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Abstract

Alternative to conventional Joule heating, radiation in the forms of electromagnetic waves and
particle beams offers a promising route to energize the green synthesis and modification of
nanomaterials with high time efficiency, simplicity, scalability, and environmental friendliness.
Fundamental interactions between the atoms/molecules and the photons/high-velocity particles
lead to several radiation effects that pave the way for chemical reactions and physical processes.
Here, a comprehensive review is provided to summarize numerous studies concerning radiation-
induced synthesis and modification of metals, metal compounds and carbon materials. We cover
both ionizing and non-ionizing radiations of the full spectrum of electromagnetic waves and
subatomic particle beams. The former includes y- and X-ray, electron beam, neutron beam, and
other high-energy particle beams, while the latter consists of ultraviolet, visible light, infrared, and
microwave radiations. Depending on energy and intensity of the radiation source, we formulate
distinct radiolysis, photolysis, knock-on, and photothermal effects that mediate the synthesis and
modification. Emphasis is placed on the on-demand utilization of radiation and the fine control of
structural parameters (size, composition and dispersity) of resulting materials. Lastly, we propose
improvements for the novel design and implementation of radiation techniques to synthesize and

modify advanced inorganic nanomaterials.

Keywords: radiation, synthesis, modification, inorganic, nanomaterials
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1 1. Introduction

2 The past decades have witnessed the burgeoning applications of nanotechnology in various fields
3 of catalysis, biomedicine, electronics, sensors, energy and so forth.) 2 Advancement of
4 nanotechnology at both scientific and industrial scales is barely achievable without the workhorse
5  of nanomaterials. Compared to the bulk counterparts, materials downsized to the nanoscale often
6  exhibit distinct properties that in return are tightly related to their synthesis and modification at the
7  beginning. Strategies of nanomaterial synthesis have been generalized as top-down and bottom-up
8  methods. Physical top-down processes suffer from the poor size control of nanomaterials when
9  breaking down the bulk materials. In contrast, chemical bottom-up methods have demonstrated the
10 eminent superiority in the on-demand synthesis of nanomaterials with tailor-made structures,
11 especially the wet-chemical synthetic methods.3-> In addition to the synthesis, modification of
12 nanomaterials in the form of defect engineering, doping and grafting is attainable by both physical

13 and chemical methods.

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

14 Wet-chemical synthesis involves the reactions of ions and/or the assembly of atoms in a liquid
15  phase to generate nanomaterials.® To facilitate the processes, heating apparatus is often used to
16  supply Joule heating as temperature is a crucial kinetic factor. However, severe heat dissipation
17  occurs when large temperature gradient exists between the heat source and the ambient
18  environment. Thermal treatment thus can be lengthy and tedious owing to the low electrical-to-
19  thermal energy conversion efficiency. Furthermore, wet-chemical methods in many cases produce
20  nanomaterials capped by stabilizing agents of surfactants/ligands that are subsequently daunting to
21  remove.” Excessive reductants/oxidants are also added to guarantee the complete conversion of

22 precursors. Needless to say, undesirable by-products from the synthesis cause additional issues. In
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view of these deficiencies, conventional wet-chemical synthesis does not strictly meet the
requirements of green, sustainable chemistry.

Radiation describes the energy emission or transmission by means of electromagnetic waves or
particle beams. In daily life and real space, radiation is ubiquitous, accounting for such basic
questions as why the planet Earth is habitably warm, why human eyes discern colors and how a
microwave oven works. Radiation sources act as reservoirs of energy, where the energy is released
in the forms of fundamental carriers of photons and particles. In sharp contrast to the heat transfer
mechanism by Joule heating, photons and particles are capable of direct interaction with the atoms
and/or molecules of a substance, causing a sequence of distinctive radiation effects depending on
the carrier energy.® ° For example, ionizing radiation of atoms and molecules generates
cations/holes and escaped electrons through ionization, and free radicals through electronic
excitation. Absorption of visible light could produce electron—hole pairs from photoinitiators.
Microwave induces rotational transition of molecules due to the oscillating magnetic and electric
fields. Utilization of these effects offers alternative approaches to synthesize and modify inorganic
nanomaterials with remarkable advantages. Specifically, radiation-induced active species through
radiolysis or photolysis can substitute common reductants/oxidants as in-sifu reagents that initiate
the desired chemical reactions. Energetic particles are known to induce knock-on effect in the
irradiated target, resulting in the introduction of defects and doping to the material. Thermal shock
by transient microwave absorption rapidly elevates the local temperature to over 1000 K, allowing
substantial reduction of the temporal scale from hours for conventional synthesis to seconds for
microwave-assisted synthesis. Recently, a growing number of studies have reported the green
synthesis and modification of inorganic nanomaterials driven by radiation and revealed the great

potential of this strategy.
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1 Despite that several reviews have already summarized the material synthesis/modification using
2 certain types of radiation, a systematic and comprehensive review covering the full spectrum of
3 electromagnetic waves as well as the particle beams is still lacking.'%-!® Since radiation effects
4  strongly rely on the specific radiation source, it is thus crucial to provide a panoramic view of their
5  respective strengths and limitations so that creative and innovative utilization of radiation could be
6 inspired. To this end, we here summarize recent advances in radiation-induced synthesis and
7  modification of inorganic nanomaterials inclusive of metals, metal compounds and carbon
8  materials. These materials are chosen as they constitute a major part of the inorganic materials and
9  have shown intriguing properties for a variety of applications.!*-3° The outline of this review is
10 illustrated in Fig. 1. This review starts by summarizing radiation effects that are applicable in the
11 green synthesis and modification. Next, in-depth discussion is conducted on the radiation
12 techniques grouped into ionizing and non-ionizing. The former includes y-ray, X-ray and high-
13 energy particle beam, while the latter consists of ultraviolet (UV), visible light, infrared (IR), and

14 microwave. Underlying mechanisms of these radiation techniques, generalized as radiolysis,

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

15  photolysis, knock-on, and photothermal effects, are formulated. Critical parameters to finely
16  regulate the product size, composition and distribution are pinpointed. It is then followed by
17  contemplating promises and challenges of these radiation techniques. Note that we concentrate on
18  the radiation-induced chemistry and its corresponding exploitation, whereas the physical

19  phenomena is left outside the scope of this review.


https://doi.org/10.1039/d0ta06742c

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

10

11

12

13

14

15

Journal of Materials Chemistry A

View Article Online
DOI: 10.1039/D0TA06742C

Radiation

AV

Radiolysis Photolysis Knock-on Photothermal

[

: o

(B
% [ ) T>1500 K
o . -

°
e

Metal Compound

Fig. 1 Schematic illustration of radiation-induced synthesis and modification of metals, compounds
and carbon materials through four major mechanisms of radiolysis, photolysis, knock-on, and
photothermal effects, depending on the nature of radiation source.

2. Theoretical Background

2.1. Radiation Effect

When a substance is exposed to a radiation source, the radiation effect can be at atomic, molecular
and/or bulk scale depending on the radiation energy. Fig. 2 illustrates six common effects resulted
from the electromagnetic and particulate radiations. Atom ionization refers to the phenomenon
when one or more electrons are ejected as free electrons from atoms/molecules. The ejected
electrons can come from either core or shell electrons. This ionization effect is observed for such
radiations as a-, -, and y-rays, and hard X-rays that possess sufficiently high photon energy to
overcome the electron binding energy. If the radiation energy is smaller than the electron binding
energy (like soft X-rays), core electrons absorb the incident photon energy and jump to higher

energy levels, resulting in the electron transition. In the case of a molecule being irradiated, its
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1 molecular structure plays a decisive role in the radiation effect. For example, polar molecules tend
2 to be ionized with the formation of electron-hole pairs, whereas non-polar molecules mostly go
3 through electronic excitation (from low-energy orbitals to high-energy orbitals) that leads to bond
4  breaking since chemical bonds are essentially interactions between electron orbitals. As the
5 radiation energy further decreases to the electromagnetic spectrum range of UV, visible light and
6 IR, the photon energy becomes comparable to molecular electronic energy and phonon energy.
7  Absorption of such photon energy then gives rise to the molecular transition and vibrational
8  transition that can induce photochemical reactions with the generation of active radicals. Further
9 down to the microwave range, the rotational transition of polar molecules could be triggered,
10 which for instance generates photothermal effect. Note that despite the above-mentioned radiation

11 effects, only part of them can actually be utilized for material synthesis and modification.

y-ray  X-rays uv Visible IR Microwave Radio
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19 lonization Transition Breaking Transition Transition Transition

13 Fig. 2 Schematic illustration of two types of radiation sources (electromagnetic wave and particle
14  beam) and radiation effects on representative atoms and molecules. Correlated to energy and
15 intensity of the radiation source, six common radiation effects, including atom ionization, electron
16  transition, bond breaking, and molecular, vibrational and rotational transitions, can be produced on
17  atoms and molecules.
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2.2. lonizing Radiation

Self-evidently, ionizing radiation defines a radiation that can dismiss electrons from atoms or
molecules, that is, ionize them. Such radiations can be electromagnetic waves or particle beams
whose photon energy is high enough to surmount the electron binding energy. Table 1 details the
common categorization of electromagnetic spectrum according to its wavelength and photon
energy. Electromagnetic waves in the spectrum range of y-rays, X-rays and high-frequency UV
that readily ionize atoms or molecules belong to ionizing radiations. Among them, y-rays are
known to be the most energetic and penetrating electromagnetic wave that can cause deadly harm
to human bodies. In addition, high-energy particle beams made of subatomic particles (protons,
electrons and positrons that carry positive/negative charges, or neutral neutrons) and ions (o
particles) are also grouped into ionizing radiations. The charged particles come from either the
radioactive decay or the acceleration to a high velocity by applying a high-voltage electric field.
Generation of ionizing radiations requires sophisticated instruments and the operation warrants

professional training to protect the users.

Table 1 Common categorization of the electromagnetic spectrum into y-ray, X-ray, UV, visible
light, IR, and microwave radiations based on the wavelength and photon energy.

Category Subcategory Wavelength (nm) Photon Energy (eV)
y-ray <107 > 1.24x108
X-ray Hard X-ray 1073-1071 1.24x10%-1.24x10°
Soft X-ray 107-10 124-1.24x10*
uv Extreme UV 10-121 10.2-124
Far UV 122-200 6.2-10.2
Middle UV 200-300 4.1-6.2
Near UV 300400 3.14.1
Visible light 400-700 1.8-3.1

IR Near IR 700-1.4x103 0.89-1.8
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Middle IR 1.4x103-3x103 0.41-0.89
Far IR 3x103-10°6 1.2x1073-0.41
Microwave 106-10° 1.2x1070-1.2x1073

2 2.3. Non-lonizing Radiation

3 In contrast, non-ionizing radiations have lower photon energy than ionizing radiations. Such
<§(’ 4  radiations excite electrons or molecules to higher energy states (molecular transition) and cause
; 5 molecular vibration and rotation. Excitement of electrons or molecules leads to photochemical
o
§ 6  reactions with the production of active free radicals. On the other hand, molecular vibration and
E 7  rotation are often translated with the emission of thermal energy. Examples of non-ionizing
g 8 radiation are in the electromagnetic spectrum range of low-frequency UV, visible light, IR, and
é 9  microwave (Table 1). Note that in the spectrum of electromagnetic wave, there is no clear dividing
g” 10 line between ionizing and non-ionizing radiations. Although the single photon may not be able to
a
% 11  ionize atoms or molecules, multiple photons of lower energy can still take effect collectively and
@

E 12 lead to the ionization of atoms and molecules, especially in the cases of UV and visible lights.

