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Well-Defined Nanostructures for Electrochemical Energy

Conversion and Storage

Rui Xu, Lei Du, David Adekoya, Gaixia Zhang, Shanging Zhang,* Shuhui Sun,*

and Yong Lei*

Electrochemical energy conversion and storage play crucial roles in meeting
the increasing demand for renewable, portable, and affordable power supplies
for society. The rapid development of nanostructured materials provides an
alternative route by virtue of their unique and promising effects emerging

at nanoscale. In addition to finding advanced materials, structure design

and engineering of electrodes improves the electrochemical performance

and the resultant commercial competitivity. Regarding the structural
engineering, controlling the geometrical parameters (i.e., size, shape, hetero-
architecture, and spatial arrangement) of nanostructures and thus forming
well-defined nanostructure (WDN) electrodes have been the central aspects
of investigations and practical applications. This review discusses the
fundamental aspects and concept of WDNs s for energy conversion and storage,
with a strong emphasis on illuminating the relationship between the structural
characteristics and the resultant electrochemical superiorities. Key strategies

existing energy supply systems mainly
based on fossil fuels, the performance of
the clean energy (conversion and storage)
devices/systems has to be significantly
improved. The electrochemical energy
conversion and storage usually involves
many intricate chemical reactions and
physical interactions at the surface and
inside of electrodes/electrolytes, and the
kinetics and transport behaviors of dif-
ferent carriers (e.g., electrons, holes, ions,
molecules) are closely associated with the
materials selected for electrodes as well as
the structures of electrodes. To this point,
material design and structure design for
electrodes have been the research focuses
for improving the electrochemical perfor-

for actualizing well-defined features in nanostructures are summarized.
Electrocatalysis and photoelectrocatalysis (for energy conversion) as well as
metal-ion batteries and supercapacitors (for energy storage) are selected to
illustrate the superiorities of WDNs in electrochemical reactions and charge
carrier transportation. Finally, conclusions and perspectives regarding future
research, development, and applications of WDNss are discussed.

1. Introduction

Utilizing renewable energy and remitting traditional fossil fuel-
related environmental problems become crucial for realizing a
worldwide sustainable energy future.ll For this purpose, elec-
trochemical conversion and storage technologies for so-called
“clean energy” (e.g., fuel cells, electrolyzers, photoelectrolyzers,
metal-air batteries, metal-ion batteries, and supercapacitors)
have been playing central roles.>3! In order to compete with

mance of energy conversion and storage,
which both have gained high attention
from academia and industry.

Along with researches for finding
advanced electrode materials, much recent
research efforts have been made for elec-
trode structure design and engineering,
especially when traditional macro-scale
structured electrodes are showing limita-
tions of achieving satisfying performance for energy conversion
and storage. Among these efforts, electrode nanostructuring
has been demonstrated as a promising way for realizing high-
performance electrochemical energy conversion and storage,
which attributes the distinct features of nanostructured mate-
rials differing from their bulk material counterparts. The high
surface-to-volume ratios of nanostructures give large electro-
chemical surface areas with much more exposed atoms and
hence improve the performance per unit electrode area and/or
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material mass. Besides, the nanostructured electrode can pro-
vide fast and much-shortened transportation pathways of car-
riers and facilitate the electrochemical reaction kinetics.

In the researches of using nanostructures for energy conver-
sion and storage, controlling four important structural param-
eters of electrodes have been the central aspects of investiga-
tions: size and shape of nanostructures, hetero-architectures
by combining different nano-units, and spatial arrangements
of arrayed nano-units. A high level of controllability of size
and shape provides capabilities of property tuning such as
altering band gap, guiding carrier transportation, and modu-
lating chemical potential. Obtaining hetero-architectures and
adjusting spatial arrangements of nano-units can facilitate
performance optimization by achieving combined functions of
multiple nano-units, directional transportations of carriers in
electrode and electrolyte, and nanoconfinement effect. There-
fore, realizing well-defined nanostructures (WDNs) with high
controlling of these four geometric parameters shall be the key
for fully understanding the electrochemical processes of energy
conversion and storage, and hence for modulating these pro-
cesses to optimize the device performance.

In recent years, intensive investigations have been made for
the WDNs, and a large number of WDNs were fabricated and
have been widely applied as electrodes for different types of
energy conversion and storage devices, especially for promoting
the performance of energy conversion and storage. There have
been excellent reviews discussing the advances of nanomate-
rials or nanostructures in energy applications,*'% but few of
them touched the topic of WDNSs. Therefore, a comprehensive
review of WDNs for energy conversion and storage is urgent
and timely. In Section 2 of this review, the fundamental aspects
of WDNs are given and their superiorities for energy conver-
sion and storage are demonstrated in detail. In Section 3, we
review the critical progresses of the controllable fabrications of
WDNSs. In Sections 4 and 5, we identify how the WDNs benefit
electrocatalysis and photoelectrocatalysis devices, as well as bat-
teries and supercapacitors, which are the two mainstreams of
clean energy applications (conversion and storage). Finally, we
provide our conclusion and perspectives on future research and
development of WDNs for energy conversion and storage.

2. Fundamentals of Well-Defined Nanostructures
and Their Superiorities in Electrochemical Energy
Conversion and Storage

2.1. Fundamentals of WDNs

Despite tremendous decent achievements in the fields of elec-
trochemical energy conversion and storage, reaching device
performance idealized for industrial applications is still a long
way off, primarily due to the lack of appropriate material and
structure systems. It is well known that the chemical and phys-
ical property of a nanostructure is predominantly determined
by its composition and dimension. Rather than by searching for
a brand-new composition, modulating chemical and physical
property by changing structural dimension is attracting more
and more attention with the development of nano-science
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and nanotechnology. Excitingly, as the feature size and/or
dimension of a material downsizing and approaching nano-
meter-sized scale (i.e., nanostructured material), the intrinsic
properties (e.g., electrical conductivity, catalytic activity, electro-
magnetic absorption and scattering, wettability) of the material
turn out to be obviously changed relative to those of its bulk
equivalent. To date, nanostructures have obtained a great deal
of prominence in the applications of electrochemical energy
conversion and storage due to their tunable chemical and phys-
ical characteristics and hence achieving improved performance.

