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Abstract

This review focuses on the highly versatile and effective method of radiolysis for the
synthesis of nanoparticles (NPs). In particular, the formation of bimetallic and alloyed
nanoparticles (or nanoalloys), including both known super alloys and novel alloy NPs
compositions is described. This review discloses the synthesis techniques that rely on
ionizing radiation sources to create metallic NPs. Then alloy NPs formed from
combinations of transition metals and noble metals with varied structures are described.
Some of the advantages of radiolysis including exquisite control over the size,
monodispersity, and alloying structure of NPs are discussed. Additionally, methodologies
that facilitate the synthesis or deposition of NPs onto a range of supports under inert
environments are described. Finally, applications of metallic NPs formed by radiolysis are

summarized.



1. Introduction

Metal nanoparticle (NP) research has continued to grow for over two decades bringing
great promise with the numerous current and potential applications in fields ranging across
the spectrum, including catalysis, medicine and energy.! With the drive for novel NP
applications, focus is being placed not only on understanding the properties of metallic NPs
through characterization, but also on expanding synthesis methods. This is critical to the

goal of designing more novel metallic NPs with better control over structure.

A way to improve metal NP is to combine metals having complementary properties of
interest, supposing that properties will combine as well. This idea led to alloys: mixtures
of metal atoms having defined metallic bondings.* For example, the combination of
magnetic properties of Fe NPs with plasmonic properties of Au ones has been shown by
Amendola et al.> Alloys metal NPs have gain interest due to their remarkable performances
towards usual metallic NP applications such as catalysis. Indeed, some alloys were found
more efficient or at least behaving differently when compared to their monometallic

counterparts in some catalysis applications.®®

A variety of synthesis techniques are available for metallic NPs, and particularly alloyed,
bimetallic NPs, or nanoalloys.>*!® A recent review by Zaleska-Medynska et al. detailed
metallic nanoalloys,!! with overviews of the varied synthesis techniques including popular
methods such as microwave heating, molecular beams, chemical reduction methods,
electrochemical techniques, thermal decomposition and radiolysis. Further synthesis
techniques include novel approaches such as biosynthesis and ultrasound.!*!3 Together,
the suite of techniques available for alloyed NP synthesis provides a powerful toolbox for
designing the compositions of NPs. Complementary information on the formation of metal
and nanoalloy NPs can be found in these recent reviews or books.>'*!> Many of the
available techniques have significant limitations in terms of the variety of applicable
materials, the structures that can be formed, or in scalability. Thermal decomposition is
one technique to form alloys. However, it is primarily limited to low-valent, mainly noble,

metals. In chemical reduction, bimetallic particles generally form core-shell structures with



the higher redox potential metal reducing first to form the core, and the metal with the
lower redox potential making up a shell. With the use of ionizing radiation, the
bombardment of ions with high energy can induce structures not strictly dictated by e.g.
the redox potential of elements. Molecular beams are useful for creating and studying
clusters, though they are not practical for large-scale synthesis. By comparison, gamma(y)-
radiation is an effective technique for the controlled, scalable synthesis of a wide range of
transition metal alloy nanoparticles. It is also a technique that allows for the control of NP
structures through variable reaction dose rates. Recent publications showed that the shape

16,17

morphology of metal NP is one of the key features for their properties; and can be

controlled by radiolysis."'®

Herein, the scope of the review paper will be to focus on the use of radiolysis for the
formation of nanoalloys and NPs, and describe synthesis techniques using radiolytic
chemistry. Radiolytic chemistry involves the dissociation of molecules via ionizing
radiation to generate reactive chemical species. Radiolysis can be used to form a wide range
of monometallic and multimetallic species from not only noble metals, but also transition
metals and group 3-5 metals. Furthermore, radiolysis provides the unique capability to
explore novel materials that have not been previously identified. These novel materials can
be described as “kinetically driven,” meaning that the alloys or crystal structures created
are not thermodynamically favored, and therefore not formed during other, lower energy
synthesis techniques. Control over the dose and dose rate in radiolysis enables precise
control over the formed particle characteristics, including size, shape and crystal structure.
NP species and/or nanoalloys that have been synthesized by radiolysis and provide an
outlook on future possible areas of discovery will be outlined, followed by a word on
superalloys then, the ability to synthesize and deposited NP on a variety of supports at
room temperature make radiolysis relevant to future research in nanoalloys.'”” Added
benefits of utilizing radiolysis for the formation of NPs, in addition to the control over the
size and alloying structure is the ability to form disperse nanoalloy NPs on a range of
supports under inert environments. This supported synthesis offers improved distribution

of'the NPs, which limits their unwanted aggregation. Recent developments of this synthesis



technique will be developed below. The last synthesis technique discussion of this review
will focus on the recent developments of sintering technique.

The advantage of radiolysis in the design of specially engineered nanoalloy NPs make it
an exciting tool for NP synthesis research, provided that obtained NPs are fully
apprehended using comprehensive characterization techniques. Methods and their scope of

interest are summarized herein.

The study of NPs formation mechanisms during radiolysis is vital to understanding and
designing optimal NP reaction conditions. Pulse radiolysis is particularly useful method
for elucidating the mechanisms of reactions at very short time scales. Detailed theoretical
and experimental studies by various groups worldwide have focused on both the reaction
mechanisms in the radiolysis of water, and the mechanisms of NP formation.?*%> Only

experimental studies will be described below.

Finally, the intense and expansive research into nanoalloy synthesis via radiolysis is
motivated by the growing body of current (and promising future) applications that take
advantage of the unique properties of the NPs. Applications such as catalysis, hydrogen
gas production, waste remediation, and superalloy materials development, are all positively
benefitted from this research. It is well documented that the quantum size effects lead to
NP properties unique from those in the bulk.?® This review addresses a number of
applications that are (or can be) positively affected by the development and use of

nanoalloys formed by radiolysis.

2. Methods
Radiolytic chemistry involves the dissociation of molecules via ionizing radiation to
generate reactive chemical species. Examples of such radiation sources include high
energy, short wavelength high frequency electromagnetic radiation waves from the UV, X-
ray and gamma ray spectrums or accelerated particle beams of electrons or ions. In a typical
radiolytic synthesis, the ionizing radiation is applied to generate by interaction with the
solvent (or a matrix) strong reducing species (solvated electron, €solv, hydrogen atom, H")

capable of reducing most of the metal cations dissolved in the solution (or matrix).



Radiolysis techniques offer several advantages for a controlled reduction of metal ions: (1)
no addition or no use of excess of reducing agent or undesired oxidation products from the
chemical reductant, (2) a well-known rate of reaction, since the number of reducing
equivalents generated by radiation is well defined and fully determined by the dose
deposited in the sample, (3) absorption of the energy of the radiation by the solvent (or
matrix) without interference from light-absorbing solutes and products, and (4) quasi-
instantaneous (~100 ns) formation of an uniform distribution of the reducing agent in the
solution.”? Moreover, the radiolysis is recognized as a mild chemical method of reduction
because it proceeds usually at room temperature, and because the reducing species can be
generated at a very low rate in the sample. Typically with a Gamma source, the rate of
formation of reducing species can be continuously tuned from the umolL'h'! to the
mmolL'h! ranges. The choice of the ionizing radiation allows the control of the dose rate,
over several orders of magnitude. Typical dose rate employed in the preparation of core-

shell and alloyed NPs are given in Table 1.

