastable Ti O state to stable TiO state. The large number of Ti?® and
oxygen vacancies in LAL/LPL-obtained TiO NPs enhances photocatalytic
performance toward organic molecule degradation (Section 4.1) and hydrogen
generation through water splitting (Section 4.2).

Downstream Extension using LAL-Synthesized Colloids

To enrich achievable catalyst diversity, enormous efforts have focused on
upgrading LAL/LPL-synthesized NPs into highly advanced catalysts such as
ternary oxides, doped catalysts, supported catalysts, nanoparticle-polymer
composites, and film catalysts, in combination with various techniques in-
cluding hydrothermal treatment, colloidal solution mixing, polymerization,
and EPD. This section introduces advances in these complex catalysts using
LAL/LPL-synthesized NPs as building blocks. Beyond the advanced catalysts
presented below, LAL-synthesized colloids can also be constructed into core-
shell-NP-supported catalysts (e.g., FeQC/Pd construction from LAL-obtained
Fe@C colloids for m-dichlorobenzene degradation [?]) and capsule-like catalysts
(e.g., Au-encapsulated ZnO nanospheres for selective gas sensing [?]).
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Ternary Oxide

Ternary oxides, also known as binary metal oxides, contain at least one transi-
tion metal ion and one or more electrochemically active/inactive ions, possessing
synergistic effects of their constituent oxides for catalytic applications such as
supercapacitors [?] and Li-ion batteries [?]. Ternary oxide synthesis is feasible
through thermal treatment utilizing high temperature and pressure to dissolve
materials and recrystallize products, also applicable to LAL-obtained colloids.
Typically, a solution containing active oxide precursors enabling chemical reac-
tions during thermal treatment must be prepared in advance. Two options exist
for precursor solution preparation. One is successive LAL of different targets
in the same solution. For example, to synthesize Zn GeO NPs, LAL can first
be implemented on a Zn target in water. After LAL, the Zn target is replaced
by a Ge target while keeping the fresh colloid in the chamber. After LAL, the
solution contains both highly active Zn and Ge precursors [?]. The other option
is mixing precursor colloids obtained by separate LAL of each target, followed
by hydrothermal treatment. This method is more favorable than successive
LAL because (1) precursor colloids are easy to control and characterize, and (2)
weight ratios between precursor colloids can be flexibly and accurately adjusted.

In 2012, Tian et al. first reported successful synthesis of zinc stannate using LAL-
obtained ZnO (OH) and SnO colloidal precursors, manipulating their phase
and morphology (e.g., cube-like Zn SnO and urchin-like ZnSnO ) by adding
different ammonia concentrations (Figure 5a-e) [?]. These ternary oxide pho-
tocatalysts displayed good photocatalytic decomposition performance toward
methyl orange (MO) and 2,5-dichlorophenol (2,5-DCP), as shown in Figure
5f-g. Inspired by this work, various ternary oxides have been developed by
hydrothermal treatment of LAL-synthesized colloid precursors, including Pb-
SnO [?], Zn GeO [?], NiCo O [?], Zn SnO [?], ZnFe O [?, ?], NiFe O [7],
ZnMnO [?], Fe GeO [?], AgVO [?], BiOCl [?], Bi WO [?], and BiVO [?].
Hydrothermal treatment also allows precursors to react with particle additives
to form ternary-oxide-containing composites, enriching product functions. For
example, introducing magnetic-field-responsive Fe O @QC into LAL-induced Zn
and Sn colloidal precursors enables formation of chestnut-like Fe O @QC@QZnSnO
catalysts (Figure 5h) after hydrothermal treatment, which can be recycled after
photocatalytic reactions using an external magnetic field (Figure 5i-j) [?].

[Figure 5: see original paper| Ternary oxide synthesis. (a) Preparation route
for synthesizing zinc stannate nanostructures by LAL, colloids mixing and hy-
drothermal treatment. (b-e) SEM/TEM images and XRD of as-synthesized
zinc stannate nanostructures with different amounts of ammonia added: (a,
¢) 0 mol/L and (b,d) 3.0 mol/L. (f-g) Photocatalysis decomposition of MO
and 2,5-DCP, respectively. (h) TEM image and EDX mapping of a single
Fe O @CQZnSnO core-shell particle. (i) Magnetization hysteresis loops of
Fe O, Fe O QC, and Fe O @QCQZnSnO measured at room temperature. (j)
Cycle evaluation of the photocatalytic removal of 2,5-DCP over the core-shell
Fe O @QCQZnSnO particles. Reprinted with permission from ref [?]. Copyright
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2012, ref [?]. Copyright 2014 Royal Society of Chemistry.