Nanostructures can be generally termed as a family of mat-
ters featured by at least one or more dimensions within a size
range of 1-1000 nm. So far, large amounts of nanostructures
have been fabricated that are principally classified into four cate-
gories as 0D, 1D, 2D, and 3D nanostructures (schematically illus-
trated in Figure 1a), all of which could have structure-induced
diversities of basic properties. Taking the electron movability as
an example, electrons could be immobilized in a dimensionless
space for a 0D nanostructure, while it becomes movable along
the axis within a 1D nanostructure. Likewise, electrons in 2D and
3D nanostructures can move in a plane or a space, respectively.
The surface-to-volume ratios of nanostructures are increased
with the size decreasing (Figure 1b, by taking 1D nanostructure
as an example), and relatively more atoms (and/or molecules)
are thus exposed on the structure surface. Due to the interrupt
disruption of crystalline lattices, these surface atoms are incom-
pletely bonded, hence providing more freedom of modifying the
surface-related material properties. In addition, the geometrical
shape variation (Figure 1c) is also capable of exerting significant

a oD 1D
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influence upon the chemical and physical properties of a nano-
structure. Notwithstanding the highly expanded property of
a nanostructure by adjusting its size and shape, the possibility
for property tunability is still limited, especially considering the
diverse requirements in a broad variety of practical applications.
Hence, two ingenious solutions have been proposed to further
widen the tunable scope of chemical and physical properties.
The first solution is to combine different distinct nano-units to
form hetero-architectures (Figure 1d), such as core/shell, sand-
wich, multi-segment structures.!! Note that, each nano-unit of
the hetero-architectures could be adjusted independently to com-
plement with other units so that the combined nano-units can
work together to achieve new effects and benefits that might be
inaccessible by their single counterparts. Moreover, for almost all
applications of nanostructures in energy conversion and storage,
millions of nanostructures shall be integrated or patterned into a
large-scale macroscopic area so as to be used as the electrode of
a functional device. Considering this issue, another solution to
widen the property tunability of nanostructures is to control the
spatial arrangement of the arrayed nanostructures (Figure le).
A high degree of controlling the spatial arrangement regarding
such as the alignment directions and spacing of arrayed nano-
units shall be beneficial to using especially the collective inter-
unit coupling to enhance the overall performance of the nano-
structure ensemble for energy conversion and storage.

To make nanostructures fully qualified as excellent electrodes
for energy conversion and storage and hence satisfying the
industry-standard requirements of device applications, it shall
be mandatory for realizing WDNs, namely nanostructures with

2D <0

b

3

Figure 1. a) Schematic nanostructures with different dimensions: 0D-3D. Representative 1D nanostructures with different b) sizes, c) shapes, and
d) hetero-architectures, and e) their spatial arrangements (alignment directions and spacing).
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Figure 2. Schematic illustration of effective energy utilization using WDN-based electrocatalysis, photoelectrocatalysis, battery, and supercapacitor.

precisely controllable geometries of the above-mentioned four
key structural parameters: size and shape of nanostructures,
hetero-architectures by combining different nano-units, as well
as spatial arrangements of arrayed nano-units as an ensemble.
By achieving such WDNs with complete aspects of structural
controllability, comprehensive understanding of the intricate
electrochemical processes involved in the energy conversion and
storage, and hence to modulate these processes becomes fea-
sible, which could provide a versatile platform for optimizing the
performance of electrochemical energy conversion and storage.

2.2. Superiorities of WDNs in Electrochemical Energy
Conversion and Storage

By virtue of the highly controllable structures and hence the
tunable chemical and physical property, WDN-integrated
devices have shown high promise in boosting electrochemical
energy conversion and storage. To exploit the capability of
WDNss to the full for property tuning, it is imperative to inves-
tigate in detail the microscopic operation involved in electro-
chemical reaction, especially to gain an in-depth understanding
of the relation of the electrochemical microscopic operation
and reaction to the nanoscale features of WDN electrodes.

( H*tion Q OH-ion

@ Electron
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Currently, there are diverse systems concerning electrochem-
ical energy conversion and storage, such as electrocatalysis and
photoelectrocatalysis for energy conversion, and supercapacitors
and Dbatteries for energy conversion (Figure 2). Although these
systems differ from one another, they do share some common
fundamental physical and chemical processes. Given that photo-
electrocatalytic water splitting covers many fundamental opera-
tions of carriers including photon absorption, electron/hole/ion/
molecule transportation, and chemical reaction, while only some
of these operations are involved in other systems, herein we select
photoelectrocatalytic water splitting as an example to illustrate the
cycle of carriers in an electrochemical reaction. As portrayed in
Figure 3, the cycle of carriers in photoelectrocatalytic water split-
ting typically includes five procedures: i) incident light propogates
and is absorbed by the electrode, and generating electron—hole
pairs; ii) photo-induced pairs are separated rapidly, and electrons
and holes migrate to the surface of photocathode and photoanode,
respectively; iii) carriers (i.e., HY, OH", gas molecules) diffuse/
drift in the electrolyte; iv) chemical reactions between carriers at
the electrode/electrolyte interface; v) charge carriers (holes and
electrons) drift to the conductive substrate of photocathode and
photoanode, respectively. These procedures can be roughly divided
into two aspects: carrier transportation (e.g., procedures i, ii, iii, v)
and chemical reaction (e.g., procedures i and iv). It is predictable

Enhanced
chemical
reaction

@ Molecule

@ Hole

Figure3. a) Schematicillustration of photoelectrocatalytic water splitting using WDN electrodes. b) WDN photoanode with advantageous characteristics.