Table 1: Nanoalloy formation by y-radiation or other ionizing radiation techniques. The

resulting structures formed are either core-shell (CS) or alloyed unless otherwise noted.

_ ‘ Dose rate (or dose) | Dose rate (or dose)
Bimetallic NP | Technique Ref.
for CS Structure for Alloy Structure
Ag-Ni y-radiation 300 Rad/s 23
Ag-Pd e beam 7.9 MGy/h 80
Ag-Pd y-radiation 6.3 kGy’h 80
Ag-Pt y-radiation Alloyed 32
Au-Ag y-radiation 0.25-3.8 kGy/h 35 kGy/h 38
Laser
Au-Ag o 5-10 (mJ/cm?)/pulse | 157
Irradiation
Au-Pd e beam 7.9 MGy/h 80
Au-Pd y-radiation 6.3 kGy’h 80
Au-Pd y-radiation 2.2 kGy’h 81




A Pulse 50-55 Gy/pulse 0
Radiolysis (heteroaggregate)
254 nm deep-UV
Au-Pt uv radiation (10 W Hg 63
lamp)
Au-Pt X-ray >10'* photon.mm?/s | 53
7.9 MGy/h (Aucore-
Au-Pt y-radiation b 158
0.2 then 21 kGy
(Ptcore-Aushell)

Au-Pt y-radiation 1.75 Gy/s 28
Au-Pt e beam 2200 Gy/s 28
Au-Pt Ton beam BCe* 28
Au-Pt e beam 12 kGy 72
Ce-Ni y-radiation 5 kGy/h (92 kGy) 159
Cu-Fe y-radiation Alloyed 32
Cu-Pd y-radiation 8 kGy 43
Cu-Pt y-radiation 5 kGy/h 150
Cu-Pt e beam 20 kGy/several s. 74,75
Ni-Pd y-radiation 300 Rad/s 82
Ni-Pt y-radiation Alloyed 32
Pt-Ru y-radiation 6.48¢” kGy/h 103
Pt-Ru ¢ beam 3 kGy/s 73

Tuning the dose rate is particularly useful in the context of metal nanoparticles synthesis,
as it is well-established that the dose rate is a crucial parameter governing the complex
nucleation-growth reactions.*” As a rule of thumb, in solution, a high dose rate favors the
formation numerous nucleation centers and small NPs with a narrow particle size
distribution are synthesized, whereas at low dose rate, larger NPs are usually obtained. In

a similar way, the dose rate governs also the formation of alloys of bimetallic compounds.



The structure of these nanoparticles results from an equilibrium between the radiolytic
reduction and the electron transfer reaction. Alloys are synthesized at high dose rate,
whereas core-shell bimetallic NPs are obtained at low dose rate. Furthermore, the effect of
the dose on the nucleation of silver and bimetallic gold-platinum NPs is unique per

radiolysis source, such as for y, e, and Cs" beam.?®

The irradiation sources can be classified regarding their Linear Energy Transfer (LET),
which governs the radiolytic yield of formation of the reducing species and the penetration
of the radiation. Electromagnetic (EM) radiation (UV, X-ray, y) and accelerated electrons
beam are low-LET ionizing radiations, while ion beams are high LET radiation. For
radiations of similar LET, the radiolytic yield of formation of different radiolytic species
is similar, yielding, at the same dose rate, the same chemical reactivity upon irradiation.
Notably, y-gamma ray and 1-10 MeV electron beams have similar LET and are therefore
complementary techniques to investigate the formation of NPs by using steady state (y-ray)

or pulse-radiolysis (e- beam) approaches.?®*

Numerous methods are applied toward synthesis of monometallic NPs and nanoalloys.
These techniques include the standard wet chemistry based on chemical reduction, thermal
decomposition of transition metal complexes, and electrochemistry.’® Other synthesis
techniques are common including the application of energy in the electromagnetic
spectrum, from optical to gamma radiation and by bombardment using a range of ions and
electron beams.’'* These energy-based techniques will be discussed in this review,
including UV, X-ray, and particle beam irradiations. Particular attention to y-irradiation,

the most prevalent technique towards NPs and nanoalloys will be paid.

2.1 Gamma( y-)ray irradiation
Gamma( y-)irradiation is the most widely used electromagnetic (EM) energy source in NPs
formation. It is the highest frequency EM source, although there is overlap in energy
between gamma and X-ray radiation sources. This paragraph focuses on (y)-irradiation
while the next one will be dedicated to X-ray. There are numerous reports in the literature

of using both pulsed and continuous gamma irradiation for the formation of single metal,



bimetallic, and nanoalloy NPs.?%21:283537 Main features of this radiolysis technique are

summarized in Table 2.

Table 2: y-irradiation approach.

y-irradiation features

No harsh reducing agents

Aqueous environment

Room temperature, Atmospheric pressure

Control size and morphology by mild scavengers

Specific dose rates

Non thermodynamically favored NPs

Mechanism/reactivity studies using pulse irradiation

Large scale synthesis

Synthesis of Ag NPs with gamma (y-) irradiation is widely reported.**>° The Ag NPs are
commonly used as a model system, because they are easily prepared by a large range of
techniques. Additionally, y-irradiation has been used for synthesis of other metals including

Cu***! Ry, etc.®?

Alloys have been formed with gamma irradiation, and this research was pioneered by

Belloni et al.3?3%%

and largely developed worldwide. For alloys, by varying the dose rate
of y-irradiation, the structural composition of a given precursor mixture will form various
structural nanoparticles. At lower dose rates, bimetallic particles form a core-shell structure
if the redox potentials are sufficiently different. In order to invert the core-shell structure,
core-shell NPs may also be formed through a two-step reaction procedure, in which the
solution contains one metal salt and is irradiated to form the core, and then another metal
salt solution is added to the reaction and re-irradiated to form the shell." With increasing
dose rate, or energy, thermodynamic barriers to phase formation may be overcome,
allowing for alloying of species not formed by lower energy sources or wet chemistry

techniques.! This ability to finely tune the synthesis conditions and direct the final

composition provides an important advance in materials synthesis capabilities.