13 Contrary to ionizing radiation, sources of non-ionizing radiation are more ubiquitous, less costly
14 and less hazardous. Therefore, it is much easier to have routine access to non-ionizing radiation

15  than ionizing radiation in the laboratory.

16 2.4. Terminology

17  2.4.1. Photon Energy and Intensity

18 To quantify the energy of a radiation, especially an electromagnetic wave, its photon energy
19  symbolized by E is a straight-forward measurement. In quantum physics, photon energy E equals
20  to the product of the Planck constant 4 and the photon’s frequency v, in which frequency v is the

21  quotient of the speed of light ¢ and the photon's wavelength 4. Photon energy E can be expressed
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in the unit of electron volt (eV) or joule (J). For example, y-rays are regarded to have photon
energies in the magnitude of 102 keV and above. X-rays have photon energies between 107! and
102 keV. Whereas the photon energies of visible light are in the range of 1.7-3.3 V. Upon radiation,
the resulting effects are not only related to the energy of individual photon, but also to the quantity
of emitted photons per unit time and area, which is designated as radiation intensity. The photon
energy may be insufficient to ionize a molecule, but can be sensed as thermal radiation. With more
photons received, the accumulation of thermal energy can ultimately surpass the energy barrier and
thereby lead to ionization.

2.4.2. Radiolysis and G-value

Analogous to electrolysis and photolysis, radiolysis describes the process in which the molecules
are dissociated by radiation. Radiolysis of a substance is complex. The radiolytic products can be
a combination of subatomic particles, free radicals, ions, and molecules. To quantify such radiolytic
products, researchers adopted the concept of G-value, which is defined by the number of molecules,
atoms or free radicals yielded (or consumed) per 100 eV of energy absorbed by the substance. Of
all the substances, water radiolysis is the most well-established, as shown in Eq (1) where the G-
values are in parentheses.?!- 3

HyQradiatione ;. (2.7), HO*(2.8), H(0.6), H30 * (2.7), H2(0.47),H202(0.75) (1)

Eq (1) tells that both reducing and oxidizing species are generated during the radiolysis of water.
Such active species have been widely used to reduce metal precursors or oxidize carbon surface in
the presence of suited scavengers for the detrimental species. For instance, small alcohols are
effective to scavenge the oxidizing hydroxyl radicals (HO"), while N,O is useful to neutralize the

reducing ey, species.


https://doi.org/10.1039/d0ta06742c

Page 11 of 71 Journal of Materials Chemistry A

View Article Online
DOI: 10.1039/D0TA06742C

1 2.4.3. Absorbed Dose and Dose Rate

2 In view of the radiolysis, the energy absorbed by a substance with a specific mass needs to be
3 calculated to measure the quantity of radiolytic products. In dosimetry, this energy is quantified
4  using absorbed dose, which measures the absorbed energy by a substance per unit mass. The SI
5  (International System of Units) base unit of dose is gray (Gy). 1 Gy equals to 1 joule of energy
6  absorbed per kilogram of matter (1 Gy=1 J kg™!). On a temporal scale, dose rate further describes
7  the time needed to deliver a specific dose to a substance. The SI unit of dose rate is Gy s!. Both
8 absorbed dose and dose rate are considered important kinetic parameters since they directly
9 determine the concentration and total amount of generated active species in the course of

10 synthesis/modification.

11 3. Ionizing Radiation

12 3.1. v- and X-Ray Irradiation

13 v- and X-ray are essentially made of high-energy photons. y-ray arises from the radioactive decay

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

14  of atomic nuclei, such as ®°Co and '*’Cs sources. Whereas, X-rays are emitted whenever charged
15  particles of sufficiently high energy, such as electrons and ions, hit a substance. Notwithstanding
16  the radiation risks, it does not stop researchers from arousing immense interests in utilizing y- and
17  X-ray for the synthesis and modification of various materials. Prominent advantages of such
18  ionizing radiations are the easiness, low cost and zero emission. One just needs to place the stock
19  solution inside the irradiator chamber, set the radiation parameters and then wait it out to receive
20  the final products. Since y-ray is generally more energetic and penetrating than X-ray, utilization
21  of'y-ray in the synthesis and modification is thus even more intriguing. In the following subsections,

22 synthesis and/or modification of metals, compounds and carbon materials are summarized.
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3.1.1. Metals

Preparation of metallic nanoparticles (NPs) can be traced back to the pioneering study reported
by Yamazaki and colleagues in 1960s.33 The authors observed the formation of a gold particle-
containing gel when an aqueous solution of chloroauric acid was irradiated with y-rays from a °°Co
source. Later, mono- and bi-metallic NPs were also prepared by y-ray irradiation of an aqueous
solution with metal precursors.>4-37 Since then, considerable attempts have been made in exploring
the utilization of radiation to prepare metallic NPs.’8-52 Simplified mechanism of high-energy
radiation-induced synthesis of monometallic NPs is illustrated in Fig. 3. A degassed container with
an aqueous solution of metal precursor is irradiated. Metal cations are gradually reduced to metal
atoms by reducing species generated from the radiolysis of H,O. Meanwhile, oxidizing species
from H2O radiolysis are scavenged by alcohol molecules, such as isopropanol (IPA). Driven by
the supersaturation, metal atoms then start to coalesce to form small nuclei. If the size of a nucleus
exceeds the critical radius, the nucleus grows into larger sizes by combining more atoms, otherwise
it dissolves into smaller sizes or merges with other larger clusters. To stabilize the metal NPs from
further growing or Ostwald ripening, surfactants and/or supporting materials are often introduced
prior to the radiation to obtain surfactant-protected and/or supported NPs. No electric heating or

mechanical mixing is applied.
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Fig. 3 Schematic illustration of the synthesis of supported and unsupported metal NPs in an
aqueous solution with/without pre-existing supports (exemplified by graphene support) using high-
energy radiation. The synthesis consists of five representative steps of (I) absorption of radiation
and formation of reactive species, (II) cation reduction, (III) nucleation, (IV) growth, and (V)
stabilization. H,0O, IPA, H,0,, and H, molecules, hydrated cations, OH* and H" radicals, solvated
electrons, H;0O" ions, metal atoms, clusters and NPs, surfactant and graphene support are illustrated.
The NPs are anchored on the support surface or stabilized by surfactant molecules.
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9 As a straightforward method, the radiation-induced synthesis often leads to the formation of
10 spherical metal NPs. Therefore, the main objective, in most cases, is to control the size and
11 dispersity of the NPs, which are affected by several factors inclusive of solvent, cation
12 concentration, dose, dose rate, surfactant and support. Table 2 and 3 summarize the detailed
13 synthetic parameters for the y- and X-ray radiation-induced synthesis of metal NPs in the presence
14 of surfactant and support, respectively. Water is by far the most widely-used solvent due to the
15  well-established radiolysis of water. In addition to water, a small fraction of alcohol, such as IPA
16  and methanol, is added as a scavenger of the oxidizing species generated from water radiolysis.
17  Note that IPA molecules also generate a considerable amount of reducing radicals once reacted

18  with those oxidizing species. Distinct from conventional colloidal synthesis in which an external
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reductant is added intentionally, the reductants in the radiation-induced synthesis are in-situ

generated from the stock solution at a constant speed that is determined by the dose rate.
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Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

Type Metal Stock Solution Radiation Parameters Particle Size? (nm) Ref.
Volume (mL)  [Metal] (mM)  Solvent Surfactant® Dose (kGy) Dose Rate (Gy s™!)

yray Ir 20 5 H,O-IPA SDS 60 1.94 23 33
Au — 0.5 H,O-IPA-acetone ~ PVP 1.7 0.61 6-13 4
Ag 1000 29 H,O-IPA PVP 10-30 0.28 (24-39) 3
Ag — 0.74-1.84 H,O-IPA PVP 10-70 — (15-70) 36
Ag 5 30 H,O-IPA PVP 0.5-4 0.28 (15-60) 37
Ag 50 6.5 H,O PVP 150 0.75 (11-20) 38
Au 26-30 0.1-1 H,0-methanol PEGDMA 15 0.58-1.33 (8-35) 59
Au 10 0.729 H,O NIPAM 192 0.83 (7.18) 60
Cu — 5-15 H,0 PVA 100-300 — (13.9-19) o1
U 12.5 4 H,0-methanol PVA, citrate 7.56 3.5 (~06) 02
ULa(Eu) 12.5 4 H,0-methanol PVA, citrate 7.56 3.5 (~2)
AlCu — 50-64 H,O-TPA PVP 80-120 0.81 (4.5-12) 63
AINi — 0.05-0.064 H,O-IPA PVA 100 — (4.43-9.97) 64
Ag.Nij, 50 0.2 H,O-methanol PVA, citrate 3.24 3 (3.4-8.5) 65
PdysNig 5 50 0.2 H,0-methanol PVA, citrate 6.48 3 5.1-6.8

X-ray Au — 2 H,O-1PA urea 7.26 (L.1) 66
Au — 1 H,O-IPA-acetone  polypeptide 1 0.25 10-20 67
Cu — — H,O-ethanol PAA, PEI 108 20 15-20, 1-3 o8

Ag — — H,0-ethanol PAA, PEI 18 20 2-6
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5
6

@ Abbreviations: SDS = sodium dodecyl sulfonate, PVP = polyvinyl pyrrolidone, PEGDMA = polyethylene glycol dimethacrylate, NIPAM = N-isopropylacrylamide, PVA =

Journal of Materials Chemistry A

polyvinyl alcohol, CTAB = cetyltrimethylammonium bromide, PAA = polyacrylic acid, PEI = polyethylenimine.

b The particle size refers to the size range of NPs, whereas in parentheses are the average particle sizes (APSs) or the range of APSs at varied synthetic conditions.

Table 3 Summary of the synthetic parameters for y- and X-ray radiation-induced synthesis of metal NPs in the presence of supports.

