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Innovatively designed, modified, and synthesized catalyst/electrode materials are of great importance
in improving the performance of electrochemical energy devices for energy storage and conversion.
Among various material modification technologies, the ion-irradiation technique has been recognized
as a promising technology, which can effectively modify and design materials through controlling the
key irradiation parameters, such as irradiation ion species, energy and fluence. The advantages of the
ion-irradiation technique are high precision, favorable controllability, favorable repeatability, etc.;
meanwhile, it can realize arbitrary element doping and defect control for many catalyst/electrode
materials. Notably, it does not induce any impurities into the target materials during the ion-irradiation
process, which is superior to many chemical modifications. The effects of ion-irradiation on catalyst/
electrode materials in recent years are described in this review, including defect introduction,
regulation of the electronic structure, morphology control, synthesis, and element doping. Then, the
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Introduction

In an effort to decrease the depletion rate of fossil fuels and
reduce the associated environmental impact, exploring clean
and sustainable energy sources such as solar, wind, waterfall,
etc. for generating clean electrical energy has become impera-
tive in recent years. However, such electricity is intermittent,
and highly efficient energy storage and conversion technologies
are needed to make them suitable for many applications.">
In this regard, electrochemical energy devices such as recharge-
able batteries, supercapacitors, and water electrolysis cells have
been recognized as the reliable, efficient, and practical means
to meet the renewable energy storage and conversion require-
ment. Achieving higher energy/power densities, lifetime, and
safety of these devices are always the relentless pursuit,®*
and the development of highly efficient catalyst/electrode mate-
rials has been the major focus, which can be approached
through innovative design and fabrication as well as modi-
fication for the device performance optimization.”” Parti-
cularly, elaborately modified catalyst/electrode materials are
believed to be one of the most efficient ways of obtaining high
performance.®°
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Among various modification strategies, ion-irradiation has
been identified as an environmentally friendly technique that
can modify the material without using any chemical reagents.
When the energy of ion irradiation is large enough, it is able to
transfer considerable energy and momentum to a single atom
or an electron. This is also the main reason why ion-irradiation
can adjust the properties of various materials to a considerable
extent. During the irradiation process, energetic ions hit
the target material and make the impacted target nuclei and
electrons generate defects (e.g. vacancy dislocations), which
result in changes in the physical and chemical properties of
the materials.'®"" Ion irradiation can introduce nanocrystalli-
zation, ordered surface nanostructures, and latent tracks in
the target materials. To date, ion-irradiation has been widely
applied in a variety of fields such as solar cells,"* bio-
medicine,"® microelectronics'**® and renewable energy.'”

In this review, we have mainly reviewed the application of ion-
irradiation for catalyst/electrode materials in electrochemical
energy conversion and storage devices, including water electro-
lysis/photoelectrolysis cells, rechargeable batteries, and super-
capacitors. The ion-irradiation effects on the catalyst/electrode
materials are mainly discussed in terms of defect introduction,
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Fig. 1 Design considerations of the application of the ion-irradiation
technique for modifying and designing catalyst/electrode materials for
energy storage and conversion devices.

and element doping, morphology control and material synthesis.
Particularly, we have emphasized ion-irradiation advantages for
boosting the performances of the device. Fig. 1 shows the ion-
irradiation of catalyst/electrode materials for various applications.
Finally, we proposed the challenges and directions in the future
which may provide some guidance for researchers in this field.

2. Fundamentals of the ion-irradiation
technique
2.1 Concepts and principles of the ion-irradiation technique

Ion-irradiation is a technique that refers to ionizing the atoms
of an element and then accelerating to a higher energy to make
them possess a high kinetic energy. Then, they are injected into
the surface of the target materials, resulting in a change in the
physical or chemical properties of the material.

The principles of ion-irradiation are shown in Fig. 2."” First, the
irradiated hot electrons from the ion source bombard the injected
gas molecules for generating ions. Then, a magnetic analyzer is
used to select specific elemental ions with mass-charge ratios.
Subsequently, the ions are accelerated by a step through the
accelerator to obtain a higher energy, and then focused through
quadruple lenses to obtain uniform beam spots. Finally, the ion
beam is uniformly injected into the surface of the solid sample
using a deflection scanner. The ions with high energy will collide
with the atoms and electrons of the solid target surface many times,
thus weakening the energy of the implanted ions. Eventually, ions
penetrate into the solid material to achieve the purpose of irradia-
tion. During irradiation, a series of physical and chemical interac-
tions can occur between the implanted ions and the solid sample.

7386 | Mater. Adv, 2022, 3, 7384-7405
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Fig. 2 Basic structure of an ion implanter with magnetic analysis. Repro-
duced with permission from ref. 17, Copyright 2020, AIP Publishing.

2.2 Composition of an ion implanter

The process of ion-irradiation on the sample is carried out
using an ion implanter composed of an ion source, a magnetic
analyzer, an accelerator, quadruple lenses, electronic scanning,
and a target chamber (Fig. 3)."® The ion source is the main part
of the ion-implantation implanter to produce ion beams with
various strengths. Electrons produced by a direct current dis-
charge or high-frequency discharge of an ion source act as the
bombardment particles. When the energy of the foreign elec-
tron is higher than the ionization potential of the atom of
targeted materials, the element is ionized by collision. A
magnetic analyzer is used to select an elemental ion with a
specific mass—charge ratio, and an accelerator is used to obtain
higher energy of the ion-beam through a quadrupole lens.

2.3 Key parameters in the ion-irradiation process

For ion-irradiation, some irradiation parameters play a crucial
role in modifying the properties of the targeted materials,"
including irradiated energy (E), ion fluence (Ny), ion flux (j) and
implantation temperature (7). The detailed explanations are as
follows.

Accelerating cavity

Magnet analyzer
Scanner

Charge exchange room Quadrupole lenses

Ion source
Sample stage

Fig. 3 Schematic diagram of the ion-irradiation principle. Reproduced
with permission from ref. 18. Copyright 2017, Wiley-VCH.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(1) Irradiated energy (E). The E determines the penetration
depth of the implantation into the matrix. Typical values range
from a few keV to several MeV, corresponding to implantation
depths ranging from a few dozens of nanometers to a few
microns. The higher the ion energy, the deeper the implanta-
tion depth. With the increasing energy, the average implanta-
tion depth will become deeper, and the depth distribution of
the implanted species will become broader.

(2) Ion fluence (Nj). The N; is related to the number of
solute monomers that are implanted into the matrix. The ion
fluence ranges from a few 10" to several 10" cm 2 in the
implantation process.

(3) Ion flux (j). The j is defined as the number of ions
introduced into the unit surface area of the matrix per unit
time. The formula is expressed as j = Ny/t, for electrode materials,
which is measured in  pA ecm™? or in ions per cm? per s. The
larger the ion flux that is provided, the shorter the implantation
time needed.

(4) Implantation temperature (T). Temperature affects the
atomic mobility of the implanted monomers and the stability of
the irradiation induced defects. Thus, it controls the evolution
of the solid solution toward the nucleation and growth of the
precipitates.

2.4 Type of ion-irradiation and characteristics

Different irradiated energies correspond to various applications.
The following types of ion-irradiation are often used for the
modification of catalyst/electrode materials: low energy ion-
irradiation, medium energy ion-irradiation, swift heavy ion-
irradiation (SHII) and high charge ion-irradiation.

The E of low energy ion-irradiation is usually less than 1 keV,
which is widely used in materials as a common irradiation.”>*
Low-energy ion irradiation can modify the surface morphology
and achieve the selective doping of two-dimensional materials.
The ion-implantation with an energy up to tens of keV can
effectively realize the defect engineering of two-dimensional
materials.”>**

The E of medium energy ion-irradiation ranges from a few
hundred keV to a few MeV and is suitable for the micro/
nanostructure modification and elemental doping of various
thin film electrode materials."”"

The E of SHII is usually more than 1 MeV. At higher energy,
inelastic collisions occur between incident ions and target
electrons. For inelastic collisions, energy loss can be trans-
formed into defects through indirect complex processes. Since
the transferred energy is very large, a large number of defects
can be generated at a very low flux.>* Therefore, a large number
of defects can be produced at a very low fluence to engineer the
defect structure and even the nano-morphology of the material.