Gamma-rays used in radiolysis are generated almost exclusively from cobalt-60 (°°Co)
gamma (y-sources** though they are also produced by cesium-137 (!¥’Cs)).3>* The -
irradiation is produced when the ®°Co decays to excited *Ni through beta decay, and
subsequently releases two gamma ray photons as it drops to the ground °’Ni state. Because
y-irradiation occurs through decay, it is a very convenient radiolysis technique requiring
no specialized instrumentation other than those dealing with shielding. The y-irradiation
source at Sandia National Laboratories is located at the Gamma Irradiation Facility (GIF)
and is a ®Co source: 1.345 x 10° Curie (Ci), = 300K rad/h (3,000 Gray/h (Gr/h)), =
1.25KeV. As is typical, the ®*Co sources are housed in a water pool to isolate the radiation.
Furthermore, gamma irradiation from °°Co is highly uniform, and therefore the dose and
dose rate may easily be tuned and maintained by placing samples at given distances from

the source when the source is designed as a long cylinder of the appropriate dimensions.*®

Typical y-irradiation experiments to form either monometallic or bimetallic NPs involve
metal precursor salts that are dissolved in deionized water, to provide the metal ions for
reduction. In many cases, an alcohol (such as methanol) is added to the reaction solution,
to act as an OH radical scavenger. In addition, polymer additives such as poly(vinyl
alcohol) (PVA) or sodium citrate may be added as a surfactant to keep the formed NPs
both dispersed and spherical in shape.?® These solutions are sealed in reaction vessels, and
bubbled with an inert gas (e.g., argon) to remove oxygen prior to the reaction. This reaction
vessel technique has also been recently reported for the preparation of uranium

nanoalloys.*’

Another advantage of NP synthesis by radiolysis is its scalability. X-rays and y-rays and
electrons have low linear energy transfer, or energy loss per unit length of the particle path.
Therefore, larger volumes of material may be irradiated by these energy sources, and larger
scale synthesis may be achieved. y-irradiation can be used for samples with large volumes,

with uniform energy delivered which varies as a function of the distance from the source.

2.2 X-ray irradiation
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Another electromagnetic irradiation technique applied for NPs is based on the use of X-ray

4849 or from a laboratory source.’*! X-ray

irradiation from a synchrotron X-ray source
irradiation shares the same advantages of radiolysis techniques outlined previously,
however the instrumentation is more involved, and the radiation field is much smaller and
more difficult to be controlled and tuned. For example, the synchrotron X-ray source used
by Lee et al., was a 2.5 GeV with a white beam confined to 0.5 x 0.5 cm? to form Ni

nanoparticles.>>

However, the use of X-ray irradiation for the formation of alloys is rare. It has been only
reported once, explicitly on the formation of AuPt alloy.>® Intense X-ray irradiation from a
synchrotron facility (> 10'* photon.mm?.s") has been necessary to form AuPt alloys in the

presence of polyethylene glycol.

X-ray irradiation is more commonly associated with monometallic nanoparticle synthesis,
mainly gold or nickel nanoparticles have been synthesized. In addition, two examples of
X-ray irradiation promoting the silver NPs formation has been reported independently by
Zhang et al.>* and Remita et al.>> Several recent reports using in situ measurements study
the mechanism using tetrachloroaurate as precursors in different media.’®>” The reaction,
named Synchrotron X-ray induced reduction, involves the reduction of metal ions by the
radicals in situ generated by the irradiation of water, inorganic salts or ionic liquids.>® More
recently, Yamaguchi et al. confirmed that synchrotron X-ray irradiation provides hydrogen
and hydroxyl radicals from water which produced Au NPs by a redox reaction.”’ In
addition, the same group demonstrated that synchrotron X-ray irradiation can also induced
the formation of Fe or Cu particles.®® The use of ethanol as additive was required only in
the case of Cu NPs. Indeed, the authors reported that the use of ethanol enabled the
nucleation and growth of Cu particles. On the contrary, no Cu particles were obtained using

a copper sulfate solution without ethanol addition.
2.3 UV irradiation

UV-irradiation is the lowest ionizing energy electromagnetic technique, and it is also

employed for preparation of NPs.®! UV is used in monometallic®? and alloy nanoparticle
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formation.®> Monometallic Pd NPs were synthesized using a 450 W Hg lamp to irradiate a
PdCl, solution.®* Alloy Au-Pt NPs are formed within a Poly(methyl methacrylate) matrix
using a 10 W Hg lamp to produce 254 nm deep-UV radiation, which induce the alloy

formation. %>

2.4 Particle beam source irradiation

Another category of irradiation techniques comes from particle beam sources. Similar to
EM radiolysis techniques, particle beams are high-energy sources for radiolysis induced
nanoparticle synthesis. Particle beams are used to obtain irradiation over a range of
energies. lon beam irradiation including very high energy swift heavy ions® have been

28,66-68

used for metallic NPs and alloy formation.?® Electron beam irradiation has also been

used for metallic alloy formation.?®

MeV electron-beams generated by LINAC accelerators are routinely applied for the
preparation of metal nanoparticles and alloys under high dose rate delivering condition (>
kGy/s)*#2%%° The e beam facilities are the appropriate to scale the radiolytic approach at
the industrial level. As an alternative for the NPs preparation, microbeam of accelerated
electrons in the TEM enable spatially resolved and in situ preparation and
characterization.”” On the opposite side of the energy spectra, nearly-thermal electron (0.1
eV) were successfully used to prepare at high rate, surfactant free gold nanoparticles in

micro-droplets.”!

Concerning gold containing nanoparticles, Au-Pt alloys have also been formed using
electron beam irradiation with a 20 kW and 10 MeV electron accelerator.”® Using electron
beam irradiation, the effect of promoters has been studied for the formation of Pt-based
alloys. A chelate agent, tartaric acid, has been added to enhance alloying potential of Pt
and Ru supported on a carbon support during irradiation with an electron beam of 4.8 MeV
at room temperature (3 kGy/s).””> More recently, the same group proposed the use of
ethylene glycol as organic stabilizer to promote Pt-Cu alloys formation using the same

electron beam irradiation process.’* The authors claimed that the ethylene glycol protects
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the Cu metallic clusters and prevent them from competing oxidation reaction. The effect

of carboxylate containing compounds on platinum growth has also been studied.”

2.5 Pulse radiolysis

Pulse radiolysis is mostly used to study the electron-metal interactions occurring during
the formation of monometallic and bimetallic nanoparticles (see below: Mechanism).
Indeed, few publications described its use for the synthesis of metallic particles, and even
less for alloys. The first example was reported by Treguer et al.*® The authors demonstrated
that pulse radiolysis of Ag" and AuCl solutions afforded alloyed nanoparticles at 7.9 10°
kGy/h dose rates, while lower doses rates (35 kGy/h) gave bilayered materials. Later, pulse
radiolysis has been used to form Au-Pd particles but only hetero-aggregates have been

obtained.'’

3. Results & Discussions

While the majority of radiolytic syntheses are used to form monometallic NPs, there have
been efforts in many labs in using various radiolysis techniques to form alloy NPs.