( Photon
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Figure 4. Superiorities of WDNs with tunable geometries (size, shape, hetero-architecture, spatial arrangement) in reducing the resistance of carrier
transportation and chemical reaction for electrochemical energy conversion and storage.

that suppressing (no matter partly or totally) the resistances of car-
rier transportation and chemical reaction will decrease the kinetic
limitation for electrochemical energy conversion and storage.

As compared with energy conversion and storage devices
using conventional bulk materials, WDN-based counter-
parts draw great attention due to their advantageous physical
and chemical properties, especially the capability to reduce
the kinetic limitation that determines the value of WDNs
in improving energy conversion and storage. In this regard,
Figure 4 summarizes superiorities of WDNs with highly tun-
able geometries (size, shape, hetero-architecture, and spatial
arrangement) in reducing the resistance of carrier transporta-
tion and chemical reaction, as detailed as follows.

2.2.1. Superiority of Tunable Size of WDN Unit

For Carrier Transportation:

1) Shortening carrier transportation length in electrode. Given
that the diffusion time of a carrier (e.g., ion and electron) in
nanostructures can be described by ¢t = [2/2D, where L is the
feature size of nanostructure and D the diffusion constant for
carries, smaller size will significantly reduce the transporta-
tion time and resistance in the electrode.['13]

Adv. Energy Mater. 2021, 11, 2001537 2001537 (5 of 53)

2) Increasing electrolyte/electrode interface. Taking a nano-
cube electrode as an example, cutting the side length into
n segments will result in the amplification of the overall sur-
face area by a factor of n. Therefore, large surfaces of elec-
trodes are in favor of carrier exchange between the electrode
and the electrolyte.

Shifting band edge of electrode material. Downsizing nano-
structures tends to shift conduction band to be more reducing
and valence band to be more oxidizing,™ which is expected
to benefit the separation of photogenerated electron—hole
pairs in electrode as well as to fasten charge carrier exchange
at the electrode/electrolyte interface. Tuning electronic struc-
ture provides another benefit for electrocatalysis, that is, the
well-modulated adsorption strength of carriers. Very weak
adsorption will result in serious difficulty of reaction because
of inadequate adsorption of active reactants. On the other
hand, when the adsorption is too strong, the adsorbed prod-
uct is difficult to remove which will occupy the active sites
and hinder the following reactions. Therefore, an optimized
adsorption strength of carriers realized by tuning electronic
structure is highly important.

Altering characteristics of carrier transportation in elec-
trode (e.g., electrical conductivity, recombination lifetime,

3

-

4)
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diffusion length). For example, nanostructures of smaller siz-
es demonstrate decreased electrical conductivity due to elas-
tic scattering of electrons with more grain boundaries.>]
Another representative example is the size-dependent Auger
recombination in ZnO nanocrystal that shrinking in size can
accelerate Auger recombination and dramatically decrease
electron-hole lifetime from over 1 ns to about 80 ps.["

For Chemical Reaction:

3)

Increasing active site density. Decreasing nanostructure size
results in a relatively larger surface-to-volume ratio, and hence
more atoms are exposed to the ambiance with more dangling
bonds. These unsaturated bonds provide a large amount of ac-
tive sites to promote chemical reaction extensively and rapidly.
Modulating chemical potential. Tuning dimensions of a struc-
ture to nanometer-sized range could be used to modify chemi-
cal potentials for charge carriers which leads to alteration of
thermodynamics and facilitates the chemical reaction.!'81%)
Innovative mechanism for energy conversion and storage. For
example, besides enhancing light absorption by generating
more electron-hole pairs within a semiconductor electrode,
hot electrons arising from plasmonic resonance can facilitate
decomposition of water molecules, which offers an alternative
way for promoting solar energy conversion.?”) Different from
the classical mechanism (e.g., ion insertion/deinsertion or al-
loying), the formation and decomposition of Li,O as well as the
reduction and oxidation of metal nanoparticles can give rise to
reliable long-term operation and superior capacity in battery
electrode of transition-metal oxide nanoparticles.!

Altering band gap for light absorption. When the feature size
of a nanostructure decreases to approach the range of Bohr
radius, quantum confinement effect takes place, leading to
an obvious variation of the band gap value.??l For example,
the band gap of Ge is alterable from about 0.7 eV to more
than 2 eV by reducing the size to 2-3 nm. This phenomenon
is also applicable to many other materials such as oxides,?’!
selenides,? and sulfide.?]

2.2.2. Superiority of Tunable Shape of WDN Unit

For Carrier Transport:

1)

Enhancing local electric fields to guide carrier transportation.
Electric simulation demonstrates that a metallic nanometer-
sized tip could provide tenfold higher electric field compared
with that of its quasi-planer counterpart. The locally strong
electric fields lead to locally high concentrations of ions and re-
sultant reactant (e.g., CO,) surrounding the active sites of the
catalytic electrode surface. Consequently, the problem of slow
kinetics during electrochemical reduction, arising from the
low ionic concentration in the electrolyte, can be addressed.[2%]
Guiding light propagation. Engineering nanostructure shape
results in alteration of light trapping capability by introduc-
ing distinctive optical effects such as scattering, reflection,
and plasmonic resonance.l””-?8! For instance, computational
simulation reveals that the light absorption of silicon solar
cells can be altered by engineering the shape of nanostruc-
tures on the front surface. The absorption efficiencies of
cone, hexangular pyramid, rectangular pyramid, and triangu-
lar pyramid should increase in sequence.?’!