High charge ion-irradiation is usually used in the modifica-
tion of semiconductor materials. The high charge means that it
possesses high potential energy, which is stored by removing
many from the neutral atom. Potential energy is the sum of all
binding energies of the lost electrons. It can reach ten to
hundreds of keV.>>° Highly charged ions are slower, and the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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target ion interactions are concentrated on the near-surface
region.

Compared with other techniques, ion-irradiation possesses
the following unique advantages:"°

(1) Favorable controllability. In the irradiation process, there
is a wide range of options and controllable implanted para-
meters (such as energy, fluency, and temperature). Therefore,
ion-irradiation can precisely control the doping concentration
and depth as well as longitudinal and transverse diffusion.

(2) High precision. Since the energy and fluence of
implanted ions can be controlled, consequently, the depth
and concentration of implanted ions in the host matrix can
be accurately controlled during the implanted process.'”

(3) High purity. Since the ion-irradiation is carried out in
a vacuum system, it does not introduce other impurities.
Meanwhile, a high resolution mass analyzer is used to ensure
the high purity of the implanted ions.

(4) Favorable repeatability. Because the ion-irradiation tech-
nology is accurate, controllable, and accurately controls the
parameters of the ion beam (species, energy, fluency, beam
current, temperature, and so on),>” consequently, it has favor-
able repeatability.

(5) High flexibility. Since every type of ion-implantation has
its unique characteristics, therefore, it can be selected to satisfy
the different purposes of specific modifications of materials
which include a variety of properties of thin films, solids and
nanostructured samples.

3. lon-irradiation effects on the
catalyst/electrode materials

In this section, we will focus on the ion-irradiation/implanta-
tion effects on the catalyst/electrode materials, including the
defect introduction, element doping, morphology control, and
material synthesis, and these effects are helpful in material
modification and design.

3.1 Defect introduction

The electrochemical properties of the material are closely
associated with defect structures. Introducing defects into
materials is one of the promising approaches for improving
the performance of materials. A great number of methods have
been developed to introduce defects into materials, including
plasma treatment,”® thermal annealing,”® chemical functionali-
zation®® and ion irradiation.®® Among these methods, ion-
irradiation can offer a wide range of controllability in the defect
type by controlling the irradiation parameters such as the
energy, type, and fluence of the injected ions.

Sun et al.** proposed using the C ion-irradiation to introduce
sulfur vacancies to improve the hydrogen evolution reaction
(HER) performance of MoS,. They found that the irradiation dose
plays a major role in tuning the number of sulphur vacancies and
the amorphous phase on the basal plane of MoS, which improves
the HER performance of MoS,. The superior activity for the HER
is due to the vacancies generated by ion-irradiation, which

Mater. Adv., 2022, 3, 7384-7405 | 7387
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exposes more active sites and thus improves the -catalytic
performance.

Also, He et al.*® fabricated a single-layer MoS, and followed
this by using 500 keV Au irradiation to generate sulfur defects
(Fig. 4a). They further investigated the impacts of defects on
the properties of MoS,. As the defect density increases, the
characteristic photoluminescence (PL) peak of MoS, was found
to first shift to higher energy and then shift back to lower
energy; after ion-irradiation, the electron transfers from MoS,

© e e e ¢

@
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to the absorbed O, at the defect sites, thus leading to a
depletion of the electrons and an enrichment of the holes.
Huang et al®* used a chemical vapor deposition (CVD)
method to directly grow ReS, nanosheets on a p-Si substrate,
which was further irradiated with Ar ion-irradiation (Fig. 4b).
Re defects were successfully introduced onto the ReS,/Si photo-
cathode by ion-irradiation. The existence of Re vacancies not
only produces adequate unsaturated S atoms but also influ-
ences intrinsic charge compensation from S to Re-Re bonds,
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(a) Scheme illustration of the defects in MoS, generated by Au ion-irradiation. Reproduced with permission from ref. 33. Copyright 2018,

American Chemical Society. (b) Schematic diagram of Ar ion beam bombardment to 2D ReS, nanosheets and the formation of atomic Re vacancy
defects for enhancing catalysis toward the solar-driven PEC-HER. Reproduced with permission from ref. 34. Copyright 2018, Wiley-VCH. (c) Scheme
illustration of the preparation procedure of Fe-Bi,Tes/Ti. Reproduced with permission from ref. 35. Copyright 2020, Royal Society of Chemistry.
(d) Simulation models of PtPb nanoplate structure evolution by controlling the C* ion fluences. Reproduced with permission from ref. 18. Copyright 2017,

Wiley-VCH.
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allowing H' to be absorbed on the active sites neither strongly
nor weakly. In addition, the distinctive stacked 3D structure has
the obvious benefit of exposing more active sites and larger
superficial areas to contact with electrolytes. These two reasons
jointly enhanced the solar-driven hydrogen evolution reaction
(PEC-HER) performance of ReS,/Si photocathodes.

In a work by Wang,*" high-energy Fe ions (a dose of 4 x
10™ ions per cm?) were irradiated on the surface of Bi,Te;
nanosheets, which resulted in the generation of a variety of
defects (Fig. 4c). The existence of defects resulted in an increase
in the active sites and improvement in the conductivity of
Bi,Te;, ensuring the rapid transfer and transport of charge
during the catalytic process. Guo et al.'® reported a new strategy
by controlling the defects of PtPb nanoplates using C' ion-
irradiation. By controlling the ion fluence, PtPb nanoplates
could be well transformed from single crystal to polycrystal
with various degrees of dislocations, subgrain boundaries, and
partial amorphization. After ion-irradiation, PtPb nanoplates
can largely maximize the Pt catalytic efficiency and utilization
enhancing electrocatalytic performance (Fig. 4d). The same
group®® synthesized PtPb NPs under nonaqueous conditions
and followed this by 1 MeV Kr*' ion-irradiation. Upon ion-
irradiation, novel structure PtPd nanoplates are formed, in
which the crystalline phase and amorphous phase co-existed;
particularly, the crystalline phase is surrounded by the amor-
phous phase annularly to form a crystalline/amorphous inter-
face. As a result, Kr*" ion-irradiation makes the Pt electronic
structure regulated due to the interface fusion of the crystalline/
amorphous interface. Meanwhile, the crystalline/amorphous
interface provides plenty of active sites, and the interface can

View Article Online
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activate the C-H and O-H bonds to enhance the catalytic
performance.

Chen et al*” prepared a single-layer MoS, by the CVD
method and transferred it onto various substrates such as Au,
single-layer graphene (SLG), hexagonal boron nitride (BN) and
CeO0,, and created defects by Ar" ion-irradiation (Fig. 5a). They
explored the substrate effect on the electronic structure of MoS,
by a series of measurement. It was found that these substrates
can tune the electronic energy levels in MoS, due to the charge
transfer that occurred on the interface. Furthermore, when the
reduced CeO, as a substrate upon annealing significantly
affects the energy band alignment of MoS, and CeO,/Au
substrates, the reduction introduces electronic conductivity
into the CeO, substrate. The introduction of defects by ion-
irradiation enhances the HER activity of single layer MoS,. The
tunability of defect types and concentrations in MoS, by ion-
irradiation at different energies provides a possibility to engi-
neer the properties of MoS, and other two-dimensional (2D)
materials.

The introduced vacancies by ion-irradiation could also reg-
ulate the electron density of the material, which can help in
better understanding of the relationship between the structure
and performance. For example, He et al.*® fabricated a series of
Co-based catalysts (oxygen defect -containing Co;0, (Co;0,-Oy)
and multi phased CoO/Co03;0,) (a schematic illustration of
C030,4, C030,-0,, and CoO/Co;0, samples is shown in
Fig. 5b) through Ar" ion-radiation on pristine Co;04. C030,
was subjected to argon ion-irradiation at 25 keV (C03;0,4-Oy)
and 50 keV (CoO/Co;0,) with a dosage of 5 x 10" ions per cm>.
The theoretical calculation and ultraviolet photoelectron
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(@) MoS,/Au, MoS,/SLG/Au, MoS,/BN/Au and MoS,/CeO,/Au studied in the work. All the structures are supported by quartz substrates. The MoS,

single layers in all these structures are transferred from CVD grown MoS; on the Si/SiO, substrate. Vacuum thermal annealing or Ar* irradiation is used to
treat the samples to either enhance the contact with substrates or produce defects. Reproduced with permission from ref. 37. Copyright 2018, American
Chemical Society. (b) Schematic illustration and (c) PDOS plots of Coz04, Co304-0, and CoO/Coz0,4 samples. Reproduced with permission from ref. 38.
Copyright 2020, Wiley-VCH.
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spectrometer characterization together indicated that the band
center of Co;0, upshifted, thereby improving the adsorption
capacity of the oxo group and greatly reducing the reaction
barrier. This consequence further proved that the surface active
electron density of Co;0, can be effectively regulated by ion-
irradiation (Fig. 5c¢).