Type Metal Stock Solution Radiation Parameters Particle Size? (nm) Ref.
Volume (mL)  [Metal] (mM)  Solvent Support® Dose (kGy) Dose Rate (Gy s7')
y-ray Pd 12 5.6 H,O-1PA MWCNT, SDS 10-40 2.78 (4-11, 32-47) 9
Pt 10 0.25 H,O-1PA Si0, 1.6 0.08 3-5 70
Pt 10 0.25 H,O-1PA MWCNT 1.6 0.08 <10 7
Au — 0.248 IPA SnO, 20 2.78 (~60) 72
Pt 80 1.5 H,O-IPA GO 200 2.78 (100) 73
Pd, Pt, Au 5 5 H,O-1PA UiO-66-NH, 18 1.67 (1-2) 74
Ag 16.5 5.4 H,O GO 160 2.67 (20) 75
Ag — 3 H,O-IPA ZnO 100 0.81 (15) 76
AgAu 4 42 H,O-1PA GO, CTAB 29 1 5-19 7
Pd 16 250 EG N-graphene 42 5 3) 78
Pt — 2 EG GO 300 5 (1.8) 7

@ Abbreviations: MWCNT = multi-walled carbon nanotube, GO = graphene oxide.

b The particle size refers to the size range of NPs, whereas in parentheses are the APSs or the range of APSs at varied synthetic conditions.
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1 Superiority of radiolytic synthesis relative to conventional chemical reduction has already been
2 testified. Yu and co-workers prepared Vulcan XC72-supported Pt NPs by three different methods
3 ofyradiation, NaBH, reduction and polyol reduction.?® The authors found that Pt NPs prepared by
4 vy radiation demonstrate excellent oxygen reduction activity, higher Pt utilization efficiency, and
5 improved fuel cell performance compared to Pt catalysts prepared by conventional reduction
6  methods as well as the commercial Pt catalyst.
7 To implement the radiolytic synthesis, researchers have placed much emphasis on parametric
8 studies in terms of optimizing the radiolytic conditions to control the kinetics. Specifically,
9  precursor concentration is an important kinetic parameter that strongly affects the ultimate NP size
10 and dispersity. Higher concentration often results in larger size and worse dispersity because the
11 nuclei are easier to grow with more available atoms surrounded in the solution.®! NP aggregation
12 would also become more severe since more NPs are formed. To fully reduce the metal cations, a
13 threshold dose is required. The actual dose is often set beyond this threshold. Reported studies

14  indicate that the effect of radiation dose on NP size remains controversial, as opposite results are

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

15  experimentally observed by different researchers. Some reported that the particle sizes decrease
16  with increasing dose.> 369482 Yet, others found that larger dose gives larger NPs.>”-¢1-72 Moreover,
17  the dose rate resembles the strength of a reductant. A higher dose rate endows a faster generation
18  of metal atoms and vice versa. Higher atom concentration gives higher supersaturation, which
19  reduces the critical nucleus size according to the classic nucleation and growth theory. Thereafter,
20  larger amounts of nuclei with smaller sizes are formed at higher dose rates, yielding smaller NP
21 sizes.38

22 When more than one type of metal cations are present, the radiolysis principle remains the same,
23 but the evolution of bi- and/or multi-metallic NPs depends on the dose rate and the gaps between

24 metal redox potentials.®3-87 Metals with more negative reduction potentials are reduced first as the
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cores, which are then coated by metals with more positive reduction potentials, forming core@shell
structured bimetallic NPs. Metals with close reduction potentials are reduced almost concurrently,
leading to homogeneous alloy NPs. On the other hand, at relatively high dose rates, a large amount
of reducing species are rapidly generated. Metal cations thereby could be reduced simultaneously
rather than successively, regardless of their redox potential differences. Composition-separated
NPs thus would tend to form at lower dose rates.

Apart from the above kinetic parameters, surfactant and support also play an important role in
controlling the NP size and dispersity. In the presence of surfactant or support, the classic
nucleation and growth theory is not strictly applicable because the nuclei can adsorb surfactant
molecules or adhere to support surface to reduce the surface energy. The growth stage and/or
Ostwald Ripening are thus disturbed, giving relatively small NP size and good dispersity. To date,
carbon materials and oxides, such as graphene, CNT, silica, and alumina, have been employed as
supports. Despite the effectiveness of surfactant molecules in size control of NPs, the removal of
surfactants is a long-standing challenge to recover NPs with clean surface for further applications.

The core issue of radiation-induced synthesis remains the precise engineering of NP size and
dispersity. In light of this, creative attempts have been tried by coupling the concept of confinement
effect. Benefiting from the large amount of micro-pores inside the zeolite and the high penetration
of y-rays, the nucleation and growth of NPs are confined within the micro-pores throughout the
zeolite support, ensuring the ultrafine NP size and high dispersity.®% 8 Similarly, water-in-oil
emulsion could also be chosen to confine the NPs within the water droplets suspended in the oil
phase, provided that the metal precursor solution is aqueous and would not transfer to the oil
phase.?®-°! Furthermore, alternative solvent besides water offers another potential route to control
the NP size and dispersity. Guo and co-workers obtained ultrafine Pd and Pt NPs uniformly

supported on N-doped graphene by irradiating a solution using ethylene glycol (EG) as the
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1 solvent.” It is demonstrated that EG with moderate reducibility and higher viscosity is a superior
2 solvent to water in the size control of NPs. Reduced GO (rGO) supported Pt NPs with an average
3 particle diameter of 1.8 nm was also prepared in EG solvent by Zhai and colleagues.” These studies
4  validate the potential of radiolytic synthesis using unconventional solvents in addition to water.

5 3.1.2. Metal Compounds

6 Following a similar route to the metals, synthesis of metal oxides or sulfides by high-energy
7  radiation is also achievable. Such metallic elements often feature with multivalence nature and
8  distinct solubility of cations with varied valence states. Exemplary metals include iron®>%4, cobalt®>
9 %, chromium®’, and manganese®®. The formation of metal oxides can go through a sequence of
10  reactions. Wren and co-workers found that the formation and growth of magnetite NPs by vy
11 radiation of FeSO, solutions constitute three kinetic stages.”> Stage 1 involves the oxidation of
12 soluble Fe?* to less soluble Fe*" by HO" radicals, followed by hydrolysis of Fe*" and the co-
13 precipitation of Fe?>*/Fe3* hydroxide particles. Stage 2 is represented by the surface adsorption of

14 Fe?" to existing particles and subsequent oxidation of adsorbed Fe?* to Fe**. Stage 3 refers to the

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

15  negligible net oxidation of Fe?" in the particle coarsening. Similar results were also found by the
16  same research group on the radiation-induced formation of Co3;O4 NPs from aqueous CoSO,
17  solution.’® Furthermore, Lee and colleagues reported the radiolytic fabrication of a stable, highly-
18  porous Prussian blue (PB)/PVP/rGO aerogel based on the different standard redox potentials of
19  Fe¥*/Fe?' and [Fe(CN)g]> /[Fe(CN)g]* pairs.”® Fe** is first reduced by radiolytic reducing species
20  to Fe?*, which is then oxidized by [Fe(CN)g]*~ to form PB NPs.

21 Radiolytic synthesis of sulfides has also been reported, but the synthetic mechanism is different
22 from that for the oxides. Based on the radiolytic reduction of thiosulfate (S,03") that generates S>~
23 anions, Zhai and co-workers prepared PVP-capped CdS nanopopcorns.!? 191 Following an

24 analogous mechanism, the same group also reported the synthesis of carbon black supported MoS,
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from thiomolybdate anions (M0S,>7).192 Radiolysis of EG solvent generates solvated electrons that
reduce MoS4%™ to MoS,.

In addition to the synthesis, y- and X-ray radiations have also been employed in the modification
of electrical, optical and structural properties of metal compounds, especially by means of defect
engineering.'®® Due to the unique electronic structure, transition metal chalcogenides (TMC) have
triggered tremendous amount of attention and remain a hot spot for various research fields. When
downsizing TMC from bulk to monolayer, it is found that TMC is transitioned from having an
indirect band gap to a direct band gap. The photoluminescence (PL) property of TMC is thus
significantly enhanced. However, the PL intensity is strongly related to the structural, mechanical
and electrical properties of TMC monolayers. Huang and co-workers reported the effects of y
radiation on a WS, monolayer semiconductor.!®* Several radiation-induced effects that play an
important role in modifying the physical properties of a WS, monolayer are suggested, as shown
in Fig. 4. These processes include photoelectric absorption, Compton scattering, pair production,
vacancies and fast electrons. The authors found that y-ray radiation led to the creation of S and W
vacancies, contributing to the change from diamagnetic to ferromagnetic property of the WS,

monolayer. In addition, the S vacancies endowed WS, monolayer with higher hole concentration

than electron concentration, meaning that p-type doping was introduced to the semiconducting WS,.

The doping concentration also increased substantially with the increase in radiation dose as more
vacancies were created. In view of this, WS, monolayer is claimed to be an appealing candidate
for sensing high-energy photons at small radiation doses. The potential application as an
ultrasensitive detector is also reported by Feng and co-workers who demonstrated that MoS,
resonators are robust yet sensitive to very low dosage y-ray.!%> With respect to vacancy creation by
radiation, the impact of atmosphere should not be overlooked. Park and colleagues reported the

formation of S vacancies by irradiating MoS; films, which were found to be oxidized to MoO, after
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1 radiation.!% Furthermore, Vogl and co-workers specifically investigated the effect of atmosphere
2 onirradiated WS,.1%7 When O, was present, S vacancy healing was observed due probably to the
3 chemisorption of dissociated O, molecules at S vacancy sites facilitated by y-rays. Moreover,
4  Xiang and colleagues irradiated MoS, materials with varied doses of 1-1000 kGy and discovered
5  that the optical bandgap of MoS, increased monotonically with higher doses.!®® Changes on the
6  electrical, optical and structural properties caused by y-ray and X-ray radiation have also been
7  found on TiO,!%, In,05!19, CeO,'!!, M0O5!12, HfO,!13, SrZn0,'!4, Cd,Sn0,4!15, BaTiO5!16, CoS!17,

8  ZnS!8 and ZnTe'!°.

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

10  Fig. 4 Schematic illustration of the radiation effects of y-rays on a WS, monolayer with the
11  generation of secondary y photons (in the silicon substrate), electron/hole pairs, fast electrons, and
12 vacancies. Reproduced with permission.!* Copyright 2020, The Royal Society of Chemistry.

13 3.1.3. Carbon

14 Carbon materials are another important branch of research objects that strongly interact with
15  high-energy radiation. Carbon exists in the form of many allotropes inclusive of diamond, CNT,
16  graphene, fullerene, amorphous carbon and so forth. By far, radiation effect on some of the

17  allotropes has been reported in the forms of the modification of their physical and/or chemical
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properties. Reduction/oxidation, defect engineering and surface functionalization can occur to
carbon materials depending on the medium in which the materials are being irradiated.!20-124

Park and co-workers irradiated MWCNTs by y-rays in O, atmosphere in the absence of any
solvent.!?> Oxygen atoms were incorporated to the surface of CNTs as oxygen-containing
functional groups, which brought strong interaction between the CNTs and the polyamide 6,6.
Similar results were also observed by Miao and colleagues who applied y radiation to CNT yarns
in air.'?® The authors found that the oxygen content, for instance the content of carboxyl groups,
increased dramatically after irradiation treatment in air. Such oxygen groups strengthened the
interaction between adjacent CNTs by forming hydrogen bonds and the mechanical properties of
CNT yarns were thus improved. Xu and co-workers irradiated MWCNTs by vy radiation both in air
and in epoxy chloropropane (ECP) solvent.'?”- 128 Distinct radiation effects were observed in the
two different media. y radiation in air resulted in higher graphitization degree and smaller interlayer
distance of CNTs, while more defects were created in CNTs that was irradiated in ECP.

Besides CNTs, two-dimensional graphene and GO are also intensively studied in terms of the
radiation effects.!?® As mentioned earlier, radiolysis of water generates both reducing and oxidizing
species, which can be used to reduce GO and oxidize graphene, respectively.!3%-135 Li and co-
workers reported the radiation-induced reduction of GO in N,-purged water—alcohol solvent.!3* GO
was successfully reduced to rGO with decreased content of oxygen functional groups, increased
graphitization degree and decreased interlayer spacing. y-ray induced reduction of GO was also
reported by Zhang and colleagues using a GO suspension in N,N-dimethyl formamide.!3* The rGO
could be well-dispersed in various organic solvents due to the stabilization of N(CH3)," groups on
its surface. Furthermore, synchronized reduction and hydrogenation of GO were reported by Yan
and co-workers.!*¢ They discovered that rGO was simultaneously hydrogenated by hydrogen

radicals formed in water radiolysis.
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1 On the other hand, radiolytic oxidizing species can enable the modification of GO from a
2 different perspective. To engineer porous structure on GO sheets, Li and co-workers adopted an
3 “etching” strategy by oxidizing GO with HO" radicals generated from the radiolysis of N,O-
4  saturared water.!3 Carbon atoms located on the edges and basal planes of GO sheets could be
5 removed as CO, or CO, forming ‘lacelike’ edges and nanopores in GO, as shown in Fig. 5.
6  Compared to the pristine GO with sharp edge and flat basal plane, GO irradiated for 6 h has a
7  rougher surface with wrinkles appearing across the whole GO sheets. When extending the radiation
8  time to 17 and 23 h, the sharp edge turns into ‘lacelike’ edges and the basal pane is enriched with

9  pores.