Adv. Energy Mater. 2021, 11, 2001537 2001537 (6 of 53)
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For Chemical Reaction:

3) Rearranging atoms at the electrode surface. For example,
Huang et al. observed that directional exposure of crystallo-
graphic plane (e.g., high-index facets) of the electrode through
the shape regulation of tetrahexahedral particles (e.g., Pt, Pd,
Rh, Ni, Co, and their combination) led to dramatically enhanced
electro-oxidation of formic acid and accordingly the current den-
sity at a fixed potential can be increased by a factor of 20.13

4) Altering band gap of electrode for light absorption. In addi-
tion to the nanostructure size, the shape may play roles in
determining the electrode’s band gap as well because of the
inhomogeneous distribution of electronic state over the en-
tire surface.[?*31]

2.2.3. Superiority of Tunable Hetero-Architecture of WDN Unit

For Carrier Transport:

1) Combining multiple nano-units, one of which is just provid-
ing fast transportation pathways. For example, for core—shell
hetero-architecture nanowires, the inner cores act directly as
a current collector that is connected to the outer shells of ac-
tive material, providing a fast and much shorter transporta-
tion pathway of carriers and hence alleviate the ohmic po-
tential loss that usually exists in the conventional design of
planar electrode/current collector connection.

2) Combining multiple nano-units to regulate carrier transpor-
tation. For instance, engineering band bending of electrode
materials by forming heterojunctions (e.g., P-N junction,
Schottky junction) is able to regulate directional transporta-
tion pathways and navigate charge carriers in the electrode.

For Chemical Reaction:

3) Combining multiple nano-units that fulfill similar but not
the same function. In other words, each nano-unit is capable
of completing electrochemical energy conversion and storage
independently without additional assistance, and different
nano-units complement one another to enhance the overall
performance. For example, multiple photocatalysts with dif-
ferent band gaps can be integrated into hetero-architectures
to extend the light absorption spectrum.

4) Combining multiple nano-units with different functions. To
be specific, one nano-unit dominates over the electrochemi-
cal reaction, and others play auxiliary roles to enhance the ul-
timate performance, rather than participating into the chemi-
cal reaction directly. To name a few, both coating a passivation
layer over the electrode surface to reduce surface recombina-
tion and depositing electrocatalysts to reduce the kinetic limi-
tation in chemical reaction are reliable ways for promotion of
photoelectrocatalytic water splitting.

2.2.4. Superiority of Tunable Spatial Arrangement of WDN
Ensemble

For Carrier Transport:

1) Directional transportation of carriers in electrolyte. Interval
space defined by regular nanostructure arrays provides a direc-
tional channel which facilitates carrier transportation from the
electrolyte to reach the electrode surface, and vice versa.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2) Directional transportation of carriers in electrode. A
directional pathway from the active site of electrode sur-
face to the inner conductive substrate regulated by arrayed
nanostructures of electrode could be built for swift carrier
transportation.

3) Providing novel ion transportation pathway. For example, the
establishment of inter-digital nanostructure electrodes may
suppress the ohmic potential loss in conventional planar
electrode batteries with long-distance ion transportation.

4) Guiding light propagation. As light is impinging upon
WDNs that are periodically arranged on the order of the light
wavelength, light propagation pathways can be spatially mod-
ulated due to optical diffraction effect, consequently leading
to extra light harvesting.3233]

For Chemical Reaction:

5) Enabling nano-confinement effect. Nano-cavities between
neighboring nanostructures and/or hollow nano-space pro-
vide unique confined spatial environments for carriers,
which lead to enhanced interaction between carriers and
electrode surface and thus are desirable for sufficient chemi-
cal reaction.

Providing easy carrier accessibility. Uniform channels estab-
lished by regularly arranged WDN s offer easy electrolyte ac-
cessibility for the electrode and fasten carrier exchange at the
electrolyte/electrode interface, which is helpful for making a
full usage of active sites at the electrode surface in chemical
reaction.

=

It is concluded that WDN electrodes can promote elec-
trochemical energy conversion and storage by directionally
guiding carrier transportation as well as facilitating chem-
ical reactions that are reaped from well-defined geometries.
Notably, the utilization of WDNs also gain access to other
advantages, for example, enhancing long-term operational
stability because the interval space between neighboring
arrayed nanostructures can serve as a buffer zone to accom-
modate mechanical strain arising from volume expansion and
contraction during ion-insertion/deinsertion or temperature
variation.

3. Fabrication of Well-Defined Nanostructures

As introduced in Section 2, WDNs are capable of serving
as functional electrodes to promote energy conversion and
storage efficiency by regulating the carrier transportation and
the chemical reactions, and the overall device performance can
be extensively tuned and optimized by adjusting the geom-
etries of WDNs (i.e., size, shape, hetero-architecture, and spa-
tial arrangement). For actualizing well-defined geometries into
nanostructures, seven important techniques have been pursued
including: 1) photo/particle based lithography, II) scanning
probe lithography, III) nanoimprinting lithography, 1V) self-
assembly, V) solution-phase deposition, VI) vapor-phase depo-
sition, and VII) template-mediated growth. Techniques I-VI
are schematically illustrated in Figure 5, while technique VII
is shown in Figure 6. In this section, we will detail these tech-
niques point-by-point.

Adv. Energy Mater. 2021, 11, 2001537 2001537 (7 of 53)
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3.1. Photo/Particle-Based Lithography

The exposure for lithography has two typical approaches: using
photons and particles. Regarding the lithography using pho-
tons (i.e., photolithography), various kinds of electromagnetic
radiation such as ultraviolet, deep ultraviolet, extreme ultra-
violet, and X-ray are exploited. Subsequently, the desired pat-
terns decorated on a photomask are transferred onto a layer
of photoresist chemicals by altering the molecular structures
and subsequently the underlying substrate aided by diverse
etching techniques. Also, particles such as electrons and ions
are capable of changing the molecular structures of the resist
chemicals to fulfill nanostructuring upon the target materials.