3.1 Alloy Nanoparticles by Radiolysis

3.1.1 Synthesis scope

Some of the most widely reported materials used to form NPs by radiolysis are those of the
noble metals including Ag, Au and Pt. While these may readily be synthesized by
numerous techniques, they are used in a number of studies to understand the synthesis and
reaction mechanisms.’®”’ However, radiolysis is broadly applicable, and has been used in
the synthesis of NPs from numerous metals. In addition to the noble metals, radiolysis has
been used to form metal NPs including Co, Ni, Cu, Zn, Mo, Ru, Rh, Pd, Ag, Cd, In, Sn,
Sb, Os, Ir, Pt, Au, Hg, T1, Pb and Bi.*

Through the addition of a second metallic component, improvements in the stability and
selectivity of pure metallic NPs are possible. By forming bimetallic nanoalloys it is

possible to create NPs that exhibit optical, catalytic, and magnetic properties, which depend
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on the structure and composition of the NPs.? Consequently, increasing research has
concentrated on the synthesis of such varied nanoalloys. These NPs can be formed either
as core-shell segregated nanoalloys, subcluster segregated nanoalloys, mixed order or
mixed random nanoalloys, and multi-shell nanoalloys, or as core-shell nanoparticles.>’®
Table 1 lists bimetallic NPs formed by y-radiation, ¢ beam irradiation or other methods.
By varying the dose rate, the same precursors may be made into a segregated core-shell
structure or an alloy, as seen with Au-Pd.” Alternatively, varying reaction conditions
(precursors type, one-step or two-step processes) can also provide both types of structure

(Figure 1).50:81

200 nm

50 nm

200 nm

Figure 1: TEM images of Au-Pd NPs formed by y -radiation (a, b and c) as core-shell
nanoparticles formed by a gold dense core and a palladium porous shell and (d) as alloyed
Au-Pt nanoparticles. Reprinted with permission from Chem. Mater. 2009, 21, 3677—
3683. Copyright 2009 American Chemical Society.

3.1.2 Superalloys synthesis
Superalloys NPs are targeted phases for radiolysis synthesis. They are high temperature,

corrosion resistant inorganic materials with both defense and civilian applications. The
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addition of refractory elements to the traditional Ni based systems “hardens” the material
to even higher temperatures, while retaining their superb mechanical strength.
Traditionally, alloys are synthesized by a variety of methods including melt casting and
sintering. Sintering is the preferred method (as compared to melting) as it will not destroy
the refractories. It is anticipated that the radiolysis process will result in more defect-free
superalloy due to the homogeneity of the NPs and the low temperature of both synthesis
and sintering, thereby allowing for more energy efficient (lower process temperatures) and

wider ranges of alloy compositions to be synthesized.

Recent research has focused on the use of radiolysis to synthesize superalloy NPs at room
temperature. One example is with Co-Ni NPs. Using the methodology detailed earlier, 2*-%2
for the Coo.s5-Nips (50% Co and 50% Ni) alloy preparation, a 50 mL aqueous solution
containing 1 x 10* M CoCl, 1 x 10* M NiSOs, 3 x 10* M sodium citrate, 0.5 M methanol,
and 1.5 x 102 M PVA, (M, 88,000) was irradiated at a dose rate of 435 rad/s for 36 min.
Synthesis and characterization results indicated homogenous nanoparticle formation, with
NPs in the size range of 3-5 nm, in which each nanoparticle is shown to have a mixed
composition of Co and Ni atoms; there is no evidence of core-shell nanoparticle formation.
However, due to the small NP size lattice spacings from HRTEM could not be obtained.
EDX analysis shows an approximate NP composition of 30% Co and 70% Ni. Furthermore,
single particle elemental analysis data do indicate that individual NPs contain both Ni and
Co, with an approximate elemental distribution of 28% Co and 72% Ni (as supported by
broad range EDS). This composition is obviously different than the reactant mixture
composition. At this point, there is no clear evidence if the composition is an approximation
due to the small particle size being analyzed and the high resulting background count, or if

not all the metal ions were reduced in the experimental time allotted.

3.1.3 Nanoparticle Sintering

The ability to sinter alloy NPs with minimal growth of defect sites is of great interest for
bulk alloy applications, such as the use of superalloys in high temperature refractory
engines and turbines.®® The sintering of NPs can be achieved at temperatures much lower

than required for coarse powders of the same materials. In general, the melting points of
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nanoparticles are less than half of those of their corresponding bulk materials; sintering
occurs at about two-thirds of suppressed melting temperatures, since the surfaces of
nanoparticles have melting points that are lower than those of their cores. For example, NP
sintering has been achieved through e beams® and microwaves® along with other room
temperature techniques.®®*” NP densification, sintering and grain-growth®® is currently

being studied by in-situ TEM.?*%

One example of this is the work on 50/50 AgNi NPs (Figure 2). This work was performed
on a heated-stage TEM to reveal sintering temperatures and mechanisms. Equipment used
included a JEOL 2010F field emission electron microscope in a bright field imaging mode
at 200kV and a Gatan model 652 heating stage (range 25 — 800 °C). NPs were deposited
from solution onto a Ti grid, and heated from RT to 800 °C. Small scale ripening occurs
slowly (=25 min) from RT to 450°C. However, from 450 — 800 °C, rapid large scale
sintering occurs in the NPs. The NPs grow to a size of = 100-150 nm. Figure 2 shows sizes

of NPs at 450 and 800 °C.?*!

(A) .

éOnm : 50nm
Figure 2. Sintering of Ag-Ni NPs on heated Transmission electron microscopy stage to
(A) 450 °C and (B) 800 °C. Reprinted with permission from SAND2009-6424. Copyright

(2009) Sandia National Laboratories.
TEM-EDS has also been used as a method to monitor the effects of temperature on

nanoparticles formed by radiolysis. With the use of an in-situ heating stage on the TEM,

Nenoff et al. were able to both confirm the crystal structure phase of UO; formed under
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varying pH conditions at room temperature by y-irradiation.*’*> Temperatures were
stepped from RT to the predetermined temperature, held for 30 s, and stepped back to RT,
successively, to 200 °C, 300 °C, 400 °C, 400 °C, 500 °C, 500 °C, and 600 °C; high
resolution TEM, EDS and electron diffraction were carried out between heat treatments.
The thermal stability of the UO» phase and the sintering behavior with respect to particle
size and temperature were also monitored. As was reported, due to the uniform and
nanosized nanoparticles with high surface area to volume ratio, the UO; sintered in the
range of 500-600 °C, which is lower in comparison to bulk UO; sintered in the range 700-
1000 °C.

3.1.4 Supported NPs and alloy

The radiolytic formation of metal nanoparticles in presence of support (organic or
inorganic) is for long time a proved strategy to limit the coalescence of the nuclei with no
need of additional organic modifiers such as surfactant at the surface of the NPs.!” In this
approach, the support can play the role of a matrix to limit the size of the NPs due to strong

939 or organics mesophase,”’ or to

spatial hindrance, like in micro-mesoporous materials
create directed 3D assembly, like by using micelles,”® for example. In addition, the support
plays an important role in the integration of the NPs into functionalized materials. To obtain
NPs dispersed in the volume of the reaction, often a porous framework is used as a catalyst,
or as a support on which the catalyst is fixed. Room temperature radiolysis can be used for
the synthesis of both highly monodisperse nanoparticles in solution, and of nanoparticles

on porous supports (such as polymers, metals, or metal oxide supports).

Carbon support: Nanoparticles (NPs) have been immobilized on a variety of carbon
supports including mesoporous carbon, nanofibers, nanotubes, aerogels and xerogels, etc.
All these supports are applied to achieve high dispersion, extensive electron transfer, and
reduced agglomeration. The strong interaction between the catalyst and carbon support

plays a significant role in the oxidation reaction.