Pristine GO

Rg=0.260 nm
j;\

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

10

11 Fig. 5 Atomic force microscopy (AFM) images of GO sheets before and after y radiation: (a)
12 Pristine GO. (b, ¢, d) GO irradiated for 6, 17, and 23 h, respectively. Surface roughness (Rq) of
13 GO sheets is indicated. Adapted with permission.!*3 Copyright 2016, Elsevier Ltd.

14 Graphene surface functionalization is also achievable by high-energy radiation. This is often done
15 by combining the radiation-induced reduction and graft polymerization. Radical polymerization of
16  monomers to polymers driven by radiation has been documented for decades.!3”- 138 Herein we only
17  focus on the surface functionalization of graphene, while the polymerization mechanism will not

18  be discussed. To prepare styrene-functionalized graphene, Xu and co-workers proposed a facile
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strategy of intercalation, grafting and self-exfoliation by irradiating a suspension of GO in styrene—
toluene solvent.!3? After radiation, styrene is polymerized to polystyrene and grafted to graphene
sheets. The steric hindrance of polystyrene counteracts the Van der Waals forces between graphene
layers. The resulting functionalized product thus contains a high amount of graphene monolayers
and little agglomeration is observed. By simply changing the monomers to acrylic acid (AA),
acrylamide (AM), vinyl acetate (VA), silane, and 4-vinylpyridine (4VP), researchers have also

obtained functionalized GO grafted with PAA, PAM, PVA, organosilane, and P4VP,140-143
3.2. Particle Irradiation

Distinct from the y- and X-rays that are essentially electromagnetic waves made up of discrete
photons, particle radiation refers to a beam composed of moving particles. Such particles are either
electrically charged or neutral. Apparently, the particles can interact with the irradiated target in a
different pattern from the photons. To enable the atom ionization, the speed of particles needs to
be very high so that the kinetic energy can surpass the ionization energy of target atoms.
Conventionally, particulate ionizing radiation is represented by subatomic particle beams,
including a, B, neutron and proton particles. a radiation describes a radioactive decay that gives off
a particle (a particle) consisting of two protons and two neutrons, which essentially are the nucleus
of a helium atom. B radiation refers to the process in which either an electron or a positron (same
particle as an electron, but with a positive charge) being emitted from an atom. Albeit the
widespread application of other forms of (heavy) particle radiation in materials science, such as
focused ion beam, ion beam sputtering, ion implantation, we will center on the synthesis and
modification of nanostructures using subatomic particle radiations.

The laws of energy and momentum conservation describe that a moving particle will transfer part

or full of its kinetic energy to target atoms when a collision occurs, corresponding to elastic or non-
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1 elastic collision. Displacement threshold energy defines the minimum energy required by a target
2 atom to be expelled from the atomic network through the knock-on collision of an energetic
3 projectile. The ejected atom can either take an interstitial position in the lattice or leave the system.
4  In either cases, once the target atoms are kicked out, vacancies are left at the original sites.
5  Therefore, introduction of defects to the irradiated target is the most common objective from the
6  bombardment of a particle radiation to a solid sample. In the selection of a proper particle beam
7  forradiation of a specific target, it is of high significance to scrutinize and evaluate its particle type,
8  particle energy, flux, and beam size.

9 3.2.1. Metals

10 Metal cations can be directly reduced by electrons, which lays the foundation for electron beam
11 induced synthesis of metal nanostructures from appropriate precursors. The most common and
12 accessible electron beam source is the electron microscope where a convergent electron beam
13 functions as a ‘light’ source to visualize substances with sizes in the nanometer scale. Since the

14  seminal demonstration of observing specimens in liquid, liquid-phase transmission/scanning

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

15  electron microscope (TEM/SEM) has become a powerful toolkit that allows researchers to monitor
16  the real-time nucleation, growth, ripening and transformation of NPs.!# 145 Jn-situ synthesis of
17  metal NPs within the TEM/SEM has also become a research frontier of increasing interest.!46-152
18  Fig. 6 illustrates common configurations of the liquid-phase electron microscopes. General
19  synthetic scenarios include (a) colloidal NPs obtained from a homogeneous solution containing
20  dissolved metal salts!33-155 (b) reduction of metal oxides or other oxidized compounds to metals!>¢-
21 169 and (c) electron beam induced fragmentation of larger-sized metal particles into nano-sized
22 particles.!6!-163 Note worthily, thermal heating is inevitably accompanied with high-energy electron
23 beam radiation due to the law of energy conservation.'? 1% The temperature of irradiated sample

24 could even be elevated to over 1000 °C.!9 The underlying driver to the synthesis of metal NPs thus
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might be either or combination of electron reduction and thermal heating. Nevertheless, the limited
size of specimen holder severely restrains the yield and the further application of as-obtained NPs.
Such a strategy, to be more precise, is more applicable for the fundamental mechanistic

understanding rather than for large-scale synthesis.
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chamber containing liquid and vapor. Differential apertures separate the microscope vacuum from
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the higher pressure at the sample. (b) SEM imaging with an environmental chamber. The electron
beam scans in x and y directions over the sample. (¢) TEM imaging of NPs in a liquid fully enclosed
between electron transparent windows. (d) STEM imaging in a fully enclosed liquid, used to image
NP labels on whole biological cells. (¢) SEM of a liquid sample under an electron transparent
window. (f) Combination of SEM and light microscopy of a liquid sample above an electron
transparent window. Adapted with permission.!>® Copyright 2011, Springer Nature.

AN DN B W=

7 Synthesis of metals outside of the TEM/SEM has also been well-documented. Lee and colleagues

8  prepared PVP-stabilized Cu NPs in a solution of CuSO, dissolved in EG-IPA by electron beam

9 radiation.!%® By controlling the beam energy, beam current and absorbed dose, the particle size of
10 Cu NPs is fine-tuned. More specifically, higher beam energy and beam current result in smaller
11 particles, while higher radiation dose leads to larger particles. The effect of PVA concentration and
12 pH on the preparation of Cu NPs was systematically studied by Zhou and colleagues, revealing
13 that the APS of Cu NPs, within a certain rage, decreases with increasing PVA concentration. '’
14  Colloidal Ag NPs stabilized by tannic acid and PVA were also prepared from an aqueous AgNOj;
15 solution by electron beam radiation.'®® This study found that high dose rate is required to obtain a
16  good yield of Ag NPs. To compare the efficacy of electron beam and y-ray in the radiolytic

17  synthesis, Nguyen and co-workers synthesized chitosan-stabilized Au NPs by exposing an aqueous

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

18  HAuCl, solution to electron beam and y-ray radiations. At the same doses, Au NPs prepared by
19  electron beam are significantly smaller than those by y-rays. In another study by Seino and co-
20  workers, the researchers prepared supported Au NPs in the presence of y-Fe,O3 by electron beam
21 and y-rays.'® It is found that electron beam results in smaller Au NPs than y-rays, which is also
22 attributed to the dose rate effect. Same results were reported by Korolkov and colleagues who
23 found that Au NPs prepared by an electron beam had smaller sizes than those by y radiation.!”?
24 However, the efficiency of electron beam-induced reduction is lower than that of y radiation, thus

25  necessitating longer radiation time for Au NP formation by electron beam. These studies
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collectively indicate that the generation rate of reducing species in the course of radiation is critical
for controlling the size of NPs.

3.2.2. Metal Compounds

Application of particle radiation to metal compounds is largely limited to the modification instead
of the synthesis. For example, the effect of defect creation is especially prominent for the irradiation
of 2D TMCs by particle beams.!”!-!73 Considering the high density of atoms in a substance and the
nature of particles, the penetration depth is normally shallower than ionizing electromagnetic
waves and the radiation-induced modification mainly impacts the surface layers of a solid.

Baeck and co-workers irradiated MnO, powder by a proton beam so as to create oxygen
vacancies.!’ The radiation is done either with dry MnO, powder or a dispersion of MnO, in water,
as shown in Fig. 7a. MnO, irradiated in water is found to have more oxygen vacancies than that in
dry powder. The authors reasoned that highly reactive radicals such as O," and OH® stemming from
the radiolysis of water efficiently boost the cleavage of Mn—O bonds, indicating the important role
of the medium in which the target exists. Using high-energy Ga* ion beam, Drndi¢ and co-workers
irradiated MoS, single layer with different ion doses.!”> The authors observed that angstrom-size
vacancy defects are generated. These vacancies come from both Mo and S atoms that have been
kicked out, and their sizes increase with high ion doses, as discerned in Fig. 7b. Similar observation
is reported by Novoselov and colleagues who employed high-angle annular dark field (HAADF)
imaging technique to directly discern the formation of vacancies when in-situ irradiating single

layer MoS, with electron beam inside the TEM.!76
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1

2 Fig. 7 (a) Schematic illustration of the preparation of oxygen-deficient MnO, NPs by proton beam
3 irradiation. Reproduced with permission.!”* Copyright 2019, The Royal Society of Chemistry. (b)
4  Aberration corrected STEM images of pristine and Ga* ion irradiated single-layer MoS, with
5  different ion doses. Reproduced with permission.!”> Copyright 2018, American Chemical Society.
6 Phase and morphology of metal compounds are also susceptible to particle radiation. Recently,

7  Suenaga and colleagues provided the first in-situ STEM observation of phase transition of single
8  layer MoS, induced by electron beam.!”” At elevated temperatures of 400—-700 °C, electron beam
9 is found indispensable for the conversion between the semiconducting 2H (trigonal prismatic Dsp,)

10  and the metallic 1T (octahedral O) MoS, phases. Later, theoretical density functional theory
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calculations unravel that the phase transition is related to the charge redistribution in the monolayer
owing to the electronic excitations coupled with beam-induced formation of vacancies and the
accumulation of resulting mechanical strain.!”® 17 When irradiating a bulk WS, crystal by a proton
beam, Polimeni and co-workers observed a variation of its surface morphology.!'® Fig. 8a shows
an AFM image of bulk WS, after irradiation at a dose of 8 x 10'® protons cm™2. Quasi round-shaped
dots are clearly observed on the surface. With a dose eight times smaller, similar dots but much
smaller in sizes are formed (Fig. 8b). A close-up of the dots reveals that they are in essence domes
with various heights (Fig. 8c). Accordingly, a formation mechanism of the domes is proposed and
illustrated in Fig. 8d. High-speed protons traverse the topmost layer and recombine as H, molecules
at the interlayer gap between the first and second layers. The accumulation of H, molecules leads
to the blistering of one-monolayer thick domes. The domes are found very stable and their sizes

are strongly related to the radiation dose.
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Fig. 8 Creation of light-emitting domes by proton irradiation. (a) AFM image of the bulk WS, after
irradiation with proton dose of 8 x 10'¢ protons cm™2. Round-shaped features on the sample surface
form after proton irradiation. (b) AFM image of a proton irradiated bulk WS, flake with a dose
eight times smaller than that in (a). (c¢) AFM image of a limited region of a sample treated same as
that in (b) but on a different flake, where a smaller density of domes was fortuitously found. The
maximal height reached by the domes is 87 nm. (d) Sketch of the process leading to the formation
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1  of domes caused by the local blistering of atomically thin membrane materials. Adapted with
2 permission.'®? Copyright 2019, Wiley-VCH.