3.1.1. Lithography Using Photons

With the requirement of device miniaturization, especially for
the integrated circuits in the semiconductor industry, many
photolithographic techniques have been developed during the
past several decades. The primary mission of photolithography
is copying a specific pattern of a photomask onto a photoresist
chemical layer and, subsequently, a substrate with the help of
diverse etching techniques. According to the chemical reac-
tion of the photoresist under radiation, the photolithographic
techniques can be classified into positive and negative lithog-
raphy. Taking the positive one as an example, Figure 5a details
the pattern transferring process, typically involving six sequen-
tial steps: 1) the target substrate is coated by a thin layer of
photoresist chemical; 2) the substrate is partially exposed to
electromagnetic radiation with the presence of a photomask
located between the substrate and the radiation source; 3) the
molecular structures of the photoresist chemicals at the expo-
sure area are changed, which consequently results in an altera-
tion of the solubility of the exposed chemicals relative to that
without exposure; 4) after completing exposure, the denatured
photoresist chemicals are selectively dissolved by immersing
into a solvent; 5) upon the bare area of the substrate, etching
(e.g., wet-chemical etching or dry etching) is performed, suc-
cessfully transferring the pattern of the photomask onto the
surface of substrate; 6) the substrate is finally dipped into a
solution and the remaining photoresist chemicals are com-
pletely dissolved away. Almost all photolithographic techniques
share this fundamental operation cycle. In practical production
such as some complex patterns, the whole fabrication process
may go through many photolithographic cycles. With this tech-
nique, the as-obtained patterns can be downsized into a few
tens of nanometers, enabling nanostructures to gain access to
well-defined geometries in terms of shape, size, and arrange-
ment. Indeed, photolithography is a powerful and widely
adopted method for nanostructure fabrication in a variety of
applications, both for basic scientific research and for industri-
ally massive production.’>3%1 However, the photolithographic
technique is still facing a few challenges. First, the fabrication
of the photomask is relatively expensive and time-consuming.
Another shortcoming is the harsh requirement for the extreme
cleanliness of the operational environment. Furthermore, this
technique is effective only for 2D planar substrates, and not
suited for nanostructuring upon non-flat 3D ones. Finally, the
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Figure 5. Schematic illustration of WDN fabrication using a) photo/particle-based lithography, b) nanoimprinting lithography, c) scanning probe lithog-
raphy, d) self-assembly, e) solution-phase (electrochemical) deposition, f) chemical vapor deposition, and g) physical vapor deposition (sputtering).

ultimate challenge of all photolithographic techniques is the
limited resolution (i.e., the minimum feature size) due to the
physical diffraction limit.

3.1.2. Lithography Using Particles

In addition to photons, energetic electrons and ions can be
exploited for denaturing the resist chemicals to construct nano-
structures. In light of the short de Broglie wavelengths (i.e., less
than 0.1 nm), the physical diffraction effect is significantly sup-
pressed with the utilization of these particles as compared with
that in photolithography, which results in enormous decreasing
of the minimum feature size and thus is appealing to a lot of
high-resolution nanostructure fabrication. For example, lithog-
raphy based on a focused electron beam (EBL) can construct
nanostructures with sub-10 nm resolution.””) EBL systems
focus a beam of electrons and scan it over the surface of a sub-
strate according to a customer-designed route. In principle,
nanostructures with arbitrary shapes are obtainable. Besides
the high resolution and excellent shape controllability, another
advantage of EBL is that nanostructures can be directly written
on substrates, leading to maskless lithography. However, EBL
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is very time-consuming due to the serial operation, greatly
limiting its throughput in massive production. For improving
the lithographic speed, the scientific community developed an
approach in which an array of particle beams is used to per-
form multiple exposures simultaneously rather than sequen-
tially. In view of the desirable high resolution and excellent
shape controllability as well as the disadvantageous low yield,
EBL is more adopted to construct small quantity of nanostruc-
tures for basic scientific research.l*®l

Note that, etching techniques play crucial roles in the litho-
graphic techniques for realizing WDNs. According to whether
the etchant is in solution or gas, etching techniques are gener-
ally sorted as wet chemical etching and dry etching. Often, wet
chemical etching is considered as the first option in view of its
low cost and operational simplicity. The wet chemical etching of
materials from a substrate can be performed either isotropically
or anisotropically. Usually, the majority of wet chemical etching
processes are characterized by isotropism. Given that the whole
substrate is exposed to the etchant, the materials that are not to
be etched should be protected with a protective capping. The
isotropic etching in the immersive operation results in a unique
characteristic where the as-etched concaves in the monocrystal-
line substrate present sloped sidewalls. As for polycrystalline
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3D inverse opals using PS templates.

materials, chemical etching is preferentially carried out at the
grain boundaries and crystallographic defects which have been
used for engineering metallic surfaces.’ In addition, wet chem-
ical etching exhibits prominent selectivity between different
materials, which leads to operational convenience since chemical
reaction will end automatically when the etchant touches another
material.l*¥l Dry etching is a process in which material at specific
locations is removed from a substrate by exposing the material
to energetic ions normally with the assistance of a mask. Unlike
the majority of wet chemical etching techniques, the dry etching
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techniques exhibit directional and anisotropic etching. Two
typical techniques are widely used to perform dry etching: ion
beam etching and reactive ion etching. In an ion beam etching
process, energetic argon ions are used to strike material out from
the substrate surface which is perpendicular or tilted to the ion
beam. Because of the perpendicular incidence, the abrasion on
vertical walls is minimal, resulting in high anisotropism. Almost
all materials can be etched using this method.*#? However, the
utilization scope of this method is limited due to its low selec-
tivity in materials. Regarding the reactive ion etching, plasma

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

is generated by an electromagnetic field and then high energy
ions from the chemically reactive plasma are used to react with
the substrate. The reactive ion etching provides precise etching
parameters such as selectivity, etching rate, and uniformity,
which can be easily adjusted by modulating the properties of the
etching ions. Importantly, both isotropic and anisotropic etching
profiles are obtainable in the process of the reactive ion etching
which is thus serving as one of the most important etching tech-
niques in device manufacturing.[34

3.2. Scanning Probe Lithography

Scanning probe lithography (SPL) refers to lithographic tech-
niques that exploit the local interaction between a scanning probe
and the surface of a substrate to directly deposit or sculpture mate-
rials at a local domain.® SPL achieves mask-free operation as well
and is often exploited as an alternative lithographic technique for
basic scientific research (Figure 5c). This technique was first pro-
posed with the invention of scanning probe microscopel*®l and
has grown rapidly with the development of other analytical facili-
ties: atomic force microscope, scanning electrochemical micro-
scope, and so on. Within these configurations, the locally physical
interactions vary from each other and can be generally divided into
four types: mechanical, electrical, optical, and thermal.