Doped Catalysts

Doping catalysts with elements (e.g., Si, Ge, Sn, Ti, Nb, Cr, Zn) to modify
optical and electrical properties is a widely adopted strategy for performance
enhancement, especially attractive for potential commercial catalysts with low
cost, abundance, nontoxicity, and stability, such as hematite (-Fe O ) [?]. After
several years of investigation, LAL-synthesized precursor colloids have proven
appropriate as dopants for doped-catalyst development [?, ?]. Liang’ s group
pioneered this field, successfully doping Ge, Si, Mn, Sn, and Ti elements into
-Fe O by hydrothermal treatment of FeCl ions and LAL-synthesized colloids
following the mechanism shown in Figure 6a [?]. First, -Fe O nuclei form
upon hydrothermal treatment from FeOOH precursors. Simultaneously, H ions
released in solution dissolve LAL-obtained MO (OH) -like clusters (M = Ge, Si,
Mn, Sn, Ti), generating stable M ions (e.g., Ge , Si , Mn? /Mn?, Sn , Ti ).
These ions participate in -Fe O NP growth, leading to doped -Fe O NPs with
dopant-determinant morphologies (Figure 6a). Besides composition, dopant
concentration also influences as-prepared -Fe O nanomaterial morphology. For
example, 2% Ge-doped -Fe O forms circular nanosheets (~250 nm diameter,
~10 nm thickness), while 5% Ge-doped -Fe O forms hexagonal nanosheets (~200
nm aspect size, ~10 nm thickness), both differing from undoped hematite -
Fe O cubes and parallelepipeds (Figure 6b-d) [?]. Notably, dopants are not
always randomly distributed in -Fe O . Under optimized conditions, dopants
(e.g., Ge) can distribute in the hematite lattice in an ordered manner to form
superlattice structures [?]. As expected, Ge-doped hematite -Fe O shows better
photoelectrochemical (PEC) performance than undoped hematite, indicated by
maximal photocurrent density at different applied potentials.

[Figure 6: see original paper| Doped catalysts synthesis and their catalytic per-
formance. (a) Schematic of the doping process and resulting doped-hematite
nanocrystals. Reprinted with permission from ref [?]. Copyright 2012 Ameri-
can Chemical Society. (b-d) Typical SEM images of undoped, 2% Ge-doped,
and 5% Ge-doped -Fe O . Reprinted with permission from ref [?]. Copyright
2013 Elsevier. (e-f) Mott-Schottky plots and UV-vis optical absorption spectra
of undoped -Fe O nanorod arrays and Ge-doped -Fe O nanosheet arrays with
annealing temperature of 550 °C. Inset shows high magnification SEM image
of Ge-doped -Fe O mnanosheet arrays. Reprinted with permission from ref [?].
Copyright 2014 Elsevier.

Solution-drying of colloids to prepare hematite photoanodes often results in dis-
ordered stacking of doped nanocrystals. The spatial gap between photoanode
materials and underlying conductive substrates generally creates large interface
impedance, seriously hindering carrier collection and transport. One solution
involves constructing a direct path, such as an array of single-crystal nanos-
tructures on the conductive substrate, to facilitate electron transport to the
substrate and photogenerated holes to the catalyst-electrolyte interface. This
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raises the question of how to assemble hierarchical nanostructure anodes using
LAL-obtained precursor colloids with hydrothermal treatment assistance. As
mentioned above, FeOOH serves as -Fe O precursors [?]. It is reasonable to
construct FeOOH-structure films on conductive substrates (e.g., fluorine-doped
tin oxide-coated glasses), then immerse these films in LAL-obtained colloidal
precursor solutions followed by hydrothermal treatment to construct hematite
nanostructure array photoanodes [?]. Liu et al. reported that Ge-doped -Fe O
nanosheet arrays prepared by this method have higher carrier density (Figure
6e) and absorption efficiency (Figure 6f) than undoped -Fe O nanorod arrays,
showing remarkable photocurrent density of 1.4 mA cm 2 at 1.23 V vs. RHE
[?], about tenfold the performance of pure -Fe O nanorod array anodes [?].
Thus, a new approach for synthesizing doped -Fe O as either colloids or solid
structures has been paved based on LAL-synthesized precursor colloids.

Although no comparative study exists regarding whether LAL-colloids are more
favorable than chemically-synthesized counterparts as dopants for catalytic ap-
plications, the aforementioned works verify the possibility and demonstrate the
potential of using LAL-synthesized precursor colloids as dopants. However, the
host catalyst is currently limited to -Fe O ; future research should diversify the
dopant matrix and host materials, exploiting optimal combinations for different
catalytic purposes.