3.2 Element doping

Ion-irradiation is known to be a novel and effective element
doping means commonly used in metal oxides, heterojunc-
tions, and graphene which usually involves two steps in fabri-
cating materials including ion-implantation and annealing.

Liu et al.*® successfully prepared noble metal nanoparticles
and metallic (Fe, V) and non-metallic (N) doped TiO, by ion
implantation (the energy of 20-50 kV, with different ion sources
Au, Fe, V, and N, at a fluence from 0.1 to 20 x 10'® ions per cm?)
and subsequent annealing. After doping of Au, the photo-
catalytic activity of the Au-TiO, sample was enhanced because
of Au NPs in response to the incident light, which enhance the
absorption, the local electric field and the excitation of active
electrons and holes. For Fe doped TiO,, the hybridization of the
Ti** 3d orbital with Fe*" 3d orbitals occurs, which introduces a
new energy in the band structure of TiO, and therefore
improves the response to visible light. For V-doped TiO,, the
increased V doping promotes the transformation from the
anatase to the rutile phase. Besides, the implanted V-doped
TiO, exhibits a red-shifted absorption edge which leads to a
significant enhancement of light absorption in the visible light
region. For N-doped TiO,, the experimental results and theore-
tical calculations demonstrate that the substitution of nitrogen
for oxygen atoms in TiO, induces an isolated localized state of
N 2p above the O 2p dominant valence band. The TiO,-based
composite films are fabricated by ion implantation (Au, Fe, V,
and N element doping in TiO,) and show high crystallinity and
stability, and the enhanced photocatalytic activities towards
visible light were observed. The photocatalytic activity is greatly
improved, suggesting that the N doping level had an obvious
influence on the photocatalytic activity of the TiO, samples.
This report suggested that different irradiation sources can
affect the properties of materials in different ways.

The same group reported the formation and thermal evolu-
tion of Al,O; substrates by high fluence Zn' ion implantation at
different fluences (1 x 10'” and 2 x 10" ions per cm?®).** They
first implanted Zn" onto the surface of the o-Al,O; sample.
Then, the implanted sample was annealed in an oxygen atmo-
sphere at 700 °C for 2 h. During the annealing process, Zn"
diffused to the surface and was oxidized into ZnO which
indicates that the implanted Zn" was successfully doped onto
the surface of a-Al,O;. Particularly, the higher quality ZnO film
formed on the surface of Al,O; single crystal at a fluence of
1 x 10" ions per cm® by Zn" implantation combined with
sequential annealing at 700 °C for 2 h in the oxygen atmo-
sphere. Zhao et al.** reported ion-implantation for the direct
synthesis of nitrogen-doped graphene (NG). Firstly, they fabri-
cated a newly multilayered substrate (Ni/Cu/a-SiC/SiO,/Si).
Then, nitrogen ion-implantation (with an ion energy of 40 keV
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at 1 x 10'® ions per ecm?) was performed on the multilayered
substrate of Ni/Cu/a-SiC/SiO,/Si. Finally, the N ion-implanted
substrate was annealed by using rapid thermal processing
to obtain NG (Fig. 6a). Through nitrogen ion-implantation,
they proved the successful synthesis of nitrogen-doped gra-
phene using transmission electron microscopy (TEM), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), and the
measurement of electronic properties, demonstrating that the
N ion-implantation could effectively dope graphene. The ion-
implantation technique not only can be expected to produce
NG but also opens up a new way to extend more element doping
of other materials.

3.3 Morphology control

During the ion-irradiation process, the sputtering effect is a
common phenomenon which is assumed to result from cas-
cades of atomic collisions by energetic ions or recoil atoms.**™**
When energetic ions shoot into a target substrate, the incident
ions impact the atoms of the target substrate, and these atoms
may obtain enough energy to be ejected out of the substrate;
thus, the surface sputtering effect can modulate the surface
morphology of materials.*>*® Ishaq et al.*” used different ion
fluences to investigate the effects of H, N*, and Ar’ ion-
irradiation on the structural and morphological changes of
multi-walled carbon nanotubes (MWCNTs) and amorphous
carbon nanowires (a-CNWs). They found that, at room tem-
perature, defects were introduced in MWCNTSs under 70 keV N*
ion beam irradiation at a low dose of 1 x 10" ions per cm”. Mean-
while, under high fluence N* irradiation (7 x 10" ions per cm?),
MWCNTs could transform into a-CNWs (Fig. 6b and c). At 1000 K,
the 70 keV N' ion beam irradiation of defective MWCNTS is
transformed from curling of carbon clusters to an onion-like
structure at a dose of 4 x 10" ions per cm” and the forma-
tion of an onion-like structure is at 7 x 10" ions per cm?
(Fig. 6d and e). The type of the ion source also affects the
morphology of MWCNTS. At 1000 K, under Ar® ion-irradiation
(7 x 10"® ions per cm?), the defective MWCNTS transform into a
high-density onion-like structure (Fig. 6f and g). When the ion
source is changed to an H' ion source, the ion fluence is
changed from 1 x 10" to 1 x 10" ions per ecm? and the
a-CNWs gradually increase the fraction of the material with a
diamond structure (Fig. 6h). These results showed that the
change of ion-irradiation parameters (including ion irradiation
energy, dose and annealing temperature) has been seen for
crystalline-amorphous and amorphous-crystallization changes
in the carbon nanostructure. Additionally, Jiang et al.*® utilized
Ag ion-irradiation and annealing to fabricate hollow micro-
sphere arrays. After Ag ion-irradiation, the surface of the
polystyrene sphere (PS) microsphere was carbonized. Through
annealing or chloroform immersion, the non-carbonated zone
can be easily removed, and then the hollow microsphere. They
have investigated the influence of the ion-irradiation energy
and fluence on the morphology and structure of the PS micro-
sphere array. They found that, at 15 kV, with the increase of
Ag ion fluences (1 x 10", 3 x 10'®, and 5 x 10'° ions per cm?),
the morphology and size of PS microspheres were almost

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration of the co-segregation method combined with ion implanation for one-step synthesis of NG. Transitions of MWCNTSs to

amorphous carbon nanowires under 70 keV N* ion beam irradiation at room temperature. Reproduced with permission from ref. 41. Copyright 2018,
Elsevier. (b) A MWCNT irradiated at a dose of 1 x 10 ions per cm? and (c) an MWCNT irradiated at a dose of 7 x 10® ions per cm?. HR-TEM images of N*
jon irradiated defective MWCNTSs (1000 K) at a dose of (d) 4 x 10 ions per cm? and (e) 7 x 10® ions per cm?. (f and g) HR-TEM images of Ar* ion-
irradiated defective MWCNTS at a dose of 7 x 106 ions per cm? at 1000 K. (h) A diamond particle nucleates on a-CNWs under H* ion beam irradiation at
1000 K, and the crystalline diamond structure with a spacing of about 0.202 nm was formed into a-CNWs at a dose of 1 x 10'” ions per cm?. Reproduced

with permission from ref. 47. Copyright 2013, Elsevier.

unchanged. However, when the irradiated fluence reached 7 x
10"® ions per cm?, the coalescence phenomenon of neighboring
PS microspheres occurred. Then, they chose this irradiated
fluence (7 x 10'® ions per cm®) in subsequent experiments
and attempted to change the energy to investigate the influence
of ion-irradiated energy on the morphology of PS spheres. With
the increasing irradiated energies (10, 15, 20, 40, and 60 kV),
not only the morphology and size of the PS sphere but also the
structure of the close-packed 2D hexagonal array has under-
gone dramatic changes. Under the same irradiated parameters,
after thermal annealing at 350 °C for 30 min, the structure of
samples has transformed into spherical shell arrays. The main
reason for the formation of spherical shell arrays is due to the
carbonization effect produced by calcination and the sputtering
effect generated through ion-irradiation (regulating different
irradiated parameters). The Ag ion beam modification diversi-
fies the structure and morphology of the PS sphere array and
greatly improves its thermostability.