3.2.3. Carbon
4 Investigation of nanostructured carbon materials by particle radiation can be traced back to the

5  1990s.'81-18% Since then, this field has stimulated a great deal of research trials. Apart from the
6  intuitive perception that particle radiation introduces disorder to the irradiated substance, beneficial
7  structural engineering with high precision by particle radiation is realizable to carbon systems. This
8  would not be possible without the capability to converge the particle beam spot to a resolution of
9  few nanometers or even few angstroms. Accordingly, perforation and bending!®>, shrinking!86- 187,
10 bridging'®®, coalescence!®®, cutting/sectioning!®?, and welding!®! of the CNTs by electron beams
11 have been experimentally implemented. Similar structural reconstructions have also been enabled
12 by other ion beam radiations.!*?1°8 In the case of 2D graphene and GO, particle radiation creates
13 defects, which has been directly visualized.'” Reduction of GO in the way of removing oxygen
14  functional groups has also been reported.?’% 2! Two excellent review articles specifically focusing

15  onthe radiation effects by particle beams on carbon nanostructures could be referred to for in-depth

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

16  knowledge.'* 202 Again, these particle radiations are mostly limited to the microscope and other in-
17  situ instruments for fundamental research purposes.

18 Recently, Cigler and co-workers reported a readily scalable method to create structural defects
19  through the irradiation of nanomaterials by light ions in-situ generated from a nuclear reaction.?%3
20  Asshown in Fig. 9, a neutron beam is shined to target NPs dispersed and encapsulated by a 1B,0;
21  glassy belt. The capture of neutrons by '°B causes a nuclear reaction that generates an isotropic
22 flux of a particles, "Li" ions and y-rays. The energetic light ions then kick out target atoms and
23 create vacancies. Both diamond nanocrystals and cubic silicon carbide NPs are used as target NPs.

24 It is found that fluorescent N vacancy color centers in the diamond and carbon antisite-vacancy
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pairs in silicon carbide are uniformly and rapidly formed after the irradiation. Further testing in a
nuclear reactor proves that this strategy is suitable for the large-scale mass production of defective

NPs.
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Fig. 9 Schematic illustration of the defect creation by bombardment of in-situ generated energetic
ions to pre-existing NPs. (a) A container containing target NPs encapsulated by a glassy melt of
10B,035 irradiated by a neutron flux. (b) Principle of a particles and 7Li* ions produced from the
nuclear reaction between '°B and captured neutrons entering a nanodiamond particle and creating
vacancies inside. Reproduced with permission.?3 Copyright 2018, Springer Nature.

”
#
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4. Non-Ionizing Radiation

4.1. UV Irradiation

The broadly accepted wavelength of UV resides in the range of 10—400 nm, corresponding to the
photon energy of 3—120 eV. It can be further subdivided into near, middle, far, and extreme UV

following the photon energy from low to high. Note that there is no clear boundary between
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1  ionizing and non-ionizing radiations in terms of the photon energy. The far and extreme UV light
2 could also be considered as ionizing radiation because the single photon energy is higher than the
3 atomic ionization energy. Furthermore, alternative to the ionization radiation in which a single
4  photon ionizes a large amount of atoms, collective behavior of multiple low-energy photons can
5  also lead to the ionization with the release of excited electrons. Water ionization coupled with the
6  generation of solvated electrons by UV is one of such examples. The vapor ionization energy
7  threshold is around 12.6 ¢V and the band-gap energy of liquid water at 300 K is ~7-8 eV .204-206
8  Even so, photoionization of water with the stroboscopic detection of nascent solvated electrons has
9  been discovered by UV with photon energies as low as 3—5 eV.2%7 Valuable reports can be referred
10  to for further understanding of the photophysics of water.208. 209
11 In the electronic band structure of solids, the band gap normally refers to the energy difference
12 between the top of the valence band and the bottom of the conduction band. Electrons excited from
13 the valence band to the conduction band, also termed as hot electrons, can then move freely within

14  the solid. Meanwhile, holes are created in the valence band as a result of the electron excitation.

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

15  The band gaps of semiconductors, in all cases, are at the magnitude of few eVs. Therefore, hot
16  electrons and holes can be facilely generated when irradiating semiconductors by the UV light.
17 With the incorporation of a proper semiconductor as the photoinitiator, conduction band electrons
18  and valence band holes can serve as in-sifu reductants and oxidants, respectively.

19 Pulse laser ablation (PLA, Fig. 10a), especially liquid, is another mechanism for the synthesis
20  and modification of materials using UV light. As a well-studied technique, PLA is often regarded
21  as a physical top-down method instead of the aforementioned chemical one. Owing to the high
22 intensity or photon flux, the irradiated bulk material is heated up by absorbing the photon energy,
23 which then evaporates or sublimates at relatively low flux, or transforms to a plasma (a gas mixture

24 of ions and electrons) at high flux. Photothermal effect due to the photon-matter interaction
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mechanically ablates small particles from the raw material. In a liquid phase, the detached particles
condensate to form a stable colloid that are readily available for anchoring to supporting materials.
Further processing of the colloids by laser leads to laser fragmentation (PLF, Fig. 10b) or melting
(PLM, Fig. 10c), in which the suspended particles are further fragmented to smaller sizes or melted
to merge into larger sizes, respectively. Not limited to UV light, the laser source spans a wide range
of wavelength to visible and IR lights, which will be discussed in the following sections as well.
Several comprehensive reviews covering various aspects of the laser-assisted synthesis and
processing of colloids are also available.!0 12, 15, 210214 Tt has been summarized that the target
material properties (type, composition, shape), process parameters (time and post-treatment), liquid
properties (solvent, precursor concentration, liquid height, additive, flow, viscosity, temperature,
and pressure), and laser parameters (wavelength, pulse duration, pulse energy, fluence, spot size,
and pulse repetition rate) are useful knobs for the on-demand synthesis and modification of various
colloidal nanostructures. Laser can give rise to radiation effects induced by both single photon and
multiple photons. Therefore, instead of repeating these details, we will mostly focus on new

discoveries in the past 3 years.

-
Initial =74 P wvolten

Particles\ﬁﬂ * particle

Fig. 10 Schematic illustrations of PLA (a), PLF (b) and PLM (c). A laser beam hits a target material,
leading to the formation of cavitation bubble containing ablated particles that are spread into the
liquid after the burst of the bubble (a). Initial large-sized particles in a colloid or suspension are
fragmented by a laser beam into NPs (b). Initial small-sized particles are melted into a large-sized
particles by a laser beam (c). Adapted with permission.'?> Copyright 2017, American Chemical
Society.


https://doi.org/10.1039/d0ta06742c

Page 35 of 71 Journal of Materials Chemistry A

View Article Online
DOI: 10.1039/D0TA06742C

1 4.1.1. Metals

2 Water photolysis resembles its radiolysis. Both processes generate solvated electrons and free
3 radicals, but at distinctive reaction rates. Photoreduction of metal cations in an aqueous solution by
4 UV irradiation for the preparation of metal nanostructures can be traced back to the last century.?!3
5  However, the detailed mechanism and photolytic products of water photolysis still await further
6  understanding. Prior to this, consensus has been reached that it is key to control the synthetic
7  parameters during the nucleation and growth processes. Temperature is known as a critical kinetic
8  parameter for downsizing to atomic scale.?!%2!7 On that account, Wu and co-workers reported the
9  UV-assisted synthesis of Pt single atoms by significantly decreasing the temperature to —25 °C.2!8
10 Fig. 11 schematically outlines the synthetic processes of Pt single atoms by UV irradiation at room
11  temperature and at iced temperature, respectively. Compared to the conventional photoreduction
12 of H,PtClg in an aqueous solution, in which Pt atoms easily aggregate into NPs, the photoreduction
13 conducted in an iced solution substantially mitigates the nucleation of Pt atoms, leaving the

14 individual Pt atom as it is. Same strategy was also applied to the synthesis Pt single atomic catalyst

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

15  at an ultralow temperature of —60 °C under the irradiation of UV light.?!° Surprisingly, Wang and
16  co-workers fabricated Pt single atoms by irradiating solid state nitrogen-doped porous carbon pre-
17  adsorbed with PtCls>~ ions.??® The authors suggested that PtCls>~ ions are directly reduced by UV

18  light but did not provide solid experimental evidence on this statement.
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Fig. 11 Schematic illustration of the iced-photochemical synthesis. In the photochemical reduction
of H,PtClg aqueous solution, Pt NPs are formed by the nucleation and agglomeration of Pt atoms
(top row). Conversely, in the bottom row, we froze the H,PtClg solution prior to UV irradiation
and obtained Pt single atoms dispersed in ice. The ice lattice naturally confined the ions/atoms and
prevented their nucleation. (Scale bar, 2 nm) Reproduced with permission.?'® Copyright 2017,
Springer Nature.

Other than water, there are also other photoactive materials that may function as the initiator of
photoreduction by UV. Owing to the moderate band gaps, semiconducting materials are known as
efficient photoinitiators. The hot electrons generated in semiconductors can reduce metal cations
to atoms that are subsequently deposited on specific surface sites, leading to the formation of
semiconductor—metal heterostructures.??!-?2> Zheng and co-workers reported the preparation of
atomically dispersed Pd supported on ultrathin TiO, nanosheets in EG solvent by UV treatment.??*

Fig. 12a illustrates the scheme of the UV-induced synthesis of Pd;/TiO,. Fourier-transformed
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1 extended X-ray absorption fine structure (FT-EXAFS) spectra (Fig. 12b) shows that Pd atoms in
2 Pdy/TiO, are only bounded to surrounding oxygen atoms and no Pd—Pd metal bonds are formed, in
3 sharp contrast to the Pd foil. HAADF-STEM image in Fig. 12¢ also verifies the formation of
4  atomically dispersed Pd on TiO,. Mechanistic study reveals that TiO, generates electron—hole pairs
5 upon UV irradiation. Electrons reduce Ti*" to Ti**, whereas holes generate EG radicals (-
6  OCH,"CHOH). Such radicals ultimately lead to the gradual stripping of CI- as HCI from PdCl,*>~
7 and the bonding of remaining Pd atoms to oxygen atoms of TiO,. Control experiments also
8  demonstrate that EG radicals are vital for the formation of atomic Pd on TiO, instead of Pd NPs.
9  In another study by Kamat and colleagues, the authors selectively anchored TiO, semiconductor
10  and Ag NPs on GO using ethanol as the solvent.??> Upon UV illumination, electrons are trapped
11 by surface defect Ti*" sites and holes are scavenged by ethanol. Once GO is added, the stored
12 electrons are transferred to GO, leading to its reduction to rGO. Further addition of AgNOj; induces
13 the electron transfer from rGO to Ag" and the formation of Ag atoms, which eventually nucleate

14 and grow as NPs that are anchored on rGO. The anchoring sites of Ag NPs are found different from

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

15  the location of TiO,, indicating the stepwise electron transfer process. Similar multicomponent
16  composite is also reported by Shi and colleagues who deposit a series of noble metal NPs on

17 graphene/ZnO support.??6
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Fig. 12 (a) Schematic illustration of the photochemical synthesis of Pd,/TiO,. H,PdCl,; was
introduced into water dispersion of TiO, to allow the adsorption of Pd species. The mixture was
then irradiated by xenon lamp with low-density UV light for 10 min to obtain Pd;/Ti0,. (b) FT-
EXAFS spectra of Pd;/TiO, and bulk Pd foil at the Pd K-edge, showing the adjacent atoms around
Pd atoms. (c) High-resolution HAADF STEM image of Pd,/TiO,. The sample was calcined in air
at 350 °C for better contrast. Adapted with permission.?** Copyright 2016, American Association
for the Advancement of Science.