Creative methods of synthesizing metal NPs via radiolysis enable their use in a wide range

of supports, including polymers and aerogels. For example, the in-situ formation of silver

17



NPs in a polymer membrane by infiltrating a polymer matrix with silver ions has been
achieved by Belloni et al.”® The matrix is swollen with an appropriate solvent, followed by
radiolysis inducing the NPs formation. The diffusion of ions is limited by the polymer
matrix, and subsequent irradiation of the ions resulted in NP aggregates that are much
smaller than those achieved in free solvent. When the polymer is de-swelled, porous
polymer framework is infiltrated with NPs. Au and Ag NPs formed in aerogels have also
been radiolytically prepared, showing further versatility of supports on which NPs may be
deposited.!” For example, aerogel supports for metal clusters are promising for varied

applications in catalysis and sensors.

Bi-metallic clusters (Pt—Ru) on carbon supports (single- and multi- walled carbon
nanotubes) using y-ray irradiation were reported by Oh et al.!?"1%? The aggregation of these
bi-metallic nanoparticles was controlled by modifying the surface of the carbon
(hydrophobic vs. hydrophilic) with conductive polymers (polyaniline, polypyrrole, and
polythiophene).!%® Other bi-metallic clusters Pt-M (M = Ru, Ni, Co, Sn, and Au) were
prepared by one-step gamma-irradiation. Further, functional polymers (poly(vinylphenyl
boronic acid) and poly(vinylpyrorridone) were used to anchor these Pt—M nanoparticles on
multi- walled carbon nanotubes using gamma- irradiation in aqueous solution at room
temperature.'® These materials were promising for direct methanol fuel cell electrode
production. Another bimetallic clusters such as Co—Pd or Ni-Pt with strong magnetic

susceptibility and high magneto-anisotropy were prepared as well.?

Conducting polymers such as poly(3,4-ethylenedioxythiophene), polyaniline, and
polypyrrole have been also employed as carbon supports with unique p-conjugated
structures, high electrical conductivities, and exceptional environmental stabilities.!%%!1%
Pt-Ru and Pt-Sn binary catalysts supported on polyaniline have been reported.'"’
Multilayered Pt/CeO, and ZnO/Pt/CeO; on polyaniline as hybrid hollow nanorod arrays
were developed; these hybrids provide short diffusion paths for electroactive species and
demonstrate elevated electrocatalytic activity.!?®

Pt-Ru NPs were formed on polymer coated multi walled carbon nanotubes (MWNT).!%
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Hence, radiolytic methods were applied to prepare metal NPs at the surface of textile for
antibacterials effects.'!” Besides, in view of photocatalytic applications monometallic and
bimetallic NPs were synthesized at the surface of TiO2 by gamma-radiolysis, such as Ag,'!!
Au-Cu,'? Ni-Au.'"® Multi-walled carbon nanotubes were also investigated as a support for
Ni.'" Pt-Zn alloy were prepared on ZnO by irradiation using the TEM electron beam.””
Metals (Pt, Au, Cu or Ni) nanoparticles supported on iron oxides were prepared via

radiolysis technique using a 4.8" MeV electron beam.'"”

A radiochemical approach for the synthesis of bimetallic (PtPd) and trimetallic (PtPdAu)
catalysts supported on polypyrrole nanofibers without using reducing agents was presented
recently (Figure 3).''%!7 Ay(Ill) acetate, Pt(Il) and Pd(II) acetylacetonate and Ppy
nanofibers were used as precursors. The synergetic effect of the redox-rich properties of
the polymer and the catalytic activity of the metal nanoparticles make them suitable for the
electro-oxidation of methanol. The uniform dispersion of bimetallic and trimetallic NPs

leaded to superior mass activity, stability for methanol oxidation, and lower metals loading

which decreases the cost of the catalyst.

Figure 3: TEM images of (a-b) PdsoPti1/Ppy nanohybrids at different magnifications, (c)
HRTEM of PdsoPti1/Ppy, (d) HAADF-STEM image of PdsoPti1/Ppy nanohybrids. (e-g)
HAADF-STEM-EDS mapping images of PdsoPt11/Ppy showing elemental distribution of

19



Pd,Pt and Cl, respectively. Reprinted with permission from ACS Appl. Mater. Interfaces,
2017, 9, 33775-33790. Copyright (2017) American Chemical Society.

Amorphous Silica: Lehoux et al. developed oil-swollen hexagonal mesophases as
supports for metallic salts, which were used as soft templates for radiolytic synthesis of 3D
bimetallic Pd-Pt alloyed nanostructures.!'® The authors demonstrated that the formation of
alloys can be controlled by a slow and homogeneous reduction of the mesophases by -
irradiation under mild conditions (irradiation dose of 91.2 kGy for 48 h). The soft
templating technique leads to a tunable three-dimensional porosity and influence on the

composition of the Pt-Pd nanostructures.

Nanoalloyed clusters (Ni—Pt) on amorphous silica (SiO2) were synthesized by
radiolysis.!!?"!?° The amount of Pt was varied stepwise (2, 9, 15, 25, 35, 85 and 95 at.%),
and radiolytic process was carried at RT. The size, structure and magnetization of the Ni—
Pt nanoparticles were controlled by the radiolytic conditions. It was demonstrated that Pt
had a major role on the magnetization at low temperature by enhancing the nickel ion
reduction and protecting Ni against corrosion during the synthesis. The specific
magnetization enhancement at low temperature of the Ni-Pt/SiO> was explained with the
small size and a narrow cluster size distribution of magnetic domains. Alloying of Ni with

Pt favors the nickel reduction yield and enhances the magnetization f the Ni—Pt clusters.

Carbon and Silica Supports: Gamma irradiation was applied to load CoPd bimetallic

particles onto MWNT in the presence of silica.'?!

Graphene oxide: Bimetallic AugoPdio and trimetallic AusoPd2sPt2s materials with high
electrocatalytic performance for glucose in alkaline medium were prepared on graphene
oxide (GO) or reduced GO (rGO) by radiolysis.'?? Stable Au with active Pd and Pt NPs on
graphene nanosheets (GO) were combined and thus alloys of AugoPdio/rGO and
AusoPdasPtas/rGO were prepared. The morphologies of the GO had an effect on the alloys
(GO is more stacking of sheets and rGO is with separated flake and fold structure). The

advances in the use of rGO as a more efficient anode material for the electrochemical
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energy conversion and storage applications are demonstrated.