In a work by Giulian,*® Pt nanoparticles (NPs) in amorphous
SiO, were irradiated with 185 MeV Au ions in the fluences
varying from 2 x 10 to 2 x 10" ions per cm?®. From the TEM
images, with the increasing irradiation fluence, it was observed

© 2022 The Author(s). Published by the Royal Society of Chemistry

that Pt NPs transform from spherical to rod-like shapes. The
deformation process is studied as a function of the NP size,
varying irradiation fluence and energy give a broad prospective
of the shape transformation. Based on the above reports, the
morphology of materials can be further regulated by changing
ion-irradiation parameters (including ion irradiation energy,
dose and annealing temperature), thus providing a broader
application prospect for ion irradiation technology.

3.4 Material synthesis

Besides the modifications, as in an earlier study, ion-implan-
tation has been used to synthesize nanoparticles. Taguchi et al.*
synthesized C-SiC coaxial nanotubes by ion-irradiation as shown in
Fig. 7. Firstly, C-SiC coaxial nanotubes were synthesized by heat
treatment of MWCNTs and Si powder without direct contact with
each other at 1200 °C. Then, coaxial nanotubes were deposited on
a molybdenum grid TEM sample holder with a holey-carbon
layer. The deposited coaxial nanotubes were irradiated with
both 200 keV Si ions with a dose of 1.1 x 10! ions per cm” and
400 keV electrons simultaneously using the TEM instrument.
The hybrid consisted of one-dimensionally stacked graphene
nanodisks with diameters less than 50 nm and cylindrical

Mater. Adv,, 2022, 3, 7384-7405 | 7391
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Fig. 7 Schematics of the microstructure of novel hybrid carbon nanomaterials inside an amorphous silicon carbide nanotube synthesized by ion-
irradiation. Reproduced with permission from ref. 50. Copyright 2019, Elsevier.

multiwalled carbon nanotubes inside an amorphous SiC tubu-
lar layer. A sudden emergence of new continuous graphitic
layers in the microstructure was observed by in situ transmis-
sion electron microscopy following ion-irradiation, where these
layers were perpendicular to the length direction of the nano-
tube. Also, Tsai et al.”" synthesized multilayer silicene by B ion-
implantation. The boron ions were implanted into the target
materials and reacted with carbon at the surface of SiC to form
B,C during annealing. Simultaneously, silicon atoms were
apparently squeezed out of the surface and then rearranged
into the multilayer silicon.

Zheng et al.”” fabricated tungsten oxide (WO;_,) nanowires
by Ar' ion beam irradiation and subsequently annealed them in
a vacuum. In the first step, the WO; thin film (~70 nm
thickness) was deposited on silica slides at 400 °C using an
ultra high vacuum magnetron sputtering system. Then, the size of
as-deposited WO; thin films was controlled by tuning irradiation
parameters (ion energies of 80, 130, 190 keV and with different
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fluences of 1 x 10" and 1.5 x 10" ions per cm?) and annealing
conditions. The results demonstrated that the nanowire length
increases with the increasing irradiation fluence and with the
decreasing ion energy. The electrical conductivity of the nanowire
film was higher than that of the pristine film, which is attributed
to the high-density irradiation-induced vacancies on the oxygen
sublattice greatly improving the conductivity. Furthermore,
Wang et al.>® reported that the number of graphene layers can
be controlled by modulating the C ion-implantation (with ion
dosages of 4 x 10" and 8 x 10" ions per cm?). Fig. 8 shows
the Raman spectra and scanning tunneling microscopy (STM)
topographical images of the monolayer and bilayer graphene
synthesized by ion-implantation. The Raman mapping result
indicates that ion-implantation can fabricate highquality
monolayer and bilayer graphene.

In general, this review involves the influence of ion-irradiation
on materials, including defect introduction, element doping,
morphology control and material synthesis. These effects are
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4@ atomslcr’
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Fig. 8 Raman spectra of the (a) monolayer and (d) bilayer graphene. STM topographical images of the (b) monolayer and (e) bilayer graphene. The Iop/lg
peak ratio derived from Raman mapping conducted on the (c) monolayer and (f) bilayer graphene. Reproduced with permission from ref. 53. Copyright

2015, Wiley-VCH.
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the means of modification/designing of catalyst and electrode
materials, which is a positive effect. However, ion-irradiation
is not suitable for the modification/designing of all materials.
For example, the ultrathin nanosheet/nanoplate is easy to be
penetrated.>*™” Consequently, materials may be unstable
under ion-irradiation. In other words, ion-irradiation techno-
logy is not suitable for all catalyst/electrode materials.

4. Application of ion-irradiation
technology in catalytic/electrode
materials for energy conversion and
storage

4.1 Application of ion-irradiation technology for
electrocatalysts

4.1.1 HER electrocatalysts. Water electrolysis to produce
hydrogen is one of the most promising technologies for energy
storage and conversion, which involves two half reactions. One
is the HER and the other is the oxygen evolution reaction (OER).
Both reactions need electrocatalysts to speed up the reaction
kinetics.>”® Therefore, developing efficient catalysts is essential
for accelerating the reaction kinetics and greatly reducing
electrode overpotentials.

Recently, the 2D MoS, nanosheet as a promising alternative
to Pt for the HER has drawn persistent interest. Several studies
have revealed that the electrocatalytic HER performance of
nanoscale MoS, mainly arises from its edge states, while the
basal plane is inert. If the inert basal plane sites can be
optimized, meanwhile the edge activity can be maintained,
the catalytic activity of MoS, will be enormously improved.’®**
It was found that the inert basal plane of MoS, could be
activated by introducing sulphur defects into the surface.
However, ion-irradiation is a novel strategy which can be used
to introduce sulphur defects into MoS, and thus improve
catalytic activity.*>*** Sun et al®® use C ions to irradiate
MoS, by regulating different C ion fluences (5 x 10"%,2 x 10",
and 5 x 10" ions per cm?). They found that ion-irradiation
generates sulphur vacancies which were active sites on MoS,
basal planes, which could improve HER performance. It was
shown that different ion fluences could tune the amount of
sulphur vacancies and the amorphous region on the basal
plane of MoS,. When MoS, was ion-irradiated by a fluence of
2 x 10" ions per cm? the best HER performance could be
achieved with an HER onset potential of 77 mV at 10 mA cm >
and a small Tafel slope of 66 mV dec™ .

Different from the above low energy ion-irradiation,
Madauss et al.®® used Xe ions (irradiated energy 91 MeV) to
appropriately modify the MoS, surface and thus achieved high
catalytic activity for the hydrogen evolution reaction. At a
potential of —0.6 V vs. RHE, the irradiated MoS, exhibits a
higher current density (35.3 mA cm ) than non-irradiated
MoS, (—13.3 mA cm?) (Fig. 9a). The irradiated sample has a
smaller Tafel slope (104 mV dec ') than the non-irradiated
MoS, (106 mV dec™ ") (Fig. 9b). The results are due to a large

© 2022 The Author(s). Published by the Royal Society of Chemistry
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increase in the number of low-coordinated Mo atoms after ion-
irradiation, which can form bonds with adsorbing species and
thus improving catalytic activity.