Supported Catalysts

To prevent catalyst agglomeration during reactions, anchoring catalysts on inert
supports is often implemented [?]. Charge-driven adsorption based on electro-
static interactions between adsorbent supports and adsorbate (metal or oxide)
catalysts is an easy strategy for constructing supported catalysts, widely in-
vestigated using innate LAL-synthesized charged particles, such as formation of
NYFQTiO -Au [?], Au-BiFeO [?], and MWCNT-ZnO [?] for photocatalytic ap-
plications, Au/CeO for CO oxidation [?], and Au-TiO for ethanol oxidation [?].
Higher adsorption efficiency is preferable because more catalyst active sites can
participate in reactions. Wagener et al. reported that ligand surface coverage
plays a dominant role in adsorption efficiency [?]. Completely ligand-free metal
NPs and low ligand-coverage NPs allow Freundlich adsorption, while particles
covered by citrate ligands with surface coverage 50% are unavailable for NP
adsorption on microparticle supports due to electrosteric repulsion induced by
ligand shells (Figure 7a-b). As shown in Section 2.3, most LAL-produced metal
(e.g., Au) particles are negatively charged, showing high affinity to positively
charged supports such as CeO nanotubes. Therefore, almost 100% immobiliza-
tion of AuNPs on CeO nanotube surfaces (20 mg) was observed within 30 min

7).
To ensure maximal adsorption efficiency, determining the isoelectric point (IEP)
of catalyst and support colloidal solutions is indispensable. IEP is the pH

value where colloids have no net electrical charge, determined by measuring
zeta-potential values while varying colloidal solution pH and NP ionic strength.
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Marzun et al. reported a process “window” for sufficient adsorption when consid-
ering both ionic strength and pH values, marked in blue in Figure 7c-d [?]. Ionic
strength should be controlled within a range ensuring colloidal stability, while
pH should lie between the support IEP (IEP-TiO = 6.3) and particle IEP (IEP-
Pt = 2.8) to facilitate electrostatic attraction. During adsorption, net charge
transfer from NPs to support occurs, causing IEP shift toward the NP IEP (IEP-
(Pt-TiO ) = 5.0). If electrostatic interaction adjusted by pH and ionic strength
is sufficient, the inhibitory effect of NP surface ligands (citrate, polyvinylpyrroli-
done (PVP), and lipoic acid (LA)) on adsorption will be weakened or prevented,
presenting an avenue to improve adsorption efficiency of ligand-coated NPs. As
shown in Table 1, most colloids synthesized by LAL/LPL are sufficiently charged
for stabilization. Even when surface charges are in the unstable range of -30
mV to +30 mV, using pH and ionic solutions to strengthen NP surface charge
ensures no contamination by ligand additives, ruling out active-site shielding
during adsorption.

[Figure 7: see original paper] Adsorption process to construct supported cata-
lysts. (a) Sketch of adsorption process of NPs due to surface coverage. Micropar-
ticles covered with ligand-free NPs (left) and unaffected microparticles after mix-
ing with ligand-stabilized NPs (right). Reprinted with permission from ref [?].
Copyright 2012 American Chemical Society. (c¢) Schematic of Pt-TiO adsorp-
tion efficiency controlled by pH and ionic strength. (d) Scheme of nanoparticle
adsorption to supports as a function of pH and ionic strength. Reprinted with
permission from ref [?]. Copyright 2014 American Chemical Society.

New synthesis paths for supported catalysts have also been paved by in situ re-
duction of LAL-produced non-stoichiometric oxides (e.g., SnO , TiO ) through
hydrothermal treatment or aging. For example, Zhang et al. successfully devel-
oped Ag-TiO composite catalysts using LAL-obtained defect-rich TiO colloids
to reduce Ag ions for photodegradation of pentachlorophenol, substantially
enhancing degradation rate from 60% to 98% after 160 min UV irradiation
[?]. Ye et al. showed that abundant electrons, surface hydroxyls, and defects in
LAL-synthesized SnO colloids can attack oxic carbon atoms of GO, forming sta-
ble SnO -rGO composites. Electrodes made from these composites enable non-
enzymatic electrochemical sensitive detection (sensitivity of 1.93 A M ! cm 2) of
trace glucose molecules (detection limit of 13.35 M) [?].