Due to the fundamentally operational originality, the scan-
ning probe lithography is significantly different from the afore-
mentioned lithographic techniques. For example, the photo-
lithography and EBL are based on far-field operation with the
distance between the radiation/electron source and the target
pattern far larger than the pattern size. For the sake of the large
distance, both techniques have to deal with the physical diffrac-
tion limit. Moreover, the long distance also leads to beam diffu-
sion; therefore, more efforts should be taken to optimize beam
emission quality and the pathway which inevitably increases
facility cost. In stark contrast, the SPL technique is serving in
the near-field zone which thus bypass the problems of beam
diffusion and diffraction limit and potentially enables ulti-
mately high (e.g., at the atomic scale) resolution.l In principle,
SPL is capable of gaining arbitrary patterns in spite of the con-
comitant time-consuming operation.

3.3. Nanoimprinting Lithography

For solving the low-resolution limitation in photolithography as
well as the time-consuming problem existing in EBL and SPL,
Chou et al. invented the nanoimprinting lithography (NIL) so
as to achieve high resolution in a fast and high-throughput way
in 1995.1*1 Different from traditional lithographic techniques in
which patterns are obtained by changing the molecular struc-
tures of resist chemicals with photons or particles, NIL depends
on mechanical deformation in the resist and thus reaches
higher resolution by circumventing the light diffraction effect.
Actually, the resolution of NIL is mainly determined by the
minimum feature size of the imprinting mold, which is manu-
facturable with sub-10 nm features over large scales. So far, a
lot of NIL techniques have been developed such as thermal NIL
(TNIL) and UV-based NIL (UVNIL).4
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Figure 5b depicts the nanostructuring process using TNIL.
First, the target substrate is covered by a layer of thermoplastic
polymer (serving as imprinting resist) normally through a
standard spin-coating procedure. Thereafter, an imprinting mold
decorated with pre-set patterns is used to transfer the features of
the topological patterns into the polymer layer through mechan-
ical imprinting under a specific pressure. After heating up to a
specific temperature which corresponds to the initiation of the
glass transition for the polymer, the topological architectures
obtained from the imprinting mold is solidified. After cooling
down to room temperature, the mold is peeled off from the sub-
strate. With the topological polymer as mask, selective etching is
performed to further transfer the pattern onto the underlying sub-
strate. While for a UVNIL process, a UV-curable photopolymer
is adopted as the resist chemical instead of the thermoplastic
polymer. After bringing the imprinting mold and the resist layer
into contact, UV light cures the resist chemical, and a pattern
is replicated into the resist layer and subsequently to the under-
neath substrate by selective etching. Each NIL technique has dis-
tinct advantages, for example, TNIL is desirable for cost reduction
due to the cheap mold even with opaque materials; UV-NIL can
be performed at room temperature under low pressure. Aiming
to further advance nanostructuring, many other NIL techniques
have been investigated, including laser assisted direct NIL, elec-
trical field-assisted NIL, just to name a few. It is worth pointing
out that the topological structures with nanometer feature size
can be readily transferred onto diverse substrates ranging from
silicon wafers to flexible polymers and carbons.’%>% In view of
various advantages such as high throughput, prominent resolu-
tion, and extensive substrate-material choice, NIL holds high
potentials for nanostructure fabrication.

3.4. Self-Assembly

Self-assembly, a process in which spontaneous assembly of
particles occurs, gains tremendous interest as an alternative
approach for constructing nanostructure arrays. The idea of
self-assembly is inspired by naturally thermodynamic or kinetic
processes, for example, the folding of polypeptide chains into
functional proteins, the formation of DNA double helix, and
directionally interfacial aggregation. As for different processes,
various chemical and physical interactions between nanoparticle
individuals are produced, driven by the external stimuli in the
forms of such as magnetic field, electrical field, inertial force,
and hydrodynamic force. With the assistance of the driving
stimuli, nanoparticle individuals aggregate in a spontaneous
way, achieving nanostructures at a stable equilibrium state
(Figure 5d). So far, a variety of self-assembly strategies have been
proposed, including such as molecular, physical, and chemical
self-assemblies. These strategies have been utilized to construct
diverse nanostructures over scales ranging from nanometer
to micrometer or even wafer scale. Aided by the self-assembly
techniques, a series of nanostructures have been fabricated con-
sisting of different constituents ranging from nanoparticles,>’!
nanowires,” nanofilms,®® to complex nanostructures,?®
and their compositional materials vary from semiconduc-
tors to metals and alloys as well as supramolecular polymer
and biological macromolecules. In general, the spontaneous

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

self-assembly provides a versatile platform for fabricating nano-
structures featuring diverse shapes and materials in a rapid,
low-cost, and high-yield way.

3.5. Solution-Phase Deposition

Solution-phase deposition typically includes two strategies:
electrochemical deposition and electroless deposition which
both are carried out in aqueous electrolytes. These two deposi-
tion strategies are characterized by two major advantages: pro-
ducing nanostructure with complex shapes and capability of
scaling down to a few nanometers or up to large sizes, which
together entitle solution-based deposition to serve as a fruitful
platform for fabricating nanostructures with different dimen-
sions and diverse compositions.