Additionally, Xia et al.®® fabricated MoSe, nanosheets grown
on carbon cloth (CC) by the CVD method, which were subse-
quently irradiated by Ar** ions for providing additional active
sites on the inert basal planes of nanosheets. MoSe, was
irradiated by using different doses of Ar*" ions. Compared with
pristine MoSe,/CC, the higher dose ion-irradiated MoSe, nano-
sheets (5 x 10"* ions per cm?®) showed the lowest overpotential
of -171 mV (Fig. 9¢) at a current density of —100 mA cm™> and
the smallest Tafel slope of 35 mV dec™ " (Fig. 9d). The first-
principle calculation was employed to investigate the electron
states of four different vacancy (single Mo vacancy (Vy,), single
Se vacancy (Vse), double Se vacancy (Vse;) and the absence of
one MoSe, molecular (Vyosez)) cases observed in the MoSe,
basal plane. The calculated results showed that the pristine
MoSe, exhibits a higher bandgap (1.23 eV) than Vy, and Ve,
band gaps (0.04 eV and 0.81 eV, respectively), which suggests
the improved electronic conductivity, thereby promoting the
electronic transferring during the HER process. Upon ion-
irradiation, the existence of vacancies in the MoSe, basal plane
can not only lead to better conductivity but also produce more
electrocatalytic active sites in MoSe,, ensuring the better HER
catalytic ability of MoSe,.

Wang et al.*® prepared Bi,Te; nanosheets on a Ti plate and
followed this by Fe' irradiation, which can regulate the balance
of hydrophilicity and hydrophobicity for the material. The
contact angle result indicates that the Fe ion irradiated
Bi,Te;/Ti exhibits hydrophilic properties, whereas the non-
irradiated Bi,Tes/Ti exhibits hydrophobic properties (Fig. 10a).
The result suggests that the Fe' irradiation can manipulate the
hydrophilicity/hydrophobicity balance of the Bi,Te; surface, facili-
tating the release of hydrogen bubbles from the catalyst surface
and exposing the active sites in time. While the damage caused
by large bubbles on the electrode material was avoided, the
stability of the material was improved (Fig. 10b and c). Silicon
(Si) is rarely used as the HER catalyst due to its inert electro-
chemical activity. However, Wu et al.®’ fabricated nanoporous
Si as the HER catalyst by using Ar" ion-irradiation followed by
an annealing method. When the Ar' ion-irradiation fluence
reached 1 x 10" ions per cm?, the nanoporous Si had more
positive HER onset potentials and a smaller value of Tafel slope
than the pristine Si (Fig. 10d and e). The higher catalytic HER
activity of the irradiated Si could be attributed to the formation
of nanopores during Ar" irradiation, which promotes H, bub-
bles escaping from the catalyst surface and thus exposes more
active sites. They also investigated the influence of fluences
(5 x 10", 1 x 10", and 2 x 10" ions per cm”, respectively;
the irradiated samples were named NPS-1, 2, and 3) on the
HER performance of the samples. It was found that NPS-2
(at 1 x 10" Ar" ions per cm? irradiated) showed the highest
HER performance (Fig. 10f). The largely enhanced HER activity
comes from the unique morphology and large specific surface
area, which results from Ar" ion irradiation and post-irradiation
annealing. This method provides a novel research strategy to
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Fig. 9 (a) Current density as a function of the potential (V vs. RHE) showing strong activity enhancement of the irradiated MoS, compared to that of the
non-irradiated MoS,. The inset of (a) shows the less negative onset potential for the irradiated MoS,. (b) V-/ curves with Tafel-slopes of the irradiated
(blue) and non-irradiated (red) MoS,. Reproduced with permission from ref. 65. Copyright 2018, Royal Society of Chemistry. The HER performance of the
as-fabricated catalysts. (c) LSV curves and (d) Tafel plots of MoSe,/CC, Ar®*-5e14, Ar®*-5e15 and Pt/C electrodes, respectively. Reproduced with
permission from ref. 66. Copyright 2018, American Chemical Society.
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Fig. 10 (a) Contact angles of Bi,Tes/Ti (top) and Fe-Bi,Tes/Ti (bottom), respectively. (b) LSV curves of the Ti plate, Bi,Tes/Ti, and Fe-Bi,Tes/Ti at a scan
rate of 5mV s, (c) The corresponding Tafel plots. Reproduced with permission from ref. 35. Copyright 2020, Royal Society of Chemistry. (d) Polarization
curves of the nanoporous and non-irradiated Si. (e) Tafel slopes derived from the polarization curves. (f) The polarization curves for the fluences of NPS-1,
NPS-2 and NPS-3. Reproduced with permission from ref. 67. Copyright 2018, Elsevier.
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further improve the catalytic performance for energy conver-
sion and catalysis.

4.1.2 OER electrocatalysts. The OER is an important half-
reaction of water splitting for hydrogen generation.'* To obtain
affordable, efficient and environmentally friendly OER electrode
materials, the compounds of VIII 3d-transition metals (such as Fe,
Co, and Ni) including metal oxides,”®”® sulfides™”® and
phosphides”™® have been extensively investigated for their low
cost and abundance as well as similar outermost electron config-
urations to Ru, Ir and Pt.

Xia et al.'" used N* ion-irradiation (a dose of 5 x 10> ions
per cm?) to introduce N dopants and oxygen vacancies in NiO
nanosheets grown on carbon cloth (Fig. 11a). In the experi-
ment, N* ion-irradiated NiO nanosheets exhibited a high OER
performance with a potential of 1.98 V at a current density of
100 mA cm™? (Fig. 11b). The double layer capacitance (Cq))
values of pristine and irradiated NiO/CC are estimated to be
4.15 and 6.49 mF cm?, respectively (Fig. 11c), which demon-
strate that the irradiated sample possesses larger effective
electrochemical surfaces. The charge transfer resistance (R.)
value of the irradiated electrode is evaluated as 13.8 Q, which is
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smaller than that of the pristine sample (16.9 Q) (Fig. 11d),
indicating the better electrical integration. The high turnover
frequency (TOF) value (92.1 s~ ') (Fig. 11e) demonstrates the
high intrinsic activity of irradiated samples. Density functional
theory (DFT) calculations further reveal that the introduced
oxygen vacancies and opportune N dopants could narrow the
NiO band gap which vested a better conductivity for charge
transfer during the OER process. This work provides a novel
path to enhance the OER electrocatalytic performance by ion
irradiation.

He et al>® reported a novel strategy using an Ar® ion-
irradiation technology to regulate the electronic properties of
Co-based catalysts (including oxygen vacancy-containing Co;0,
(Co304-0,) and multi phased CoO/Co3;0,) as OER catalysts.
Co30,4 was subjected to argon ion-irradiation at 25 keV (C0o30,4-
0,) and 50 keV (CoO/Co;0,4) with a dosage of 5 x 10'* ions per
cm”. Notably, CoO/Co;0, demonstrates a much higher current
density and lower onset potential than Co;0,-O, (Fig. 11f). The
overpotential of CoO/Co;0, (270 mV) is lower than that of
the pristine Co304 (410 mV) at 10 mA cm > The Tafel slope
of Co0/Co;0, (55 mV dec™') is smaller than those of the
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Fig. 11 (a) LSV curves and (b) Tafel plots of carbon cloth, NiO/CC, N*-5e15

and Ir/C electrodes. (c) Capacitive measurement results. (d) Nyquist plots of

NiO/CC and N*-5el15. (e) TOF of NiO/CC and N*-5el5. Reproduced with permission from ref. 11. Copyright 2019, Royal Society of Chemistry.
(f) Polarization curves of the OER for Coz04, Co304-0,, CoO/Co304, CoO and RuO,. (g) Tafel plots of the OER for Coz0,4, Co304-0, and CoO/Coz0,.

(h) Capacitive current measured at 1.16 V vs. RHE is plotted as a function of

the scan rates of pristine Coz04, Co304-0, and CoO/CozQO,. (i) Potential-

dependent TOF curves of Coz0,4, CoO/Co3z0,4 and Cos04—0,. Reproduced with permission from ref. 38. Copyright 2020, Wiley-VCH.
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pristine Co;0,4 (169 mV dec™ ") and Co0304-0, (92 mV dec™ '),
indicating the favorable OER kinetics for the multi-phased
Co0/Co03;0, sample (Fig. 11g). In addition, the C4 of CoO/
Co30, is 95.6 mF cm 2, which is higher than that of other
samples (Fig. 11h). These results indicated that more active
sites were generated and exposed to the irradiation of Ar' ions.
Besides, the calculated TOF value of CoO/Co;0, (Fig. 11i) is
higher than those of C0;0,-O, and CoO, suggesting its high
intrinsic activity. Introducing Ar" ion radiation can effectively
modulate the surface active electron density of Co;04 by form-
ing the CoO phase and oxygen vacancies, which can precisely
and appropriately enhance the adsorption capacity of the oxo
group and greatly reduce the reaction barrier. Using the ion-
irradiation technology has great potential to be developed as a
general strategy to regulate the surface electronic properties of
metal oxides.