Nanoparticle-Polymer Catalysts

Nanoparticle-polymer composites have gained increasing attention due to com-
bined functions from NPs and polymers. Zhang et al. recently summarized in
situ and ex situ laser prototyping approaches for developing various NP-polymer
composites and downstream techniques for further functional extension [?]. For
catalytic applications, a representative work from Ma’s group deserves introduc-
tion as it shows the potential of polymer-encapsulated LAL-synthesized parti-
cles for multifunctional catalyst development [?]. They grafted thiol-terminated
PDEAEMA (SH-PDEAEMA) onto LAL-synthesized Au NPs to develop CO -
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switchable and in situ recyclable catalysts [?]. Since Au NPs are naked with-
out ligand coating, surface grafting by SH-PDEAEMA is straightforward, and
stable Au-sulfur bonding ensures PDEAEMA-AuNPs colloid stability. The
PDEAEMA-AuNPs undergo reversible dispersion upon CO -N purging: CO

purging disperses colloids well, while N purging causes aggregation. The per-
formance of PDEAEMA-AuNP and LAL-AuNP catalysts after several reaction
cycles for 4-NP reduction shows that PDEAEMA-AuNPs with CO -N purging
exhibit much higher catalytic activity than LAL-AuNPs after the first round,
attributed to less severe aggregation during sample recycling by centrifugation
[?]. Moreover, identical catalytic activity of PDEAEMA-AuNP and LAL-AuNP
catalysts in the first round suggests that polymer grafting does not block Au NP
active sites. This is crucial from a catalytic application perspective where perfor-
mance is the main concern. With advancing polymer diversity for NP grafting
or encapsulation, polymer functionalization of LAL-synthesized catalysts will
offer more choices for flexible manipulation.

Film Catalysts

To develop electrochemical devices, assembling colloids into film catalysts
(electrodes) is indispensable. Considering LAL-synthesized colloids are highly
charged, direct transformation into film catalysts is easily realized by EPD.
Multiple devices have been successfully fabricated along this route, including
solar cells [?], neural electrodes [?], biosensor electrodes [?], environmental
detector electrodes [?], and electrochromic films [?]. One advantage of using
laser-synthesized ligand-free particles for EPD has been revealed by Streich
et al. [?]: highly electrophoretically mobile LAL-obtained ligand-free NPs
allow controllable barrier-free deposition with linear deposition rate, while
ligand-coated NPs only permit limited material deposition [?]. Without other
effects in the particle-to-film process chain beyond system factors (e.g., voltage,
particle concentration, charge), the highly active sites of LAL-synthesized NPs
are well preserved after transformation into film catalysts, which is crucial for
sufficient electrode-electrolyte-interface reactions.

If magnetic particles are adopted, magnetophoretic deposition becomes possible.
Drop-casting LAL-synthesized NPs (e.g., FeO ) onto a substrate (e.g., ITO-
coated glass) with a magnet placed below until complete evaporation forms a
particle-film electrode [?]. Generally, this yields a coarse electrode surface with
uneven NP distribution, and the film is susceptible to mechanical scratching
because NPs only physically stack together.

Catalytic Applications

Due to low cost, long lifespan, high power density, good reversibility, and
pollution-free operation, electrochemical devices have gained tremendous inter-
est as future sustainable energy suppliers and have been widely investigated us-
ing LAL/LPL-obtained electrochemical catalysts for gas sensing [?, ?], biosens-
ing [?, ?], heavy metal ion detection [?], biofuel cells [?], and supercapacitors [?].
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When adopting metallic NPs as electrode materials, naked NP surface properties
play the dominant role, as introduced in Section 2.2. Therefore, we focus here on
the capacities and underlying reasons for excellent photocatalyst performance in
photodegradation and water splitting, and present a few LAL/LPL-synthesized
catalysts with high commercial potential for fuel-cell applications compared to
current commercial products (P25 and Pt/C).

Photodegradation

Organic and heavy metal contaminants cause severe environmental problems
threatening natural species and humans, arousing widespread concern for pol-
lutant destruction. As an environmentally friendly and cost-effective method,
photodegradation using semiconductor photocatalysts is considered a good
choice and has been an active research area for decades [?]. A large variety
of photocatalysts have been developed by LAL, LPL, or their combination
with downstream techniques (e.g., hydrothermal treatment) for photodegrada-
tion of organic molecules (e.g., methylene blue (MB), methyl orange (MO),
2,5-dichlorophenol (2,5-DCP)) or heavy metal ions (e.g., K Cr O ), including
TiO [?, ?], SuO [?], ZnO [?], -Ag WO [?], ZnSnO [?], Sn O (OH) [?],
Fe O @CQZnSnO [?], Ta OQTa O [?], TiO /Ti O [?], ZnO/TiO [?], Pt/ZnO
[?], MWCNT/ZnO [?], ZnTiO /TiO [?], Au/CeO [?], Sn S [?], ZnS/Zn [?],
and titanate nanostructures [?]. Given differences in photocatalyst composi-
tion, target degraded molecules, and photocatalyst concentrations, conclusions
cannot be drawn regarding which photocatalysts are optimal, especially for
LAL-synthesized photocatalysts. The results summarized in Table 2 serve as a
reference to guide future investigations from a methodological viewpoint.