Electrochemical deposition offers important advantages
and enormous possibilities for nanostructure fabrication. In
a standard process, electrochemical reactions of ions in an
aqueous electrolyte are triggered with the power of electric cur-
rent, and the desired materials are subsequently deposited on
conductive substrates (Figure 5e). Many materials with electric
conductivity can be efficiently synthesized by choosing appro-
priate electrolytes and controlling deposition factors in terms
of deposition voltage, current, temperature, and electrolyte
concentration. It is noteworthy that the as-deposited materials
usually exist in the form of amorphous or polycrystalline states,
which is not desirable for practical device utilization. Therefore,
advantageous treatment of thermal annealing is often followed
after electrochemical deposition to enhance the material per-
formance by improving their crystallinity. On the other hand,
electroless deposition refers to a process in which chemical
reactions occur automatically in an aqueous solution without
the drive of external electric power. Compared with electro-
chemical deposition, electroless deposition has high freedom
of broad material choice. Since the process does not need elec-
tric energy, the materials that can be deposited is not only lim-
ited to conductors but also for non-conductive materials. As a
result, a variety of materials (e.g., sulfides, oxides, and metals)
have been fabricated routinely using this strategy.>’—!

3.6. Vapor-Phase Deposition

There are two main strategies in the scope of vapor-phase depo-
sition: chemical vapor deposition (CVD) and physical vapor
deposition (PVD), in which precursors are required to produce
desired materials on substrates through chemical (e.g., reaction
and decomposition) or physical (e.g., thermal vaporization or
sputtering) process, respectively.

CVD refers to a chemical process of one or more precursors
which can be used for fabricating solid powders of particles or
coating films over the substrate surface (Figure 5f). The sub-
strate temperature plays a critical role and greatly influences the
initiation and path of different reactions. In addition to the sub-
strate temperature, the physical and chemical properties of the
deposited materials can also be controlled by modulating other
experimental factors such as substrate material, gas flow, gas
pressure, and precursor composition. Categorized by the growth
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mechanism, CVD generally involves three forms, namely, vapor-
liquid-solid (VLS), vapor-solid-solid (VSS), and vapor—solid (VS).
In particular, photons, electrons, and ions can be introduced to
activate more reactions, for example, in plasma-enhanced CVD
and laser-induced CVD. With the progress of nanotechnology,
the CVD technique is developing rapidly and playing more and
more crucial roles in the fabrication of functional nanostructures.
To date, a wide range of solid-state nanomaterials has been suc-
cessfully fabricated with CVD, including dielectrics,®] metals,®]
oxides,®? carbon,®® and semiconductors® which function as
passivation layers, protective coatings, heat-resistant coatings,
conductive layers, and active materials.

Atomic layer deposition (ALD) could be considered as a
special type of CVD techniques. ALD is capable of growing
angstrom-scale pinhole-free high-quality thin films of different
materials. For a typical material-deposition cycle of ALD, four
sequential steps are included: 1) after a first precursor gas is
introduced into a reaction chamber, a resultant monolayer is
chemisorbed onto the surface of a substrate; 2) the remnant
precursor is then purged away by inert gas (e.g., nitrogen gas)
after the monolayer of the first precursor covers the entire sur-
face; 3) a second gaseous precursor is introduced and chem-
isorbed on the monolayer of the first precursor, and mean-
while, chemical reactions occur in which the two types of pre-
cursors are transformed into the desired material; 4) likewise,
the excess second precursor gas and the formed by-products in
chemical reactions are purged away. Film growth can be carried
out by repeating this cycle for as many times as necessary. By
virtue of the successive and self-terminated chemical reactions
between gaseous precursors on the substrate surface, ALD
enables precise control over the film thickness. In addition,
because active sites are uniformly distributed over the whole
surface, chemical reactions take place uniformly over the whole
surface even if the surface is not flat and of 3D complex profile,
which beneficially results in a reliable thickness uniformity and
conformality of the as-deposited film.I>®! ALD has been uti-
lized for synthesizing a broad range of thin-film materials such
as metal %] oxides, 8- sulfides,""! carbides,” and nitrides."?

In a PVD process, the source material goes through a
phase change from a solid phase to a vapor phase by phys-
ical approaches (e.g., sputtering, heating by laser, or electron
beams), and then consolidates back to the solid phase at the
substrate surface (Figure 5g). Unlike CVD, PVD does not pro-
duce gaseous by-products and is thus more environmentally
friendly. PVD exhibits several other advantages; for example,
it is suitable for the synthesis of a broader range of materials,
ranging from almost all inorganic materials to some kinds of
organic materials.’>’4 Hence, PVD has been exploited a lot for
nanostructure fabrication. Nevertheless, comparing to ALD,
PVD is usually more expensive for the sake of the high-vacuum
operation requirement (107 torr), lower output, and lower
selectivity of nanostructure shape.

3.7. Template-Mediated Growth
Template-mediated growth (Figure 6) refers to the techniques

whereby templates are utilized to guide the synthesis of nano-
structures or the sculpturing of bulk materials into desired
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nanostructures. The purpose of utilizing a template is to rep-
licate the geometrical features (e.g., size, shape, arrangement)
of the template so that the as-fabricated nanostructures have
almost the same geometries as those of the template. Two
typical types of templates, namely, porous anodic aluminum
oxide (AAO) templates and polystyrene (PS) sphere templates
have been tremendously exploited to serve as masks of etching
and evaporation as well as molds of replication.”>”®l These
two templates possess distinctive characteristics. First, AAO
templates and PS templates enable nanostructures with dif-
ferent feature sizes, spanning the wide ranges of 5-1000 nm
and 50 nm-5 um, respectively. Second, many different shapes
can be replicated from two templates into nanostructures: PS
templates are characterized by 2D monolayer of closely-packed
sphere arrays or 3D crystal-like closely-packed spheres while
AAO templates offer parallelly arrayed nanopores with high
structural controllability (size, shape, and spacing). By virtue of
these advantages in geometrical controlling, a large amount of
nanostructures can be derived from these two templates, which
therefore endow them with promising potentials for nanostruc-
ture fabrication and practical device application.