4.2 Application of the ion-irradiation technique for
photoelectrochemistry

Photoelectrochemical (PEC) water splitting has been consid-
ered to be a promising clean technique for generating hydrogen
gas,®* which has attracted much attention due to the increased
demand for renewable energy.?®®® Semiconductors are emi-
nently attractive electrode materials for solar-driven PEC water
splitting.*>*”%® To better improve photo-redox reactions, these
semiconductors must have a rational bandgap for being acti-
vated (i.e., photoexcitation) by light absorption.?*°° Many types
of semiconductors such as TiO,, a-Fe,03, and BiVO,, etc. have
been intensively researched as potential photoelectrodes.””
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Ion-irradiation has been playing an important role in modi-
fying the properties of semiconductor materials. In general,
the ion-irradiation effects on semiconductor materials are
manifested as the changes in optical, physical, and electrical
properties.

Singh et al®® reported the effect of 120 MeV Ag®* ion-
irradiation on the PEC properties of TiO, thin films deposited
on a conducting glass substrate (SnO,:In). The PEC properties
of the films were found to be greatly affected by the fluence of
irradiation. The optimal observed fluence of radiation for the
best PEC response was 5 x 10" ion per cm? at which the
photocurrent density reaches a maximum of 0.76 mA cm >
(Fig. 12a). The irradiated samples also exhibited a maximum
flat-band potential at the junction and a maximum charge
carrier density. The satisfying PEC properties by ion-irradiation
may be due to the formation of the desired structure of vertically
aligned grains caused by ion-irradiation, which can efficiently
separate the photogenerated electron-hole pairs before recombi-
nation. Dass et al.®” modified the nanostructured 2%Cr-Fe,O;
and CuO thin films by using Au'®*" SHII for PEC. The photo-
catalytic activity of the 2%Cr-Fe,0O; thin film irradiated increases
at a fluence of 10" ions per cm’, which might be due to more
efficient absorption of photons resulting from the introduction
of defects and the occurrence of structural rearrangements.
Furthermore, it was observed that the decrease in photoresponse
of irradiated 2%Cr-Fe,0; and irradiated CuO thin films at higher
fluences of 10" and 10" ions per cm® (Fig. 12b and c) is
attributed to the formation of a large number of discontinuities
or dislocations in films. These defects act as recombination
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centers for photogenerated charge carriers, resulting in the
decrease of the photocurrent.

Srivastav et al.®® investigated the effect of N* ion-irradiation
on plasmonic Au nanoparticle loaded BiVO, photoelectrodes
for PEC water splitting. At an irradiated 2 x 10" ions per cm?
fluence, the BiVO,/Au photoanode shows a photocurrent den-
sity of 2.54 mA cm ™ (an increase of approximately 92% in the
photocurrent density) higher than the pristine BivO,. Besides,
the onset potential for BivO,4/Au is close to 0.1 V/SCE (Fig. 12d
and e). The result is due to the improvement in the photon
harvesting rate, reduced charge carrier recombination rate,
and better separation of charge carriers, after irradiation.
Meanwhile, the formation of Au nanoparticles favors the PEC
water splitting by optical enhancement and photon scattering.

In a work by Huang,** atomic vacancies are introduced onto
two-dimensional ReS, on Si by using controllable Ar ion-
irradiation. The irradiated ReS,/Si photocathode demonstrated
a highly enhanced catalytic activity for PEC water splitting.
A high photocurrent density of —18.5 mA cm™ > at 0 V versus
RHE was achieved in 30 seconds for the irradiated ReS,/Si
photocathode (Fig. 13a), which is higher than that for non-
irradiated ReS,/Si. Additionally, the Tafel plot shows that the
photocathode of ReS,/Si-30s possesses the lowest Tafel slope
of 73.7 mV dec™" (Fig. 13b). The enhanced HER performance
is mainly attributed to the rich and controllable atomic Re
vacancies on the ReS, nanosheets by ion-irradiation. Also,
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the impedance spectroscopy measurements indicated that the
photocathode of ReS,/Si-30s had a relatively small R.; at the
semiconductor/electrolyte interface, reflecting the fastest
electrode-to-electrolyte shuttling of electrons during the HER.

Kumar et al.’® synthesized thin films of hematite (c-Fe,O;)
by electrodeposition and after 100 MeV Si®* SHII, the irradiated
film exhibited a significantly improved PEC response than the
non-irradiated o-Fe,O; sample. The irradiated film at a fluence
of 5 x 10" jons per cm? exhibited the highest photocurrent
density of 3.0 mA cm™? and a hydrogen production rate of
2.4 mL h™" ecm™? (Fig. 13c and d). The explanation might be
that the irradiation could induce a decrease in the resistivity, an
increase in the donor density and an increase in the flat-band
potential for the sample, which may be responsible for its
enhanced PEC properties.

The sample group also found that the BaTiO; film was a
potential candidate photoelectrode for PEC water splitting due
to its extraordinary stability in aqueous environments.”® The
fabricated BaTiO; thin films are irradiated by 120 MeV Ag®*
irradiation at four different fluences (1 x 10", 2 x 10!, and
3 x 10" ions per cm?). At a fluence of 1 x 10'" ions per cm?
the BaTiO; film achieved a maximum photocurrent density of
1.78 mA cm™? at 0.4 V vs. SCE (Fig. 13e), which is ten times
larger than that of the pristine sample, and the maximum
conversion efficiency of 0.91% was exhibited by the same
photoelectrode which is about 30 times larger than that of
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permission from ref. 34. Copyright 2018, Wiley-VCH. The PEC performance of the hematite electrode: (c) Photocurrent density versus applied potential
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the pristine sample (Fig. 13f). The better PEC performance by
ion-irradiation is attributed to improved optical absorption
capability, increased roughness, efficient separation of charge
carriers, and maximum flat-band potential and donor density.

Zheng et al.®* synthesized TiO, nanorods by the atomic layer
deposition (ALD) method followed by different energies (45, 65
and 85 keV) of N' ion-irradiation. They studied the influences
of the irradiated ion energy on the morphology and photo-
current density of the nanorods. And it was found that the
length of nanorods increases with the increasing ion energy
while the photocurrent does not increase continually with the
increasing ion energy due to the heavier damage formed in
TiO, irradiated by N* ions with higher energy. The nanorod
array photoelectrode displays largely enhanced performance for
PEC water splitting compared to that of the non-irradiated TiO,
thin films; this optimized PEC performance is attributed to
the effects of N* ion-irradiation, and the nanorod thin films
have the larger TiO,/electrolyte interfacial area, which facili-
tates the hole transfer kinetics at the TiO,/electrolyte interface.
This work proposes that ion-irradiation could be an effective
approach for developing nanostructured materials for water
splitting.

Normally, the PEC water splitting reaction process consists
of another necessary reaction of the OER (2H,0 + 4H" — O, +
4H"), which is also known to be the restricting step for the
overall reaction. In a work by Zhan,'% the surface of TiO,(110)
at different setting heating plate temperatures (300 °C, 400 °C,
and 500 °C) and the relationship between the geometric,
electronic structure and the PEC activity were investigated by
using low-energy Ar' irradiation. The irradiated TiO, photo-
anodes showed much enhanced photoresponse with T-500
(setting heating plate temperature 500 °C) showing the highest
activity. After 6 h, the photocurrent density of the T-500 photo-
anode is barely changing, which indicated the high stability of
T-500. These optimal results are due to two reasons: one reason
is that controlled formations of the oxygen vacancy, Ti*", Ti*",
and Ti metallic species were achieved at the surface of TiO,,
rendering a significant improvement in its light absorption,
and charge carrier concentration, and charge transfer proper-
ties after Ar' irradiation. And the second reason is that Ar’
irradiation can change the interaction between the TiO, surface
and water interface, making it more propitious to water decom-
position. Thus, low-energy Ar' irradiation could significantly
improve the PEC performance of the TiO, photoanode.