To control the photodeposition process, Tossi and colleagues conducted a parametric study of
the effect of UV light intensity, scavenger concentration, presence of H,SO, acid, and precursor
concentration on the size and distribution of Pt NPs on TiO,.??” It is found that low light intensity,
low scavenger content, low precursor concentration, addition of H,SO,, and acidic pH are preferred
to receive small and densely packed Pt NPs. Waclawik and co-workers investigated the rate of
solid—liquid interfacial electron transfer in order to control the deposition of Au NPs on large ZnO
NPs.?28 The authors discovered that solvent with low permittivity has higher rates of interfacial

electron transfer than solvent mixture with high permittivity. High electron transfer rate empowers
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1 the photoreduction of AuCl,™ ions at ZnO surface in less than 5 s, resulting in the formation of
2 small and distributed ~6 nm Au NPs on the ZnO host. The preferred deposition sites of Au NPs on
3 ZnO are under-coordinated facet edges and corner sites that readily trap the hot electrons and
4  possess high electron accumulation. This is supported by the observation that Au deposition on
5  ZnO capped with strong binding ligand dodecanethiol is largely retarded, in good agreement with
6 previous findings that show site selective deposition of metal NPs on Zn0.??% 239 In addition,
7  oxygen content in the solvent and the UV illumination time are identified as critical factors that
8  strongly influence the photodeposition process. These studies jointly demonstrate the importance
9  of controlling synthetic conditions in terms of UV light, semiconductor, scavenger, solvent and
10 precursor for engineering the photodeposition of metal NPs.
11 Organic photoinitiators are also reported for the synthesis of metal NPs by UV irradiation.
12 Advincula and co-workers used 1-[4-(2-hydroxyethoxy)phenyl]-2-hydroxy-2-methyl-1-propan-1-
13 one (HMP) to produce ketyl radicals as reducing agents by UV treatment.?*! Both GO and metal

14  cation (Ag, Au, Pd) reduction are accomplished in a short period of time, leading to the formation

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

15  of metal NPs/rGO composite. Han and co-workers reported the use of polystyrene-block-poly(4-
16  vinylpyridine) (PS-b-P4VP) for the fabrication of Ag NPs on PS-b6-P4VP diblock copolymer
17  film.?*2 The nitrogen atoms in pyridine ring are responsible for the chelation of Ag* ions. Upon UV
18  irradiation, the pyridine ring generates electron—hole pairs, in which the electrons rapidly reduce
19  chelated Ag" ions to Ag atoms.

20 Furthermore, UV PLA is applicable to prepare metal NPs from microparticles or bulk metals.
21 Induced by the UV photons, a localized hot region with high temperature is formed and leads to
22 the decomposition of PdO to Pd, which gives a PAO/Pd heterojunctions with tunable mass ratio.?3?
23 In addition to PLA, PLF of metal NPs enables the preparation of smaller ultrafine NPs with high

24 dispersity.?3
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4.1.2. Metal Compounds

Photothermal effect caused by UV light has also been demonstrated for the formation of metal
oxides. Park and co-workers irradiated a film of metal alkoxides/hydroxides prepared by dissolving
the nitrate/acetate precursors in 2-methoxyethanol solvent.?*> In an inert atmosphere, photothermal
heating leads to the cleavage of alkoxy groups and facilitates the M—O—M network formation by
condensation. Thus the sol—gel film is densified to an oxide film. UV radiation is also applicable
to the modification of metal compounds. Driven by UV light, reversible doping and restoration of
WS, were achieved by Eom and colleagues.?*®¢ When irradiating in N,, n-type doping is introduced
to WS,, whereas further UV illumination in O, restores the pristine features of WS,.

Combining laser-induced fragmentation and photothermal effect on different components, Cao
and co-workers synthesized ultrafine Co3;O04 NPs on rGO by irradiating an aqueous suspension
containing Co304 nanorods and GO.?37 Co30,4 nanorods go through the PLF process and split into
ultrafine NPs. At the same time, localized high temperature and photogenerated electrons lead to
the reduction of GO to rGO. Alternatively, PLA of a cobalt target in water by itself produces Co;04
NPs without supporting materials or surfactant/ligand.?*® Ni-Fe layered double hydroxides were
prepared by either PLA of an iron target in aqueous Ni(NOs), solution or PLA of a nickel target in

aqueous Fe(NOs3); solution.?*®
4.2.  Visible Light Irradiation

The light perceivable to human eyes, or visible light, lies in a quite shallow wavelength range of
400-700 nm and a photon energy range of 1.8-3.1 eV. Similar to UV irradiation, multiphoton
effect could also bring the ionization of solvent and the generation of active radicals and solvated

electrons, which serve as in-situ reactants in the synthesis and/or modification. Among the visible
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1 light-assisted synthesis and modification of nanomaterials, visible light laser constitutes the most
2 powerful tool, which has been attempted for decades.?#0-242

4.2.1. Metals
4 Photoreduction by visible light laser is applicable for synthesis of metal NPs given the adequate

5  selection of semiconducting materials.>*> Moussa and colleagues reported the visible light-induced
6  co-reduction of metal cation and GO support for preparing metal NPs supported graphene.?** GO
7  could generate electron—hole pairs, of which the holes are scavenged by solvents and electrons
8  serve as in-situ reductants for GO and metal cations. Furthermore, direct photoreduction has also
9  been reported to prepare metal NPs. Tibbetts and co-workers compared the efficacy of 532 nm
10 nanosecond (ns) laser pulses and 800 nm femtosecond (fs) laser pulses in the nucleation and growth
11 of Au NPs without any additives or ligands.?* By tuning the laser pulse energy, the authors
12 received Au NPs with varied average sizes. (Fig. 13) It is observed that growth kinetics of Au NPs
13 by ns laser pulses is less sensitive to pulse energy compared to that by fs laser pulses. Simulation

14  studies unravel that the reduction of AuCl,~ to Au NPs by ns laser pulses proceeds via a

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

15  photothermal autocatalytic mechanism coupled with surface plasmon resonance-enhanced
16  fragmentation, distinct from the radical-mediated photoreduction by fs laser pulses. As a result, Au
17  NPs prepared by ns laser pulses are equipped with small sizes of 5—7 nm and uniform distribution
18  with a polydispersity index (PDI) of ~0.04 (Fig. 13). Lin and colleagues reported that carbon dots
19  also generate electron—hole pairs by absorbing Xenon light.?*¢ Accordingly, Ru cations are reduced
20 by the electrons to form NPs. Meanwhile, the possible thermal effect leads the evolution of pristine

21  carbon dots into an encapsulation layer around the Ru NPs.
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Fig. 13 TEM images and size distribution curves of Au NPs synthesized by 532 nm, 8 ns laser
pulses with pulse energy of 100 mJ (a), 67 mJ (b) and 50 mJ (¢), and by 800 nm, 30 fs laser pulses
with pulse energy of 3.3 mJ (d), 3.0 mJ (e), and 2.7 mJ (f). The scale bar of the inset in (a) is 10
nm. Adapted with permission.?*> Copyright 2018, PCCP Owner Societies.

Laser-based techniques are used for the rapid synthesis of unconventional materials that are
otherwise only reachable by complex, time-consuming and energy-intensive methods. Zheng and
co-workers reported a laser-assisted strategy for the synthesis and structuring of immiscible RhAu
alloys.?*” Fig. 14a illustrates the optical setup and ion accumulation. Upon laser illumination on the
thermoplasmonic Au substrate, high thermal gradients are established and result in the formation
of'a microbubble trap (MBT). Under thermal gradients, convection affects the flow of metal cations

and leads to the accumulation of cations in the vicinity of MBT. As a result, the cations are rapidly
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1 reduced, giving an ultrahigh supersaturation within the limited zone. The nucleation and growth of
2 RhAu alloys are thereby confined within a limited area. Through the stage translation and shutter
3 on/off operations, the RhAu alloys can be patterned on the substrate. (Fig. 14b and 14c) TEM
4 images in Fig. 14d and 14e confirm the formation of RhAu NPs with d lattice spacing of 0.235 nm.
5 Advanced nanostructures are also obtainable by using pulsed lasers. Hampp and colleagues
6  reported the PLA of a gold target in water glass solution.?*® The resulting Au NPs are found to be

7  encapsulated by a thin SiO, layer.
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9  Fig. 14 (a) Schematic illustration of the optical setup and ion-accumulation. Laser-induced MBT
10 leads to highly localized supersaturations of precursor ions in the vicinity of the MBT—substrate
11  interface, enabling the simultaneous synthesis and patterning of RhAu alloys. (b) Optical image of
12 the patterned RhAu alloys. The inset shows a completed sample of 2.25-mm? area. (¢) SEM image
13 of patterned alloys with 2-um interline spacing. (d) TEM image of RhAu alloys. (e) High-resolution
14  TEM image of RhAu alloys with lattice spacing indicated. Adapted with permission.?*” Copyright
15 2019, Elsevier Inc.

16 4.2.2. Metal Compounds

17 The potential of visible light laser in the modification of metal compounds has also been exploited.
18  Using PLA technique, Saitow and co-workers reported the rapid synthesis of MoS, quantum dots

19  (QDs) with a diameter of 4 nm in binary solvents of ethanol and water.?** Micron-sized MoS,
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powder is dispersed in the mixed solvent and then irradiated by 532 nm nanosecond pulse laser for
20 min. The crystalline MoS, QDs consist of 3—5 layers and contain sulfur vacancy defects at an
atomic concentration of 1%. The defect-rich MoS, QDs are found to present excellent
electrocatalytic activity and blue luminescence property. In addition, laser induced defects have
been reported to engineer other types of metal compounds. Carrier doping effect was revealed on
large-scale WS, monolayers grown by van der Waals Epitaxy.?>° Defective cobalt oxide with Co**

defects and oxygen vacancies was prepared by PLF of 8 nm oxide NPs.?3!
4.3. IR Irradiation

The photon energy of IR lies below the red light and its wavelength spans the range of 700 nm—
I mm, which can be subdivided into near, middle and far IR. IR frequency approximates the
vibrational and rotational frequencies of molecular bonds. Thus, IR photons can be emitted or
absorbed by molecules when changing the vibrational/rotational movements. The photon energy is
insufficient to generate radicals and/or electrons, in stark contrast with UV and visible light.
Utilization of IR radiation in material synthesis and modification is thus mostly limited to IR-based
lasers.

4.3.1. Metals

IR laser-induced heating within the temporal scale of femtosecond or picosecond and the spatial
limitation of irradiated spots opens a vast of opportunities in the synthesis of metal NPs.?2-2>7 Ag
one of the examples, semiconductors can be activated by an IR laser to generate hot electrons that
reduce metal ions to form NPs. In the presence of semiconducting MoS; nanosheets, Li and co-
workers prepared metal-MoS, hybrids.?>® Fig. 15a illustrates that an IR laser induces the generation

of electron—hole pairs. The electrons reduce the cations in the solution, leading to the deposition of
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1  metal NPs onto MoS; nanosheets. As cases in point, ultrafine Ag (Fig. 15b and 15c) and Pt (Fig.