Photodegradation of different organic molecules and ions using LAL-synthesized
and LPL-obtained nanomaterials.

Catalytic Experimental

Method Materials  Conditions Performance Ref
LAL Sn O (OH) 5 mL of 100 mg L ! fresh 97% MO [?]
Sn O (OH) colloid added to 10 reduction
mL of 15 ppm MO aqueous after 25 min
solution irradiation
LAL Ta OQTa O 3 mg photocatalyst added to 1.8  92% MB (7]
(10-40 ppm (15 mL) MB aqueous degradation
nm) solution after ~40
min UV
irradiation
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Method Materials

Catalytic Experimental
Conditions

Performance Ref

LPL

LPL

LPL

LPL

LAL

LAL

TiO -
TiO (10-
15 nm)

TiO (a.v.
34 nm)

SnO (a.v.
30 nm)

PVP-

5 mg photocatalyst dispersed in
10 mL aqueous Rh.B solution
(lI0mg L)

20 L MB solution (0.05 wt%)
added to titanium oxide
dispersion (100 g/mL)

5 mg SnO powders added to 30
mL MO solution (25 mg L ', pH
= 3.0)

20 mg TiO NPs added to

encapsulated methylene blue (1.0x10 M, 40

rutile
TiO

ZnS/Zn
etching
nano-cage,
ZnSQZn
core-shell
NPs (30-
50 nm)

Sn S
(sub-10
nm,
porous)

mL)

2.7 mg ZnS/Zn NPs added to 10
mlL 1x102 M K Cr O solution

10 mg Sn S porous added to 50
mL 1x10 3 M Cr(VI) solution

Almost [?]
complete

Rh.B

oxidation

after 180

min

visible-light
irradiation

90% MB [?]
degradation

after ~180

min UV
irradiation
Almost [?]
complete

MO

degradation

after 150

min UV
irradiation
Almost [?]
complete

MB

reduction

after 300

min UV
irradiation

99.9% [?]
Cr(IV)

reduction

using

ZnS/Zn
nano-cages

after 20 min
light

irradiation

99.8% [?]
Cr(VI)
degradation

after 8 min
visible light
irradiation
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Catalytic Experimental

Method Materials  Conditions Performance Ref
LAL Pt/ZnO 10 mg catalyst powders added to  90% MO [?]
(20 nm, 10 M (20 mL) MO solution degradation
Pt 1.1 after 40 min
nm) UV-light
ultrasonic irradiation
irradiation-
assisted
two-step
etching
Hydrother#a$nO 30 mg L * NPs added to 30 mL  98% MO [?]
(urchin- MO solution (25 mg L ', pH 7) degradation
like, 200 after 90 min
nm) and 95%
2,5-DCP
degradation
after 120
min
UV-light
irradiation
Hydrotherhhirarchical 3 mg titanate spheres added to 99% PCP [?]
titanate 30 mL PCP solution (20 mg L',  degradation
spheres pH 3) under UV-light in 240 min
(150-250
nm)
HydrotherkeaD QCQZn#$m0ng dried Fe O @QCQZnSnO 87% [?]
(a.v. 600 powder added to 20 mL 2,5-DCP
nm) 2,5-DCP solution (15 ppm) degradation
using core-
shell
Fe O @CQZnSnO
NPs
Hydrother#afe O , 3 mg photocatalysts mixed with ~ 50% MB (7]
ZnFe O - 35 mL 12 ppm MB solution + photodegra-
rGO 0.6 mL HO (30 wt%) dation after
300 min
using pure
ZnFe O
NPs; 99.5%
using
ZnFe O -
rGO
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Catalytic Experimental

Method Materials  Conditions Performance Ref
Mixing NYFQTiO - 10 mg NYFQTIO -Au added to ~ 96% MO [?]
Au (1 10 mL MO solution (20 mg L ')  photodegra-
wt% Au dation after
core@shell 60 min
micro- UV-light
spheres, irradiation
a.v. 500
nm)