Zeolites: Among different supports, zeolites constitute an important class of materials due
to their ion-exchange capacity that permits controlled incorporation and immobilization of
metal cations. Besides, the large variety of 3D and 2D framework structures can be used
as a hard template to control the properties of the NPs. Zeolites are recognized as
appropriate materials for stabilization of small metal NPs and clusters, notably formed by
radiolysis.”>*** However, unlike for the synthesis of NPs in solution, the radiation beam is
now interacting directly with the zeolite, and the radiation subsequently modify the
chemistry.'?»!?* In addition, the accessibility inside the porous volume limits the
application of the chemical methods developed in solution in order to control the reduction
conditions. And finally, due to the high-concentration of metal cations in the matrix, high
dose of irradiation must be applied in order to achieve the reduction of a significant part of
the ion-exchanged cations. Alternatively to the direct irradiation of micrometer-sized
zeolite crystals, the zeolite nanocrystals can be stabilized in colloidal suspensions and
subjected to direct irradiation (Figure 4). Indeed, colloidal suspension of nanozeolites
contains less than a few percent in mass of crystals that are homogeneously distributed
through the volume of the aqueous solution. In these favorable conditions, the irradiation
beam interacts with the aqueous phase to generate the reducing radiolytic species, and
notably, the solvated electrons (e.q), that by diffusion reach the metal cations. Pulse
radiolysis measurements demonstrated the efficient scavenging of the e3q by Ag" cations
supported on BEA zeolite nanocrystals.'® The gamma-radiolysis approach was also
applied to prepare Cu,*'?® Pd, and Pt NPs in nanosized zeolites with various
frameworks.'?”12® The size, distribution and nature of the NPs were controlled by the
irradiation dose, type of zeolite framework and metal content. For example, Cu with

selective oxidation states of Cu® and Cu','?® and small clusters in the GIS-type zeolite were

prepared by gamma radiolysis of zeolite colloidal suspension, in presence of isopropanol.*!
Alloy NPs (AuAg, PdAg, PtAg, PdPt) with controlled size (2-10 nm) and composition
were encapsulated in silicalite-1 single zeolite nanoboxes using the classical HT
treatment.'?’ The zeolite nanoboxes act as protective microporous shell preventing the NPs

from sintering by coalescence.
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Figure 4: Elementary processes and time-scales governing the formation of metal and

alloy nanoparticles in colloidal suspensions of zeolite nanocrystals.

3.2 Characterization Techniques

Nanoalloy synthesis by radiolysis typically produces uniform NPs with small diameters of
less than 5 nm. Due to the small size of the nanoparticles, often a variety of characterization
techniques are employed to both fully characterize the nanoparticles and to understand the
structure-property relationship of the NPs with their application. Techniques commonly
employed include transmission electron microscopy (TEM), X-ray spectroscopy, and

optical spectroscopy.

The TEM techniques include high-resolution transmission electron microscopy (HRTEM)
which allows for lattice determination of NPs; one example of HRTEM with nanoalloys is

in the U-La phase space.*” Furthermore scanning transmission electron microscopy
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(STEM) can be combined with high angle annular dark field (HAADF), which allows for
Z contrast to distinguish between elements combined with lattice information of the NPs.
This further confirms alloying in the nanoparticle; an example is the study of nanoalloys
in the Ag-Ni phase space.? (see Figure 5)
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Figure 5: Transmission electron microscopy images of (A) HRTEM image of Ag-Ni
nanoalloys. In the image, a) is 0.223 nm, b) is 0.226 nm, and the dihedral angle between a
and b is 69.8°. For lattice spacing, Ni(111) 0.203 nm, Ag (111) 0.236 nm, and prediction
from Vegard’s law for 50% Ag and 50% Ni is 0.220 nm. (B) HRTEM image of a Pd0.5-
Ni0.5 alloy nanoparticle. In this image, a) 0.214 nm, b) 0.218 nm, and the dihedral angle
between a and b is 69.7°. For lattice spacing, Ni(111) 0.203 nm, Pd(111) 0.225 nm, and
the prediction from Vegard’s law for 50% Pd and 50% Ni is 0.214 nm. Reprinted from J.
Phys. Chem. C, 114, Z. Zhang, Room-Temperature Synthesis of Ag-Ni and Pd-Ni Alloy
Nanoparticles; 14309-14318, Copyright (2010) with permission from American Chemical
Society.
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X-ray spectroscopy techniques, including X-ray adsorption spectroscopy (XAS) and X-ray
photoelectron spectroscopy (XPS), are used to provide NP elemental information.
Chemical composition, such as relative concentration of various elements in a bimetallic
NP can be determined by techniques such as Energy-dispersive X-ray. Optical
spectroscopy is utilized to understand bulk characteristics of the NPs. In particular,
ultraviolet visible (UV-Vis) spectroscopy allows for the study of chemical compositions
and light scattering for determining NP size, size distribution and aggregation behavior

during nanoparticle cluster formation.

Pulse radiolysis has been successfully used to study the formation mechanisms of

monometallic species'°

and of nanometer scaled clusters and the reactivity of those
clusters in solution to form nanoparticles.’>*%* The group of Hastings observed a
relationship between solution and deposit compositions of bimetallic nanoparticles using
electron-beam induced deposition technique.'*! Interestingly, they suggest that pulse

radiolysis studies might be useful to predict the deposit composition.

3.3 Reaction mechanisms
For both a fundamental understanding of the science governing NP formation via radiolysis
and as a method for producing NP compositions by design, mechanistic studies are
acknowledged to be vital to the field of research. The following is the general theory that

has been derived for both core/shell and nanoalloy formations via radiolysis.

3.3.1 NPs formation under radiolysis.
The radiolysis of aqueous solutions by gamma rays can produce oxidizing and reducing
agents of exceptional potency: creates hydrated electrons, H atoms and hydroxyl radicals.
Alcohol molecule are generally used to scavenge H atoms (He) and hydroxyl (OHe)
radicals. For example, in case of methanol (Eq. 1), the yield of hydroxymethyl radicals
(-CH,0H) is 4.4/100eV, if oxidation from H,O, is considered.!3%!%3

OH (‘H) + CH3;0H — H>O0 (Hz) + CH.OH (1)
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The redox potentials of hydrated electrons and hydroxymethyl radicals (CH2OH) are -2.7
V13 and -1.18 V,'* respectively. The hydrated electrons and formed hydroxymethyl
radicals reduce the metal salts in solution to produce nanoalloys. During the irradiation,
the concentrations of the reactive species in the solution evolve at a rate determined by

solution pH and the concentrations of dissolved gases.

3.3.2 NP nuclei formation stage.

The formation of NPs involves two stages, nucleation (relatively fast process associated
with the formation of'the first oligomeric species by reduction and coalescence) and growth
(relatively slow process involving the reduction at the surface of the formed nuclef)'3%!%7
The nucleation process induced by irradiation determined the alloy or core-shell nature of
the NP (Figure 6), At high dose rate, the hydrated electrons reduce a sufficient high
concentrated in both metal atoms to generate nanoalloy clusters, which may have a
diameter of less than 1 nm and are the nuclei for particle growth.?>!3¢ Whereas at low dose
rate, in the case of more than one metal, clusters of each individual metal and core-shell

metal will be formed. Nanoalloy vs core-shell NPs formation is due to kinetic competition,

involving an intermetallic electron transfer quench mechanism as shown in Figure 6.
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Figure 6: Schematic illustration of the nucleation and growth which occur under low (left)
or dose (right) dose rate reduction conditions. Reprinted from Catal. Today, 113, J. Belloni,
Nucleation, growth and properties of nanoclusters studied by radiation chemistry

Application to catalysis, 141-156, Copyright (2006), with permission from Elsevier.