2 15d and 15¢e) NPs loaded on MoS, with high dispersity are prepared.

Femtosecond laser pulses
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4 Fig. 15 (a) Schematic illustration of laser-induced decoration of MoS, with noble metal (Ag or Pt)
5  NPs. TEM (b) and high-resolution TEM (c) images of the Ag—MoS,; hybrids. TEM (d) and high-
6  resolution TEM (e) images of the Pt—MoS, hybrids. Lattice spacings of MoS,, Ag and Pt phases
7  are indicated in (c) and (e). Adapted with permission.?>® Copyright 2018, American Chemical
8  Society.

9 Advancing the traditional photoreduction of metal cations, Li and colleagues proposed the

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

10  utilization of electrons from laser-induced plasma to prepare plasmonic nanostructures.?>® It is
11 found that plasma-induced reduction has higher photon utilization efficiency in terms of colloidal
12 NP yields than direct photoreduction of metal precursors. The NPs are also capable to self-assemble
13  into shaped nanostructures directed by surface tension gradients between irradiated and
14 unirradiated regions. Eychmgller and co-workers used a two-step strategy of PLA (1064 nm laser)
15  followed by PLF (355 nm laser) to prepare noble metal aerogels.?*® The metal NPs are stabilized
16 by electrostatic repulsion that arises from the inorganic ions in the aqueous solution.?¢! By
17  introducing a suited support, heterogeneous metal-support composites are also prepared by laser-

18  based techniques.?62-26
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Mukherjee and colleagues combined PLA and galvanic replacement reaction (GRR) techniques
to prepare ternary nanoalloys.?®¢ Cobalt pellet is rationally chosen as the target metal irradiated by
a 1064 nm pulsed laser because of its lower Co/Co?" redox potential (—0.28 Vsyg) than PtCl,> /Pt
(0.76 Vggg) and Cu*/Cu (0.52 Vggg). The GRR between ablated Co and two metal precursors
(K,PtCly and CuCl) gives PtCuCo ternary nanoalloys. The PtCuCo alloy composition can be
facilely tailored by varying the precursor concentration, solution pH, and ablation time. The target
Co and metal precursor can also be replaced to obtain other ternary alloys. PLA method is also
found to generate core—shell structures, such as the formation of metal@metal from a binary alloy
target®®’, metal@carbon by using an organic solvent?®8-274 and from metal—organic frameworks
(MOFs)?7>, and metal@oxide in ethanol solvent?7,

4.3.2. Metal Compounds
IR PLA i1s capable of preparing metal compounds under desirable conditions. In 1 M KOH

solution, PLA of Co target results in the formation of CoOOH nanosheets with abundant oxygen
vacancies and relatively thin thickness.?’”” IR PLA is also an effective tool for doping heteroatoms.
Amans irradiated Gd,Oj; target in an aqueous solution of EuCl; and attained Eu-doped Gd,0;.278
IR PLF is proved as a valid strategy to embed small-sized NPs into a matrix with uniform
distribution. Wang and co-workers fragmented a colloidal solution of originally 40 nm La-doped
BaSnO; (LBSO) NPs into <10 nm NPs.?” By mixing the newly-fragmented colloid solution with
Mo-doped BiVO,; (MBVO) precursor solution while keeping other preparation conditions
unchanged, the authors managed to obtain MBVO film embedded with uniform LBSO
nanocrystals.

High temperature and fast quenching created by laser favor the formation of compounds that are
normally attainable by thermal heating in the furnace. Deng and colleagues reported a general laser

metallurgy strategy to synthesize transition metal carbides.?®® MOF layers are irradiated by an IR
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1 laser in air. The absorbed photons generate a high local temperature reaching up to 2620 °C with a
2 heating rate of 6x10° °C s7! and a cooling rate of 10° °C s™!. Metal ions are instantaneously reduced,
3 carbonized to form carbide NPs and quenched to prevent agglomeration. (Fig. 16a) Single phase
4  carbides with sizes in the range of 620 nm are successfully prepared by changing the initial MOF.
5 (Fig. 16b) Cheng and co-workers prepared Pt nanoclusters supported on defective CeO, by
6 irradiating cerous MOF containing Pt ions with nanosecond IR laser.?! Compared to the Pt@CeO,
7  prepared by traditional furnace calcination, the laser technique endows Pt@CeO, with more
8  defective CeO, surface and stronger metal-support coupling. (Fig. 16c) Melting of MOFs by
9  femtosecond laser pulses allows the conversion of interpenetrated 3D MOFs comprising flexible
10  ligands into well-organized spheres with a metal oxide dendrite core and amorphous organic
11 shell.?®? Laser sculpturing is also a firm method to prepare metal carbides through the thermal
12 effect.?®3 When exposed to an IR laser, the precursors absorb the IR photon energy, which then
13 generates high temperatures (over 1700 °C) within millisecond timescale. Carbon sources are

14 “explosively” vaporized and reacts with metal ions to form macroporous carbides (e.g., MoC,, WC,,

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

15  and CoC,). Analogous to the formation of metal@carbon core—shell structures, IR lasers can also

16  lead to the formation of compound@carbon?®+287 and metal@compound?® core—shell structures.
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Fig. 16 (a) Laser metallurgy method for the synthesis of transition metal carbides. (b) TEM images
of carbides. From left to right, ZrC, TiC, VsC;, a-MoC, and Cr;C, NPs. Scale bar is 10 nm. Adapted
with permission.?®? Copyright 2019, American Chemical Society. (c) Schematic illustration of the

laser-induced formation of defective CeO, supported Pt nanoclusters. Reproduced with
permission.?8! Copyright 2020, Wiley-VCH.

4.3.3. Carbon

Laser scribing has been proved as an efficient way to produce graphene membrane/patterns
through the thermoreduction of GO?%2°2 and carbonization of polyimide film?°3-2%, A recent
review article has especially focused on the laser-induced graphene.?® The IR laser significantly
elevates the local temperature on the irradiated substrate within in a short time period. GO is thus
thermally reduced to graphene by removing the oxygen functional groups. Polyimide film is

instantly carbonized into graphene. Moreover, one side of the graphene membrane is found to be
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1 hydrophobic and the other hydrophilic, also known as Janus graphene. This strategy carries
2 remarkable merits in the large-scale synthesis of flexible, patterned graphene membranes.
3 As an abundant source for carbon materials, heavy hydrocarbons have rarely been utilized as an
4  affordable feedstock. Recently, Grossman and co-workers reported a laser treatment to heavy
5 hydrocarbons, including tar, pitch and coal, for obtaining carbon materials ranging from amorphous
6  to highly graphitic together with a broad distribution of electrical conductivity (Fig. 17a and
7  17b).2°7 The authors demonstrated that finely tuning laser power, speed, and focus of the CO, laser
8  source and carefully selecting the hydrocarbon feedstock allow the full control over the H:C ratio,
9  sp? concentration, and degree of graphitic stacking order of the ablated products. The structural
10 diversity of ablated products from laser-ablated heavy hydrocarbons is also revealed by the high-
11 resolution TEM images in Fig. 17¢, 17d and 17e. According to the fringes and the layer stacking,
12 the graphitization degree of carbon products follows the order of coal (high), tar (medium) and

13 pitch (low).

(a) Heavy Hydrocarbons

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.
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Fig. 17 (a) Heavy hydrocarbon materials: tar, pitch, and coal. (b) Laser-ablated stochastic graphitic
system from heavy hydrocarbon. TEM images of laser-ablated steam cracked tar (c), low-volatile
bituminous coal (d), and mesophase pitch (e). Arrows point to graphitic fringe stackings. All scale
bars are 5 nm. Insets of (c) and (d) are profiles of highlighted lines. The average interlayer spacing
of ablated tar is ~4.3 A, and that of ablated coal is ~3.4 A. Adapted with permission.2’ Copyright
2020, American Association for the Advancement of Science.

PLA and PLF have also been attempted for the preparation of carbon materials. Interestingly,
Szymanski and co-workers found that an IR (1064 nm) laser pulse is more productive for carbon
dots (CDots) than an UV (355 nm) laser pulse in the PLA of a graphite target due probably to the
viscous solvent of polyethylene glycol 200.2% PLA of graphite also generates CDots with smaller
average sizes than that by PLF of an rGO suspension. In addition, pyrolysis of organic solvents
driven by the laser-induced high temperature leads to the formation of CDots.?”” The solvent

composition is tunable for doping of the CDots.
4.4. Microwave Irradiation

Microwave is an electromagnetic wave with a wavelength of 1 mm—1 m and a photon energy of
1.24 meV-1.24 peV. Different from the electromagnetic spectrum with higher photon energy, the
most relevant utilization of microwave for synthesis and modification of nanomaterials originates
from the thermal heating mediated by microwave absorbing materials. Microwave radiation
essentially is composed of oscillating electric and magnetic fields. A material absorbs the
microwave through either the interaction with one of the two fields or both. Properties to describe
such interactions with oscillating electric and magnetic fields are the bulk permittivity and
permeability of a material, respectively. A material with high permittivity has its molecules
randomly oriented with no internal electric field in total. When exposing this material to an external
electric field, the rotational alignment of molecules is induced in a way that their electric dipoles
are polarized, giving an internal electric field opposite to the external one. If the external field is

oscillating at a high frequency, the molecules are thereby rotating at a high speed and the
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1  temperature of these molecules is dramatically elevated. In this way, the absorbed microwave
2 photons are dissipated as thermal energy. Energy dissipation in the form of magnetic rotation works
3 in the same way for materials with high permeability. By far, various types of materials, including
4  carbon, carbides, oxides, sulfides, phosphides, polymers, metals, and MOFs, have been reported as
5  efficient microwave absorbers.3% Most of the absorption is carried out in a liquid environment that
6  limits the ramp rate and the ultimate temperature.!! Renewed efforts have been made in optimizing
7  the dielectric and magnetic properties of the absorbers to enhance the microwave—matter
8 interaction and the energy conversion efficiency. The efficient energy conversion permits the rise
9  of temperature to over 1000 °C in seconds or even quicker.

10 4.4.1. Metals and Compounds

11 Microwave-assisted synthetic method is often general and versatile to yield many types of
12 materials. Either metal or compound NPs are attainable by following the same route but simply
13 changing the precursor or the synthetic environment. We herein combine the discussions of metals

14  and metal compounds in one subsection.

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

15 Transient thermal shock has been proved to synthesize well-dispersed and uniform-sized NPs by
16  ultrafast heating and quenching.3?!- 302 Hu and colleagues extended this tactics by utilizing
17  microwave radiation.’®®> As shown in Fig. 18a, by irradiating precursor loaded on rGO with
18  microwave, a thermal shock is induced which leads to the formation of NPs homogeneously
19  anchored on rGO. It is found that the temperature rises and stabilizes at around 1400 °C for
20  subseconds during the microwave irradiation, which is followed by the rapid quenching (Fig. 18b).
21  Using rGO with different amounts of defects (or oxygen functional groups), the authors discovered
22 that optimal content of defects is necessary to enhance the photon absorption and maintain the
23 thermal conduction (Fig. 18¢c). The photon absorption is further attributed to the polar oxygen

24 functional groups that induce electric interaction with the electromagnetic field (Fig. 18d). Metal
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1  (Ru, Pd and Ir) NPs are prepared using corresponding chloride precursors and CoS NPs are
2 obtained using cobalt acetate and thiourea. Carbon black supported ultrafine Ru NPs are also
3 synthesized by a similar microwave irradiation.’** Differently, the amount of carbon black is
4 suggested to be optimized due to the compromise between mass-driven microwave coupling and
5  surface area-driven heat dissipation. When using a microwave absorber with moderate electronic
6  conductivity, local Joule heating also becomes significant, which further elevates the temperature
7 to ~2000 °C that otherwise is limited to below 900 °C by conventional microwave heating.’% In
8  addition, microwave-enabled fast heating with high peak temperature allows the synthesis of MOF-

9  derived metal nanostructures.3¢

Microwave Irradiation
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11 Fig. 18 (a) Schematic illustration of the thermal conversion from precursor/rGO (left) to NPs/rGO
12 (right) by microwave irradiation. (b) Profile of average temperature captured during the microwave
13 thermal shock. (c) The effect of defects on the thermal shock effect, showing that the thermal shock
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effect only occurs when there is both good microwave absorption and good thermal conduction.
(d) Depiction of the rotating dipole of the rGO functional groups during microwave irradiation.
3 Reproduced with permission.3? Copyright 2019, Elsevier Inc.