Regarding LPL technique competence for photodegradation, TiO photocata-
lysts serve as the representative because TiO is the most studied photocatalyst
due to low cost, high activity, nontoxicity, and long-term chemical/thermal
stability. TiO P25 (71 wt% anatase, 29 wt% rutile) enhances reactant ad-
sorption capacity and increases lattice defect and carrier density, serving as a
benchmark for evaluating lab-synthesized photocatalysts. Chen et al. compared
photocatalytic degradation of rhodamine B using P25, LPL-obtained TiO NPs,
and pristine unirradiated TiO NPs (Figure 8a-b) [?]. P25 and pure TiO NPs
with 3.3 eV bandgap cannot degrade rhodamine B under visible light, while
LPL-obtained TiO NPs show increased photodegradation efficiency. Longer
TiO NP irradiation times produce more active catalysts (curves 3-4 in Figure
8b). Surface state analysis revealed that surface lattice disorder, including Ti-
H and O-H bonds, induces a 0.4 eV blue-shift of TiO valence band maximum,
while Ti? or oxygen vacancies cause 0.7 €V conduction band position shift (Fig-
ure 8a). Therefore, LPL-prepared TiO catalyst bandgap (2.2 e€V) is 1.1 eV
smaller than unirradiated TiO (3.3 eV), drastically enhancing photocatalytic
performance. Ti® or surface oxygen vacancies create midgap bands near the
conduction band (CB) minimum, introducing vacancy-induced bands [?] and
enabling enhanced sub-bandgap light absorption [?]. Similarly, large amounts
of lattice disorder in TiO NPs may yield midgap states overlapping with or near
the valence band (VB) edge, inducing VB edge blue-shift. Electronic reconstruc-
tion (0.87 eV band reduction caused by 30.64% Ti* ) persists when constructing
LAL-synthesized TiO NPs into heterogeneous supported photocatalysts (e.g.,
TiO -GO) [?]. Yang s group discovered that LPL-induced electronic recon-
struction also applies to -Ag WO , whose defect density increases by 2.75x
and bandgap reduces from 3.22 eV to 2.78 eV after LPL (Figure 8c), greatly
enhancing visible-light photodegradation activity and H evolution (Figure 8e)
[?]. First-principles calculations theoretically proved bandgap reduction possi-
bility through structural distortion from W atom displacement in [WO ] clusters
(Figure 8d). Increased defect density in semiconductor oxide photocatalysts by
LAL or LPL and resultant bandgap reduction promote photocatalytic activities,
encouraging extension of LAL/LPL to other oxide photocatalysts.

[Figure 8: see original paper] Photocatalytic activity enhancement due to modi-
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fied surface state after LPL. (a) Schematic illustration of electronic density states
of TiO before and after laser modification with optical images of counterparts.
From left to right: raw TiO , TiO -5 min irradiation, TiO -15 min irradiation,
TiO -30 min irradiation, TiO -60 min irradiation, and TiO -120 min irradiation.
(b) Photocatalytic degradation curves of rhodamine B under green LED irra-
diation (AC/C wvs irradiation time): (1) P25, (2) raw TiO, (3) TiO -60, and
(4) TiO -120. Adapted with permission from ref [?]. Copyright 2015 American
Chemical Society.

Water Splitting/Oxidation

Catalytic splitting of pure water into H and O (2H O(l) - 2H (g) + O (g), E =
-1.23 V) through oxygen and hydrogen evolution reactions (OER and HER) by
photocatalysts or electrocatalysts is currently a popular global topic because wa-
ter is almost inexhaustible and hydrogen is considered a next-generation energy
carrier for renewable applications [?]. Many material scientists focusing on LAL
and LPL have entered this field to reveal advantages of laser-synthesized cata-
lysts. Section 4.1 showed that electronic reconstruction and bandgap reduction
of TiO photocatalysts can be induced by modifying surface states (Ti* , oxygen
vacancy, surface disorder) using LPL [?]. Therefore, besides photodegradation,
hydrogen generation rates for water splitting using LPL-obtained TiO photocat-
alysts should also be enhanced compared to P25. Compagnini’ s group recently
compared photocatalytic performance of unirradiated and laser-irradiated P25,
rutile, and anatase TiO , finding that laser-irradiated photocatalysts indeed en-
hanced hydrogen gas productivity up to 30 mmol g! h !, almost twice that of
unirradiated counterparts [?]. Considering the nanosecond laser used for TiO

treatment inevitably formed undesirable TiO submicrospheres, further activity
enhancement of LPL-obtained TiO photocatalysts is anticipated by adopting
picosecond and femtosecond lasers with negligible melting to minimize catalyst
dimensions.

[Figure 9: see original paper] Bandgap reconstruction triggered by LPL. (a)
TEM image of LPL-obtained CoO nanoparticles. (b) Hydrogen and oxygen
production from CoO nanoparticles (~12 mg) as a function of incident laser
power. (c) Ultraviolet-visible diffuse reflectance spectra of CoO nanocrystals
and powders. (d) (F-h)? as a function of photon energy (h), where F is
the Kubelka-Munk function of diffuse reflectance R. Intercepts of extrapolated
straight lines give corresponding direct bandgaps. (e) Mott-Schottky plots for
CoO nanocrystals and micropowders from impedance measurements. Flat-band
potentials are obtained from extrapolated line intercepts. (f) Band positions
of CoO nanocrystals and micropowders according to bandgaps and flat-band
potentials from (e). CB, conduction band; VB, valence band. Reprinted with
permission from ref [?]. Copyright 2014 Nature Publishing Group.