Low dose rate and high dose rate are determined relative to the speed at which the reduced
metal ions will transfer electrons from the less noble metal to the more noble metal. Some
alloys, such as Au-Pt have not been demonstrated to alloy using radiolysis, presumably due
to their rapid electron transfer caused, in part, by the multivalent ions,>? whereas such
bimetallic species as Cu-Pd and Pt-Ag will alloy even at relatively low dose rates compared

to other bimetallics.?
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3.3.3 Nanoalloy NP growth stage.

After nanoalloy cluster nuclei are formed, a nanoparticle growth stage begins. For the
growth stage, radicals can transfer electrons to nuclei or small metallic particles and form
an “electron pool” on nuclei or small particles.'**!%® In certain nanoalloy examples, > there
is a transfer of electrons to the tiny bimetallic nuclei clusters from the hydroxymethyl
radicals (\CH>,OH) resulting in the generation of electron pools (Eq. 2), similar to the case
of Pd NP formation.!* Ions in solution accept electrons from the charged nanoalloy
clusters and cause new ions to reduce onto the surface of these clusters. Such a growth
process for nanoalloy clusters (generically labeled: (NM)y) finally leads to the formation
of'nanoalloy NPs (see Eq. 2). Hydrogen formation by stored electrons in nanoalloy clusters
and radical-radical reactions can be the competing reaction of the above growth process.*’
However, these reactions do not have a significant effect on particle formation as
confirmed by experiments and calculations. '

xCH,0H + (AgNi), — (AgNi),* +xCH20 + xH"  (2)

Similar to earlier reports on NP alloy formation by radiolysis,***#2 high dose rates reduce
the N and M ions within a very short time, shorter than any other electrochemical or
thermodynamic process. Therefore, it can mostly suppress the possible intermetallic
electron transfer between the two ions or atoms. High dose rates result in the formation of
an alloy structure, which has the same metal ratio as their ionic precursors because both
metal atoms are quenched suddenly into the lattice. The intermetallic electron transfer
quench mechanism also occurs in the two stages, nucleation and growth, and is
complimentary to the whole particle formation process from the kinetic aspect. Such a
mechanism explains that kinetically favored alloy structure can be formed with a very fast

reducing rate.

This theory has been confirmed by a number of researchers,?: 32140 the first of which was
Belloni et al." The group used y-irradiation method to synthesize bimetallic Au-Ag NPs
and studied the structures of these particles with different dose rates.*® (Au and Ag are

miscible at any ratio, as documented in the binary phase diagrams.'*!) They found that, at
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a low dose rate (either 0.25 or 3.8 kGy/h, which equals 6.9 or 106 rad/s, respectively), the
less noble metal ions (i.e. “M” = Ag) act as an electron relay towards the more noble metal
ions (i.e., “N” = Au), Eq. 3 and 4. Thus, monometallic clusters Aun are formed first and
then, when Au ions are exhausted, Ag" ions are reduced afterwards at the surface of Aum,
where N is less noble metal (e.g. Ag) and M is more noble metal (e.g. Au).
N+M" — (NM)" - N"+M 3)
(MmNo)*" + M — (Mmt1Ng) D" — (Mimn+1Nn-1)* + N* 4)
The final result is a core-shell cluster where the more noble metal Au is coated by the less

noble metal Ag.

However, high dose rates (35 kGy/h, i.e., 972 rad/s) practically block intermetallic electron
transfer between noble core metals and the less noble metal ions in solution. As a result,
there is a sudden reduction of all metal ions in solution that makes the charge transfer
between more noble ions (e. g., Au’) and less noble atoms (e. g., Ag) impossible. This

results in the formation of only homogenous Au-Ag nanoalloy nanoparticles.?*3®

Interestingly, this high dose radiolysis method is also a way of creating homogenous
nanoalloys of phases predicted to be immiscible via thermodynamic reaction mechanisms.
One example is the case of Ag-Ni NPs. Utilizing similar reaction conditions as those used
for the radiolysis formation of Au-Ag nanoalloys, an aqueous solution of silver and nickel
salts was combined with methanol, the capping agent sodium citrate, and a stabilizing agent
poly vinyl alcohol, and irradiated at a dose rate of 300 rad/s (10.8 KGy/h) for 18 min. This
corresponds to approximately five times the dose required for total reduction of Ag" and
Ni*". The y-irradiation creates hydrated electrons, H atoms, and hydroxyl radicals from the
water. All evidence indicates that Ag* and Ni** were reduced by these two reducing species

to form Ag-Ni nanoalloys.

Confirmation of metal reduction mechanisms to form nanoalloys is performed by analysis
of the redox potentials of the metal ions in solution as compared to the reducing potential
of the radicals in solutions. The redox potentials of Ag’ (Ag atom and bulk) are calculated

to be -1.8 V!4? and 0.8 V, respectively. Other reports indicate the redox potential for Ag"
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to Ag’ atom is -2.1V."431% Therefore, it is expected that it is difficult for hydroxymethyl
radicals (CH,OH, -1.18 V) to reduce Ag" to Ag” atom in the absence of NPs, due to the
very negative potential of Ag® (-2.1 V). The redox potentials of Ni’, Ni**, and Ni" are -
2.2, _1.05t0-1.28 V, and -1.7 V, respectively. This suggests that it may be possible for
Ni*" reduction to occur in the presence of organic radical anions such as CH,OH, electron

scavengers, and hydrogen atoms, not just hydrated electrons.

Therefore, Ag" and Ni** are almost solely reduced by hydrated electrons at the very
beginning of the reaction. Similar to the case of Ag,'*® hydrated electrons generate (AgNi)sx
alloy clusters, which may have a diameter of less than 1 nm and are the nuclei for particle
growth. (AgNi), formation from high dose rates is due to kinetic competition, that is, an
intermetallic electron transfer quench mechanism. The competing reaction of this growth

process is hydrogen formation by stored electrons in clusters.!*?

3.4 Catalysis and further applications

From the late 1980’s, there has been growing, and sustained, interest in “small particles,”
“clusters,” or nanoparticles.’’ Early findings of unique electronic, optical, chemical and
magnetic properties in small particles compared to that of the bulk spurred growth in the
field of nanoparticle synthesis, characterization, and ultimately applications. Because NP
formation by radiolysis occurs at room temperature, adverse thermal effects on NP
preparation and subsequent applications are avoided. This includes thermal effects on
stoichiometry of the NP, phase degradation of support material (eg., zeolites, oxides, etc),
morphology of NP, and core/shell vs. homogenous nanoalloy composition. Applications
of metallic, alloy and oxide NPs are strongly dominated by those taking advantage of their
extremely high surface to volume ratio, enabling small volumes of high value materials
like Au and Ag to efficiently act as catalysts. Catalysis is a dominant area of focus for
NPs,'*” while ventures into their use in coatings, electrodes and sensors have also been
pursued.>'! among other diverse applications such as magnetism or biomedicine.!*
Concerning magnetism, one example has been reported by the group of Belloni in which

they demonstrated that radiation-induced NiPt supported on SiO, have improved magnetic
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properties at low temperature.'?® In addition the authors observed that increasing the Pt
content of the nanostructure leads to an increase of its magnetization.