N —

4 Microwave heating, like other types of radiations, has been reported for the preparation of single

5  atomic metals. Despite that several methods have succeeded in the synthesis of single atomic

6  metals anchors on carbon-based supports, pyrolysis of precursors at high temperatures remains the

7  most prevailing one. Using the microwave heating, Duan and co-workers experimentally validated

8  a general and efficient strategy to obtain graphene-supported single atomic metals.?” GO is first

9  functionalized with amino groups and then loaded with trace amount of metal precursors. After
10  microwave irradiation of the freeze-dried precursors in argon for 5 seconds (3 seconds induction
11 period and 2 seconds reaction period), the final products are received. The short time period
12 prevents the possible agglomeration of metal atoms. Such a method is therefore regarded to be
13 much more time-efficient than traditional pyrolysis in the electric furnace.

14 4.4.2. Carbon

15 Thermal heating by microwave is also viable for the synthesis and/or modification of carbon

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

16  materials, especially in the case of thermal reduction/exfoliation from GO or graphite oxide to rGO
17  and high-quality graphene.3%8-312 However, the thermal process is not as straightforward as it seems
18  to be. Chhowalla and co-workers reported a simple, rapid method to reduce GO in argon by 1- to
19  2-second microwave pulses.’'3 The microwave-reduced GO is found to have higher quality than
20 rGO prepared by conventional chemical reduction or high-temperature pyrolysis. More importantly,
21  itisrevealed that a moderate GO reduction step prior to the microwave radiation is prerequisite for
22 the efficient absorption of microwave. The rapid heating then leads to the removal of oxygen
23 functional groups and the restoration of sp>-bonded carbon atoms. Later, Xu and colleagues found
24 that direct microwave heating of graphite oxide in air takes 15-20 minutes to obtain exfoliated

25  graphite oxide.>'* In contrast, in the presence of a small amount of graphite, it unexpectedly acts
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as a catalyst to substantially accelerate the exfoliation process to just 2—3 seconds. It is deduced
that the graphite powder with large n-domain is an efficient microwave absorber that delivers the
photon energy to surrounding gas molecules. A plasma is thus generated to instantly reduce the

graphite oxide.

5. Conclusions and Outlook

Synthesis and modification of nanomaterials lay the foundation of the unprecedented
advancement of nanotechnology in various fields over the past years. Growing attention has been
paid to developing preparation methods with high time efficiency, simplicity, and scalability as
well as abidance by the concept of green chemistry. While Joule heating plays a dominating role
in fueling the conventional synthesis and modification of inorganic nanomaterials, the low electric-
to-thermal energy conversion efficiency due to the inevitable heat dissipation remains an issue to
be tackled. The energy conversion efficiency is even lower when heating up to higher temperatures
because of the larger temperature gradient relative to the environment, making it an energy-
intensive and time-consuming process. Radiation in the forms of electromagnetic waves or
energetic particle beams provides an alternative type of energy, which directly gives rise to
atom/molecule ionization, electron transition, bond breaking, molecular transition, vibrational
transition, and/or rotational transition to the irradiated substances. According to its energy, such
radiations can be categorized as ionizing and non-ionizing. lonizing radiations include y-rays, X-
rays, high-energy subatomic beams, and far UV, whereas non-ionizing consists of near UV, visible
light, IR, microwave, and radio wave. Table 4 summarizes the applications of y- and X-ray, particle
beam, UV-visible-IR, and microwave radiations for the synthesis and modification of different
types of inorganic materials together with their corresponding strengths and weaknesses. One of

the shared advantages by these radiation techniques is the high versatility to various types of
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materials. No conventional heating apparatus is required. Thereby, the issues related to uneven heat

conduction facing traditional wet-chemical methods is effortlessly mitigated.

Table 4 Summary of the applications of different types of radiations and their corresponding
strengths and weaknesses.

Radiation Application Strengths Weaknesses
y- and X- o Synthesis of supported and = Ease of operation o Sedimentation
ray unsupported metal NPs = No reductants/oxidants o Poor structural control of NPs
o Synthesis of oxides and sulfides ™ Ambient conditions o Accessibility to radiation source
o Surface engineering of carbon o Removal of surfactant
materials
Particle o Synthesis of supported and = Ease of operation o Low penetration
beam unsupported metal NPs = No reductants/oxidants o Poor structural control of NPs
o Surface engineering of metal = Ambient conditions o Limited scalability
compounds and carbon materials ™ In-situ observation using TEM o Accessibility to radiation source
uy, o Synthesis of metals and = Time-saving and user-friendly o Poor size control

visible and
IR

compounds in different sizes
o Synthesis of carbon materials

Absence of surfactant
Accessibility to radiation source

o Presence of photoinitiator
o Ambiguous mechanisms

Microwave

e Synthesis of metal and
compound NPs
o Synthesis of carbon materials

Time-saving and user-friendly
High thermal efficiency
Absence of surfactant
Accessibility to radiation source

o Limited scalability
o Presence of microwave
absorbing materials

Among the radiation effects, atom/molecule ionization, electron transition, bond breaking lead

to the production of active species, such as solvated electrons and free radicals, which serve as in-
situ reductants or oxidants to replace foreign counterparts. On the other hand, molecular transition
of photoinitiators results in the formation of electron—hole pairs, in which hot electrons and holes
function as reductants and oxidants, respectively. Furthermore, vibrational and rotational
transitions could cause ultrafast heating up to extreme temperatures from the atomic or molecular
perspective. Note that in kinetic theory temperature corresponds to the motion of atoms and
molecules. The high temperature pulse (rapid heating and quenching) results in the fast nucleation,
growth and stabilization of NPs within the temporal scale of seconds or less. Advanced laser
technology even strengthen the capability of UV, visible light and IR radiations. Laser-mediated
photothermal effect and plasma generation can bring both chemical and physical reactions to the

sample. Therefore, radiation-induced synthesis and modification of nanomaterials can avoid the
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excessive usage of reductants/oxidants, shorten the reaction time, and reduce the energy
consumption. These merits support all basic points required by the Green Chemistry.

Despite these remarkable promises, radiation technology still faces challenges prior to its
widespread implementation in material synthesis and modification. Ionizing radiation sources are
rare and not as easily accessible as traditional heating devices in every laboratory. Potential hazard
to creatures exposed to such radiations keeps researchers alert and reluctant to exploit them. As a
matter of fact, it is not quite the case as long as users strictly follow the standard protocols under
the guidance of professionals. Therefore, more dissemination of the ionizing radiation in the future
is called for the wide-spread promotion of this user-friendly technology. Non-ionizing radiations
can be provided by a lamp or a laser source that is commercially available. Thus, the access is
easier and the operation is safer given that the proper personal protection is provided and the
corresponding regulations are followed.

In terms of synthesis and modification assisted by ionizing radiations, control of the size and
distribution of NPs is not as straightforward as the well-established wet-chemical colloidal method.
At a specific dose rate, G values of active species are constant, meaning that the generation rate of
metal atoms is always fixed in the course of radiation. The dose rate is determined by the source
and not quite freely adjustable, which is different from the colloidal synthesis as one can add the
reactants faster or slower at will. Radiolytic synthesis of metal NPs in an aqueous system often
requires the presence of surfactants/ligands to regulate the nucleation and growth processes to
obtain small-sized and uniformly-distributed NPs. Alternative solvents have been attempted, but
their radiolysis is still not fully clear, making it hard to preset the radiation parameters. Supporting
materials can be added to anchor the formed NPs on the surface. However, the liquid system needs
to be irradiated in an isolated and closed chamber where mechanical stirring to the system is barely

possible to apply. Spontaneous sedimentation of supports implies that the NPs will not be loaded
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1 uniformly because the lower part of solution is populated with more supporting materials than the
2 upper part. Operation in the radiation chamber also causes scalability issues. The synthesis and
3 modification are largely conducted batch by batch and the total volume is limited by the inner space
4  of the chamber. Since the metal precursor concentration is relatively low, the yield of NPs hardly
5  reaches subgram scale. Considering these issues, future directions in the research of ionizing
6  radiation can be committed to (1) size control of NPs within confined space by taking advantage
7  of the high penetration of radiation, (2) attempts of non-water solvents and understanding of the
8  radiolytic mechanism, and (3) design of a flow reactor with part of it placed inside the chamber
9 and exposed to the radiation so that the stock solution can be mobile.
10 Non-ionizing radiations inclusive of near UV, visible light, IR and microwave interact with
11  substances at the molecular level. In all cases, the photon energy is absorbed if not reflected. The
12 absorbed photon energy excites the kinetic motion that heats up the substance, especially in the
13 case of a laser radiation. In light of this, the non-ionizing radiations can induce photothermal and

14 photochemical effects. When a substance is being heated up to an extreme temperature, a plasma

Published on 13 August 2020. Downloaded on 10/27/2020 7:26:38 AM.

15  can be formed. Electrons in the plasma may also lead to chemical reactions. Precise clarification
16  of the mechanisms in the synthesis and modification is thereby difficult. Photoinduced electron—
17 hole pairs are often trapped at specific sites of the semiconductor, leading to the site-selective
18  anchoring of NPs on the surface, whereas ionizing radiation generates solvated electrons and free
19  radicals homogeneously throughout the whole liquid phase. It is therefore challenging to prepare
20  heterogeneous structures with the metal NPs uniformly loaded on the support by means of
21  photochemical reduction. Laser-mediated techniques, including PLA, PLF and PLM, are known to
22 efficiently produce NPs with clean surface. However, the productivity of NPs is relatively low and
23 the on-demand control of NP size, composition and morphology is uneasy to accomplish.

24 Microwave radiation leads to the generation of thermal shock wave. The transient rise and fall of
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high temperature restrain the opportunity to tailor the size and dispersity of NPs. All the challenges
notwithstanding, future research efforts can be dedicated to (1) site-selective deposition of metal
NPs on semiconducting support to investigate metal-support interactions, (2) in situ monitoring of
materials prepared by non-ionizing radiations to understand the underlying formation mechanism,
and (3) streamlined synthesis of membrane materials and patterning of 2D materials by advanced
laser technology.

There might be other potential challenges and arising problems concerning the application of all
kinds of radiations in the green synthesis and modification of inorganic nanomaterials. With ever-
increasing interest being triggered and extensive attempts being made, this technique thus holds

great promises and is worth awaiting for further advancement in the coming future.
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Radiation holds great potential to energize the synthesis and modification of nanomaterials with

high efficiency, simplicity, scalability, and environmental friendliness
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