Ultrasmall catalysts are preferred over large catalysts because they have larger
surface-to-volume ratios, exposing more active sites at the same weight and
enabling alteration of CB/VB positions. Liao et al. found CoO micropowders

chinarxiv.org/items/chinaxiv-201710.00080 Machine Translation


https://chinarxiv.org/items/chinaxiv-201710.00080

ChinaRxiv [$X]

unfeasible for water splitting because the CB edge position (determined from
bandgaps and flat-band potentials in Figure 9f) is below the hydrogen-evolution
potential [?]. Surprisingly, the CB edge can be elevated above the hydrogen-
evolution potential after downsizing CoO micropowders into nanocrystals by
LPL (deduced from reflectivity spectra in Figure 9b-c¢ and flat-band potential
in Figure 9d). Combined with VB edge positions below the oxygen-evolution po-
tential, this offers water splitting opportunity with solar-to-hydrogen efficiency
up to ~5%. Similarly, Blakemore et al. showed possibility of reducing Co mi-
cropowders into Co O NPs by long-period (1 h) LAL in water [?]. Such Co O
particles are as small as ~2.5 nm without ligand shielding, presenting good elec-
trocatalytic water-oxidation performance with overpotential of 314 mV (mea-
sured at 0.5 mA cm 2) and high mass activity >10 A m 2 ¢ ' at 500 mV overpo-
tential [?]. Overpotential refers to potential above thermodynamic requirement
to overcome reaction barriers (given turnover frequency or current density in
electrocatalysis) [?].

Water oxidation (2H O(1) — O (g) + 4H + 4e ), a half-reaction of water split-
ting, is widely investigated because it requires coupling four-electron and four-
proton transfer to transform water into hydroxyl radicals (OH-). Catalysts with
excellent water-oxidation performance are robust candidates for water splitting.
Hu et al. showed that LAL-synthesized PtCo alloy NPs exhibit electrocatalytic
activity (mass activity of 0.28 mA /mgPt and specific activity of 1.18 mA /cm?)
2- and 5-times higher than commercial Pt/C (0.09 mA /mgPt and 0.19 mA /cm?)
[?]. Novel commercial Pt/C substitutes are anticipated from LAL-synthesized
Pt alloys. Moreover, Hunter et al. reported one of the lowest overpotential
values (260 mV at 10 mA cm 2) for water oxidation using LAL-obtained [Ni-
Fe]-layered double hydroxides (LDHs) Ni Fe (OH) (OH) -nH O [?]. These
works demonstrate that LAL and LPL oxide, alloy, and hydroxide products are
excellent water splitting catalysts.

Direct Methanol Fuel Cells

[Figure 10: see original paper| Direct methanol fuel cell assembled using LAL-
obtained NPs. (a) Schematic illustration for Pt/rGO NCs formation. (b) Mass
activities of Pt/rGO and commercial Pt/C catalysts measured in alkaline (0.5
M KOH + 0.5 M CH OH) and acidic media (0.5 M HSO + 0.5 M CH OH)
initially, after CA test, and subsequent 1000 cycles. (h) Illustration for synthesis
of Pt/SnO /rGO hybrid ternary nanocomposites. (d-g) TEM images of reacted
suspension colloids at different reaction intervals. Adapted with permission from
ref [?]. Copyright 2016 American Chemical Society. (i) HAADF-STEM images
of prepared Pt. /SnO /rGO nanocomposites. (j) CV curves of GC electrodes
modified with prepared catalysts measured at 50 mV s '. (k-1) Mass activities
and normalized peak current densities at different cycle numbers for prepared
catalysts. Reprinted with permission from ref [?]. Copyright 2016 Elsevier.