Below a number of applications that have been explored for nanoalloys synthesized via
radiolysis is described. Although not an exhaustive list, this section is meant to give the
reader a general idea of the broad applicability of the radiolysis method in materials

production.

While radiolysis is only one of many techniques amenable to forming commonly
synthesized metallic NPs such as Ag, Au, Pt and Pd; radiolysis is uniquely suited for the
synthesis of such NPs on a range of supports (see above supported synthesis), which are
important for catalytic applications. The high surface to volume ratio of well-dispersed
metallic NPs allows for increased catalytic yield in a smaller volume over techniques in

which aggregation is more prevalent.

Catalysis in the field of energy has been extended to hydrogen synthesis, and to catalysts
for fuel cells. Catalysts for fuel cell technology' such as Pt NPs on carbon serve to reduce
oxygen for use in fuel cells. Related work on alloyed Pt NPs as potential electrocatalysts in
fuel cells (when attached to carbon supports) has also been reported.'*® These Pt NPs are
formed radiolytically, and used in conjunction with the anodes and cathodes of fuel cells
to facilitate the electrocatalytic reaction for energy conversion. Ksar et al. reported that
radiolytic synthesis of Pd-Au core-shell nanostructures in mesoporous phases are more
stable than the one in solution for application in direct ethanol fuel cells.®! Recently, bi-
(Pt-Pd, Pd-Au) and tri-metallic (Pt-Pd-Au) supported on nanofibers of different
compositions demonstrated a noticeable enhancement of the catalytic activity and stability
for methanol and ethanol oxidation reactions.!!®!!” Those metals/polymer hybrid materials
have been prepared via radiolysis route.

Numerous methods for hydrogen production using metallic NP catalysts by radiolysis are
ongoing. This research is of importance in identifying the most efficient and cost effective
method of hydrogen production for large-scale applications. Meisel and coworkers have
done extensive work in the area of hydrogen production through catalysis: they have shown

that by radiolytically forming gold microspheres, they can form hydrogen;'®! their work
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with Au NPs serve to catalyze hydrogen production; and their Ag NPs catalysts is used to
form H; also under radiolysis.'*? Hydrogen has also been formed from formaldehyde.'>?
Supported bimetallic NPs on TiO, are found efficient for hydrogen production via

photocatalysis.!1%!13

Catalysis in waste remediation is proving to be an important area of research. Au NPs were
deposited on high surface area magnesium oxide using vacuum-UV laser ablation leading
to improved stability of the Au NPs on the support. The supported Au NPs efficiently
catalyzed the decomposition of various volatile organic compounds, nitrogen oxide and
sulfur oxide compounds at room temperature, thus reducing pollutants in air.'** NPs for
use in environmental remediation is a promising field, not only for remediation but for
sensing as well, to identify contaminants. In addition, the oxidation of toxic substances for
their degradation, through a combination of semiconducting NPs with UV irradiation has
been reported.'>> Metallic doped NPs such as Ni doped titania are being investigated in
order to move the degradation chemistry to occur under visible light rather than the UV

required with semiconductor materials.

The aggregation tendency of NPs at the support is a major problem for stable performance
especially on catalysis, and hence, the use of conducting supports is essential for fabrication
of active electrocatalysts. Graphene, graphene oxide (GO) and reduced GO (rGO) are
important supports for achieving enhanced electrochemical performances.'*® The
combination of rGO nanosheets with metal alloys showed the synergistic effect
(AugoPd10/rGO and AusoPd2sPtas/rGO) and thus nanocomposites with excellent
electrocatalytic activity and stability for glucose oxidation were prepared. This
improvement of performance has been assigned to the specific structures of the
nanocomposites enable a better interaction between the components, and by proceeding
mostly in a 2-electron process leading to gluconate as the sole reaction product, thus

highlighted the high selectivity.!'*

4. Conclusions
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Radiolysis, along with other radiation driven synthesis techniques, is being used to improve
our understanding of NP formation and to expand the synthesis toolbox. This review is
intended to inspire a growth in research on radiolysis as it applies to metallic nanoparticle
formation. Potential exists for significant research contributions in the area of nanoalloys
synthesis and development of related applications, in addition to more fundamental
research using pulse radiolysis studies and modeling efforts to assist in understanding

reaction mechanisms.

A wide variety of monometallic nanoparticles (NPs) and, more recently, bimetallic NPs
have been synthesized using radiolysis from various techniques which employ ionizing
radiation sources. Gamma radiation is the most common means by which ionizing radiation
is employed to synthesize NPs. Gamma rays have low linear energy transfer, allowing for
larger volumes of material to be irradiated, and therefore larger volumes of sample to be
synthesized by a relatively easy technique, which does not rely on complex or expensive
machinery. In addition, the dose rate can be readily calculated and is easily tunable by
varying the distance of the sample from the source. In bimetallic nanoparticles, the
radiation dose rate relates to the resulting nanoparticle structure. In general, at low dose
rates core-shell NPs are formed, while at sufficiently high dose rates alloys can occur, even
in mixtures for which alloying is not thermodynamically favored such as Ag-Ninanoalloys.
By altering dose and dose rate, in addition to precursor salt concentrations and the order in
which precursors are reacted, the resulting NP structure can be tailored more precisely than

with other synthesis techniques.

The growing list of bimetallic NPs and nanoalloys formed to date indicate that radiolysis
may be used to discover other novel nanoalloys. However, in order to best approach the
design of new NP alloys, it is important to further the understanding of reaction
mechanisms leading to NPs nucleation and growth. Experimentally, pulse radiolysis has
been important in the study of NPs formation mechanisms. Furthermore, theory and
modeling efforts are promising complements to experimental work in the field of
understanding NP synthesis by radiolysis. Modeling radiolysis-assisted NP growth is a

subset of the fledging field of computational electrochemistry. Accurate redox potentials
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and the free energy changes of nucleation in water need to be computed routinely using
electronic structure methods. Specific to NPs growth is the need to bridge time- and length-
scales between the initial stage of growth involving cluster size < 10 atoms, and later stages

with >1000 atoms using more coarse-grained models.

Because the radiolysis technique employs synthesis in aqueous solution, near room
temperature, a wide variety of applications can be accessed in addition to the wide variety
of NPs that can be formed. The potential for applications is exciting because the way in
which synthesis can occur within zeolite pores, on conductive polymer coated nanowires,
or within varied polymer matrices can be envisaged. The ability to directly synthesize onto
such a wide variety of supports gives a glimpse of the versatility of this technique in
designing applications. Areas of interest for radiolysis-induced NP formation include
continued focus on catalysts by designing alloys with improved selectivity for sensors, or
improved catalytic properties. It may also be extended to the areas of medicine and energy.
Additionally, the ease of NP production at relatively large-scale using radiolysis makes this

technique a commercially viable avenue to forming NPs.
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