4.3 Application of the ion-irradiation technique for
photocatalysts

Photocatalysis is one of the most important topics in chemical
research and has attracted tremendous interest in recent years
owing to the need for renewable and sustainable energy.'** %
The most used photocatalysts are semiconductors, whose per-
formance is substantially limited by the lack of visible-light
absorption and poor photo-generated charge carrier separation
efficiency. Defect engineering, as an effective strategy, can
introduce vacancies that improve visible light absorption and
charge carrier separation efficiency.'® ™% The ion-irradiation
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technique is a novel method to introduce vacancies; due to the
cascade collision of irradiation ions with target atoms, vacan-
cies will be introduced into target materials. Importantly, the
concentration and distribution of the incident vacancy are
controlled by ion fluence and energy.

Ren et al.'°® used He" ion-irradiation to efficiently introduce
both defined C- and N-vacancies (Ve and Vy) in graphitic
carbon nitride (g-C;N,) for photocatalytic water splitting. The
existence of Vy introduces the defect state in the band gap,
which could improve the visible light absorption and increase
the charge carrier separation efficiency thus resulting in the
enhanced photocatalytic performance of g-C;N,. The photo-
catalytic performances of CNO (pristine g-C;N, nanosheet film)
and CN2 (He" ions fluence of 1.725 x 10" ions per cm?) were
evaluated by the photocatalytic hydrogen evolution test
(Fig. 14a and b). As shown in Fig. 14b, the CN2 sample with
an optimized vacancy concentration showed that a superior
hydrogen evolution rate reaches 1271 mmol g~ h™" which is
2.7 and 19 times higher than the CNO nanosheets and bulk
g-C3Ny, respectively. This work proved that the ion-irradiation
technique is an effective approach for improving the photo-
catalytic performance of materials.

Besides metal-free g-C;N,, Impellizzeri et al.'®> showed the
application of Fe" ion-implantation to realize an efficient TiO,
photocatalyst. The increase of the Fe' irradiation fluence could
enhance the damage of TiO,, which could cause strong elec-
tron-hole recombination, thus affecting the photocatalytic
activity of the as-implanted film. They found that the peak
intensity in the X-ray diffraction (XRD) pattern reduces gradu-
ally with the increase of the ion-irradiation fluence. The
observed reduction in the peak intensity can be related to a
damaging process attributed to the ion-implantation process
(Fig. 14c and d). Under the fluence of 5 x 10" ions per cm?, the
as-implanted film revealed a remarkable photocatalytic effi-
ciency in the degradation of organic compounds in water under
visible light irradiation (80% higher than the one obtained for
pure TiO, films) (Fig. 14e), without the help of any thermal
treatments. They further proved that the photocatalytic activity
in the degradation of organic compounds strongly depends on
the number of defects induced by the ion-implantation process.

The heterojunction semiconductor is also an important sort
of material in photocatalysis. In a work by Wang,'*® ZnO NWs
were coupled with a narrow bandgap semiconductor material
CdTe through a series of aqueous chemical reactions and were
further irradiated with different doses of N ions to enhance the
photocatalytic activity. They investigated the intensity of PL
peaks at various cycles of CdTe/ZnO heterostructures, and it
was found that the ZnO-CdTe-20-cycle heterostructures exhibit
a lower PL peak intensity than that of other cycles ZnO-CdTe,
which indicates the lowest recombination rate of photo-
generated carriers. Additionally, in all samples of CdTe/ZnO
heterostructures, ZnO-CdTe-20-cycle samples perform the
highest photocatalytic activity. The CdTe/ZnO heterojunction
nanostructures efficiently enhanced their photocatalytic perfor-
mance mainly through the introduction of oxygen vacancies by
N ion-irradiation, which can narrow the bandgap to improve

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the visible absorption ability and effectively separate electrons
and holes.'**'*?

4.4 Application of the ion-irradiation technique for lithium-
ion batteries

Lithium-ion batteries are regarded as efficient energy storage
devices, which have been widely used in every corner of life,
such as smart-phones, laptops, and electric vehicles because of
their high specific energy and energy densities as well as their
long cycling life. Ion-irradiation has appeared as an effective
technique for introducing defects into materials to improve
performance. Using the ion-irradiation technology to control
the evolution of defects in electrodes is an effective method to
improve battery performance.'"?

Germanium (Ge) as an anode material has drawn a great
deal of interest due to its high specific capacity (1623 mAh g™ )
and Li* diffusivity.""*""® Under high doses of ion-irradiation,
the Ge morphology transformed from a nonporous structure to
a nanoscale porosity interdigitated network.'**™**® When used
as an anode, the network could help in relaxing stress during
the cycling process. Rudawski et al.''® fabricated ion-beam
modified Ge films for lithium-ion batteries. Compared with
the as-deposited Ge film, the ion beam-modified Ge nanostruc-
tured electrodes exhibited a specific charge (discharge) capacity
of ~1279 (~1259) mA h g~ with a coulombic efficiency of
98.4% for the first cycle. After 25 cycles, the specific capacity
slightly decreases to 1352 mA h g~ ' which is much higher
than that of the deposited film (~200 mA h g™') (Fig. 15a).

© 2022 The Author(s). Published by the Royal Society of Chemistry

When the cycling rate increased to C/0.9, the specific capacities
were still greater than 1000 mA h g~ (Fig. 15b). The result
suggests that the ion beam-modified Ge nanostructured elec-
trode has great promise for use in high performance Li ion
batteries.

Different from the above mentioned, Rahman et al.*?° first
utilized in situ high-energy Kr ion-irradiation combined with
transmission electron microscopy to monitor how the defects
and microstructures evolve in Na and Li-layered cathodes. The
phase pure crystal structure along with the electrochemical
performance shows that Na,;;Fe,,,Mn,,,0, and LiNiO, are repre-
sentative and can provide a valuable guideline for designing stable
layered cathodes under extreme conditions, such as outer space
exploration and nuclear power industries. The quantitative
mathematical analysis of the dynamic bright-field imaging
shows that defect clusters preferentially align along the Na/Li
ion diffusion channels (a-b planes), which is likely governed by
the formation of dislocation loops. This study provides a valu-
able guideline for designing stable layered cathodes under
extreme conditions, such as outer space exploration and nuclear
power industries.

4.5 Application of the ion-irradiation technique for
supercapacitors

Besides batteries, supercapacitors can also serve as energy
storage devices, which usually include electrical double layer
capacitors (EDLCs) and pseudo-capacitors (PC). Compared with
batteries, supercapacitors can provide higher power density
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(a) Specific capacity versus cycle number for a nanostructured Ge electrode cycled at a C/7.2 rate for 25 cycles; the data of the as-deposited Ge

electrode cycled at the same rate is provided for comparison. (b) Specific capacity versus cycle number for the nanostructured Ge electrode cycled
sequentially at C/7.2, C/3.6, C/1.8, C/0.9, and C/7.2 rates, respectively. Reproduced with permission from ref. 119. Copyright 2012, AIP Publishing.

and long cycling life. However, the restriction of charge storage
on the electrode surface makes their capacity much lower than
batteries."**"** Among different electrode materials, electro-
active polymers generally show a higher specific capacitance
due to their ability to store charges by faradaic reactions on the
surface.'”® Interestingly, the ion-irradiation technique has been
proved to be effective in improving the electrical conductivity and
generating active sites for the surface physical and chemical
modification of the polymers."* The irradiated polymers could
form new chemical bonds, intermolecular crosslinking, chain
scissoring or fragmentation of molecules, bond-breaking, and

formation of unsaturated groups by ion-irradiation, thus impro-
ving the performance of supercapacitors.'*®