Miniaturized fuel cells have been a research hotspot for years to meet increasing
demand for portable electronic devices. Direct methanol fuel cells (DMFCs)

chinarxiv.org/items/chinaxiv-201710.00080 Machine Translation


https://chinarxiv.org/items/chinaxiv-201710.00080

ChinaRxiv [$X]

based on methanol oxidation to water and carbon dioxide are attractive power
sources due to simple structure, high power density, high energy conversion
efficiency, and low operation temperature [?]. As core DMFC components, an-
ode electrocatalysts are crucial, with Pt-based materials widely exploited and
commercial Pt/C composites serving as performance benchmarks. Wu designed
Pt/reduced-graphene-oxide (rGO) nanocomposite electrodes showing superior
electrocatalytic activity over commercial Pt/C [?]. LAL-obtained MnO col-
loids easily dissolved in acid solutions serve as sacrificial templates for in situ
reduction of PtCl 2 into Pt NPs (Figure 10d-g). Pt/rGO catalysts have larger
electrochemical surface area than Pt/C (1013.4 cm? mg' vs 826.9 cm? mg !,
calculated from CV hydrogen adsorption region), higher mass activity (333.3
mA mg ! vs 153.3 mA mg ! in acidic media; 552.5 mA mg ! vs 301.7 mA mg'
in alkaline media), higher poison tolerance (I_f/I_b peak current density ra-
tio: 7.45 vs 4.46), and longer methanol oxidation stability (85.6% vs 62.4%
in acidic media; 77.9% vs 61.4% in alkaline media after 1000 cycles) [?]. Re-
cently, they further enhanced electrocatalytic performance using Pt/SnO /rGO
nanocomposites constructed by photochemical reduction of PtCl? adsorbed
on SnO particles (Figure 10h) [?]. Very tiny 1-2 nm Pt NPs are uniformly
dispersed on rGO nanosheets (Figure 10i). Mass activity reaches 638.3 mA
mg ! in acidic environments, among the best reported DMFCs [?]. Addition-
ally, Pt. /SnO /rGO catalyst methanol oxidation peak potential is 0.615 V,
0.084 V lower than 0.699 V for Pt/rGO, indicating easier oxygen-reduction re-
action (Figure 10j). Pt/SnO /rGO also shows higher stability than Pt/rGO,
with 72.4% peak current density remaining after 1200 cycles versus 54.5% for
Pt/rGO (Figure 10k-1) [?]. Well-dispersed small Pt NPs, smaller solid-state
interfacial resistance from graphene’ s excellent conductivity, and structural in-
tegrity from graphene’ s stability lead to excellent electrocatalytic performance.
The higher activity of Pt/SnO /rGO over Pt/rGO arises from synergistic ef-
fects between Pt and SnO , allowing further oxidation of CO-like species during
methanol oxidation:

Sn0, + H,0 — Sn0,-OH + H" + ¢~
Pt-CO, . + Sn0,-OH — Pt + Sn0, + CO, + H + ¢~

Conclusion and Perspective

In summary, this decade has witnessed rapid progress in applying laser-
synthesized nanomaterials for catalytic applications, mainly benefiting from
diverse one-step synthesized catalysts (monometallic, bimetallic, core-shell, and
defect-rich NPs) and their adaptability as building blocks for complex catalyst
development including ternary oxides, doped semiconductors, supported
composites, NP-polymer, and film catalysts with aid from other techniques. In
particular, one-step synthesis of advanced catalysts (e.g., Au-FeOCl [?], Au-
CoFe O [?], Au-SrTiO [?]) under optimal conditions will bring great conve-
nience. Regarding LAL/LPL-synthesized catalyst properties, unique ligand-free
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metallic and defect-rich oxide catalysts endow them with more active sites and
narrowed bandgaps, respectively, leading to outstanding catalytic activities
[?, ?]. Highly surface-charged and ligand-free features facilitate sufficient
adsorption (up to ~100%) of nanocatalysts on various adsorbent supports
[?], making them excellent candidates for assembling advanced heterogeneous
supported catalysts. Some catalysts have reached performance comparable
to or exceeding commercial P25 and Pt/C [?, 7], indicating promising future
as next-generation commercial catalysts. Another appealing feature is the
technique’ s strength in one-step alloying of transition metals (Fe, Mn, Cu, Co,
Ni) with each other or with noble metals (Au, Pt) into cost-effective nanoalloys
[?, 7, 7], potentially greatly reducing catalyst synthesis costs.

It is well known that catalyst performance depends on composition, morphol-
ogy, and size. Many challenges remain for accurately manipulating physical
properties (size, morphology) and surface chemistry because controlling plasma
generation-quenching processes is difficult. Jendrzej et al. observed atom-scale
metallic clusters obtained by LPL, whose catalytic applications are promising
[?]. Nevertheless, coalescence and ripening of atom clusters in liquids enlarge
their size and deteriorate activity. Therefore, appropriate preservation methods
(e.g., freezing) should be exploited to prevent agglomeration before catalytic
use. From the reviewed literature, it is clear that most reported catalysts are
metal-related, with few metal-free catalysts. Future studies should investigate
developing active metal-free catalysts using LAL/LPL.
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