Hussain et al'® electrochemically synthesized LiClO,
doped polypyrrole thin films on an indium tin oxide coated
glass substrate, which was subsequently ion-irradiated by
160 MeV Ni'*" ions at different fluences of 5 x 10'°, 5 x 10'?,
and 3 x 10" ions per cm® The irradiated polymer films
demonstrated an increase in the magnitude of oxidation and
reduction peak current (Fig. 16a), which is mainly due to the
increase in the conductivity of the polymer films. Then,
the conductivity of the polymer films was investigated, and
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Fig. 16 (a) Cyclic voltammograms of polypyrrole films doped with LiClO, before and after ion-irradiation at a potential 50 mV s~ scan rate. (b) Peak
oxidation and reduction currents versus ion fluence. (c) Stability plots of supercapacitors with LiClO4 doped polypyrrole electrodes. Reproduced with
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capacitance with cycle number of RGO-PPyNT nanocomposites. Reproduced with permission from ref. 121. Copyright 2018, Elsevier.
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the results indicated that the conductivity of the films shows
an increasing trend with an increase in the ion fluence. The
irradiated film exhibits a higher conductivity (150-160 S cm™*)
than the pristine film (100 S cm "), which is attributed to bond
breaking that occurs due to cross-linking and chain scission
which creates a large number of free electrons and thus increases
in the conductivity of the polymer films. A plot of the oxidation
peak current and reduction peak current (Fig. 16b and c) shows
that the peak current of oxidation and reduction increases linearly
with an increase in the fluence. In addition, the irradiated (fluence
5 x 10"" ions per cm?) polymer film exhibits a higher capacitance
than non-irradiated films after 10 000 cycles.

Devi et al.”" synthesized hybrid nanocomposites of reduced
graphene oxide (RGO) and polypyrrole nanotubes (PPyNTs).
The electrical properties of RGO-PPyNTs have been impacted
by SHII with 85 MeV C°" ions at different fluences. The galvano-
static charge-discharge measurements (Fig. 16d and e) show a
nearly linear and symmetric discharge-charge curve indicating
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a typical EDLC behavior. Besides the highest fluence (1.3 X
10" jons per cm?), the discharge duration of the RGO-PPyNT
nanocomposite is slightly prolonged with the increase of irradia-
tion fluences, which indicates an increase in the specific capaci-
tance of the nanocomposites up to 346 F g~ " at a fluence of 2.2 x
10" ions per cm”. After 1000 cycles, the irradiated nanocomposite
retains 89% initial capacity which is higher than that of the non-
irradiated nanocomposite (Fig. 16f). It was believed that the ion-
irradiation increases the specific surface area and pore size of the
electrode, which extends the ion transport from the surface to the
bulk of the electrode, and results in an increase in the perfor-
mance of supercapacitors. The results suggest that ion-irradiation
has a great potential for modifying electrodes in supercapacitors.

Summary and outlook

Ion-irradiation shows great promise for the development of
electrode materials for energy conversion and storage devices

Table1l Summary of the application of ion-irradiation/implantation technology in energy conversion and storage of (photo) catalyst/electrode materials

from recent reports in the literature

Catalyst/electrode materials Ion species  Energy Fluence (ions per cm”*)  Roles Application Ref.
Single layer MoS, Au 500 keV 5 x 10 Defect HER 33
1 x 10*
Bi,Te; nanosheets Fe 320 keV 4 x 10" Defect HER 35
PtPb nanoplates C 3 MeV 1,2,3 x 10" Defect MOR 18
EOR
ORR
PtPb nanoplate Kr 1 MeV 6 x 10" Defect MOR 36
1 x 10"
C030,4,-0,/Co0/C030,4 Ar 25, 50 keV 5 x 10%° Defect OER 38
ZnO NPs/thin films Zn 60 keV 1,2 x 107 Doping — 40
N-Doped graphene (NG) N 40 kev 1 x 10" Doping — 41
Polystyrene sphere/hemisphere  Ag 15 kv 1,3,5,7 x 10' Morphology control ~ — 48
C-SiC coaxial nanotube Si 200 keV 1.1 x 10** Synthesis — 50
WO;_, nanowire Ar 80, 130, 190 keV 1, 1.5 x 10" Synthesis — 52
MoSe,/CC Ar 0-100 keV 5 x 10" Defect HER 66
5 x 10"
PS-Ni, NPS-Ni thin films Ar 90 keV 5 x 10" Synthesis HER 67
1,2 x 10"
NiO/CC N 0-100 keV 5 x 10" Defect OER 11
TiO, thin films Ag 120 MeV 5 x 10! Defect PEC 96
1,5 x 10*?
1 x 10"
Cr-Fe,0;/CuO thin films Si 100 MeV 1 x 10" Defect PEC 97
5 x 10"
1 x 10"
2 x 10"
BiVO,/Au photoanode N 600 keVv 2 x 10%° — PEC 88
BaTiO; thin films Ag 120 MeV 1 x 10! Defect PEC 99
TiO, nanorods N 45, 65, 85 keV 1 x 10" Synthesis/defect PEC 91
Ti0,(110) Ar 1 keV 9.6 x 10" Defect PEC 100
2-C3Ny He — 1.725 x 10* Defect Photocatalysts 108
CdTe/ZnO heterostructures N 190 keV 1,5 x 10" Defect Photocatalysts 109
1,5 x 10
Ge electrodes Ge 260 kev 1.0 x 10 Synthesis LIB 110
Na,/;Fe; ,Mn;,0, Kr 5 kv 6.25 x 10" — LIB 120
LiNiO, 1.25 x 10*°
Polypyrrole polymer thin films Ni 160 MeV 5 x 10" — Supercapacitor 127
5 x 10"
3 x 10*
RGO-PPyNT nanocomposites C 85 MeV 6 x 10" — Supercapacitor 121
3.6 x 10"
2.2 x 10"
1.3 x 10"
© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 7384-7405 7401
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such as water electrolysis cells, lithium-ion batteries and super-
capacitors. The recent efforts of ion-irradiation are mainly
devoted to the synthesis and modification of electrode materials.
The effects of ion-irradiation on the materials include defect
introduction, element doping, morphology control, and materials
synthesis. For the ion-irradiation technique, the synthesis strategy
is relatively simple and is usually used for fabricating nano-
materials of semiconductors, carbides, and metal oxides.
To date, the -catalyst/electrode materials related to ion-
irradiation for energy storage and conversion technologies have
been involved in electrocatalysis, photoelectrochemistry, photo-
catalysis, lithium-ion batteries, and supercapacitors. Some
catalyst/electrode materials that confer significant improve-
ments by the ion-irradiation technique are summarized in
Table 1. A large number of experimental results have proved
that the ion-irradiation technique is undoubtedly an effective
and promising technology. In addition, ion beam technology
is undoubtedly a potential and efficient tool that can be
extended to many other fields. For the ion-irradiation techni-
que, opportunities and challenges coexist. With the develop-
ment in materials science and the progress of characterization
technologies, the ion-irradiation technique will obtain great
achievements and some more exciting discoveries can be
expected in the future. Whereas there still exist challenges
that need to be overcome in the following directions:

(1) Ion-irradiation technology can help us to better establish
the structure-activity relationship between the defect concen-
tration and material catalytic performance. However, it is
necessary to further investigate the mechanism of interaction
between the ion-irradiation process and structure change.
Some in situ characterization techniques such as in situ XRD
and Raman spectra monitoring can be used during ion-
irradiation. Further analysis and research of defect evolution
can lay a solid foundation for the future utilization of the ion-
irradiation technique for improving material performance.

(2) A comprehensive and in-depth understanding of the
functional mechanisms of ion-irradiation using both experi-
mental measurements and theoretical modeling and simula-
tion (such as DFT calculations) for new electrode/electrolyte
material design and synthesis. Although the ion-irradiation
can result in material surface structure changes for improving
the performance, the relationship between the structure and
performance is still not fully understood at present. Therefore,
some fundamental mechanism understanding is definitely
needed. In addition, although ion-irradiation has a positive
effect on electrode materials, it also causes different degrees of
damage to the materials, and it is equally important to further
study the relationship between damage degree and material
properties.

(3) For now, the ion-irradiation technology is used in the
study of catalytic materials, which can efficiently form a variety
of noble metal nanostructures and achieve low-cost preparation
with high atomic utilization in the preparation of precious
metal-based catalytic materials. The application of ion-
irradiation in single atom catalysts will be the direction of the
future research directions and development trends.
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