3.7.1. Porous AAO Templates

Since Masuda et al. improved the long-range pore-arrange-
ment regularity of AAO template by a two-step anodization,””]
such template has been widely used for fabricating different
nanostructure arrays. AAO templates involve numerous par-
allel-arrayed pores in which each pore unit is geometrically
characterized by pore diameter, pore length, wall thickness,
and interpore distance. All pore features can be easily adjusted
during anodic anodization and after-treatment such as anodi-
zation electrolyte, anodization voltage, anodization time, and
pore-widening time.”® To further enhance the technical effects
restricted by time-consuming operation and array defects, a pre-
texturing technique in which an imprinting stamp decorated
with highly ordered convexes was then used to engineer an
Al-foil surface by mechanical deformation to guide pore evolu-
tion at pre-set nanodent sites during anodization.”! As a result,
the anodization time can be significantly shortened because
the first-step anodization for forming periodic nanodents is
skipped, and the as-anodized pore arrays turn out to be free
of defects over a large area inherited form the perfect arrange-
ment of the convexes on the imprinting stamp. Recently, Wen
et al. developed binary pore AAO templates consisting of typi-
cally two subsets of pores (denoted as A-pores and B-pores).[!
Intriguingly, two subsets of pores possess independent geomet-
rical controllability for each subset, for example, A-pores can be
enlarged from 150 £ 8 to 272 £ 7 nm in size, and B-pores are
enlargeable from 63 £ 7 to 255 + 7 nm. Each set of pores can
be used separately or collectively for nanostructure fabrica-
tion, thus providing more geometrical options and controllable
possibilities.

Because of the extensive compatibility of the AAO template-
based growth with numerous material synthesis techniques,
different materials can be grown into nanostructures such
as insulators,®] metals,®? alloys,®3l semiconductor,®#! and
organics,®® and a large variety of nanostructures have been
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prepared including 0D nanoparticles,® %8 1D nanotubes,
1D nanowires,” 2D nanomeshes,” and 3D nanotowers!®>%2
(Figure 6a). Notably, by manipulating the sequence of material
synthesis and cooperating with etching techniques, the nano-
structure arrays replicated from AAO templates gain more
space for structural or compositional controlling, for example,
several compositions or shapes can be combined into one
nanostructure unit.”>*4 Moreover, binary-pore AAO templates
further provide a versatile platform for the systematic combi-
nation of components with different geometries and compo-
sitions, which enable one to investigate intimate interaction
between different components in a precise way./®"!

3.7.2. PS Templates

PS spheres can aggregate into 2D- and 3D-ordered arrays by
self-assembly under certain conditions to act as templates. The
PS spheres are of a uniform size (i.e., diameter) ranging from
tens of nanometers to a few micrometers. In addition, thermal
annealing or plasma etching can be performed to further mod-
ulate the sphere size and inter-sphere space, leading to PS tem-
plates with highly tunable size.

The 2D PS template consists of a monolayer of monodis-
persed PS spheres that exist in a form of hexagonally close-
packed array on a substrate. The monolayer PS templates, pre-
pared on the planar surface of a substrate by self-assembly at
water/air interface,® spin-coating,*® and drop-casting,””! offer
a versatile platform for surface patterning. In conjunction with
numerous material-synthesis approaches, highly ordered nano-
structure arrays can be easily obtained which are characterized by
different shapes and broad size ranges (Figure 6b). For example,
by taking advantage of PVD, honey-comb arrayed nanodots of
various materials are obtainable through perpendicular evapo-
ration onto the PS template:®®9 if the material evaporation is
performed with an angle with respect to the PS template, arrays
of crescent-like nanostructures are synthesized;'® performing
evaporation, as the PS template is rotated at a certain rate, leads
to arrayed nanorings;*!l if one performs dry etching to shrink
PS size before PVD, 2D nanomeshes with tunable pore sizes can
be deposited and exploited after removing the PS spheres./%?!
In addition to 0D nanoparticles and 2D nanomeshes, highly
ordered 1D nanostructures such as Si nanowires are obtainable
by combining PS templates and a dry-etching process in which
the arrangement of PS spheres defines the spatial configuration
of the nanowire array on the Si-wafer surface.*’!

3D PS templates consist of many layers of PS spheres that
can be closely packed in face-centered cubic assembles on a
substrate. Because of the 3D spatial configuration, the crystal-
like PS template is particularly suitable for constructing 3D
nanostructures.'%1%l The fabrication process for replicating
3D nanostructure counterparts usually includes typically three
sequential procedures: engineering PS spheres in 3D closely
packed arrays; filling the desired material into the inter-sphere
gap; removing the PS template by thermal or chemical treat-
ments (Figure 6b). Because of many advantages such as simple
operation, low cost, short time, and high yield, the template-
mediated growth can serve as an excellent platform for nano-
structure fabrication.
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As indicated in Section 3, an enormous variety of WDNs
can be fabricated with controllable structural parameters. The
above-mentioned seven fabrication techniques are all capable of
structural tuning, but each has their superiorities for control-
ling the four key geometrical parameters of WDNs (size, shape,
hetero-architecture, and spatial arrangement): a) techniques
I, 11, 111, 1V, and VII are highly appealing for size controlling;
b) techniques I, II, III, and VII show excellent shape control-
lability; c) techniques V and VI have high degree of control-
ling freedom over the hetero-architecture formation; while d)
techniques I, II, III, and VII represent the main work-horses
for tuning spatial arrangement. It can be envisaged that com-
bining two or more of such techniques could supply more plat-
forms for WDN fabrication. For example, with the assistance
of templates, vapor-phase deposition can give birth to 0D-3D
WDNs with extensively tunable geometries. In particular, the
size, shape, and spatial arrangement of WDNs can be tuned by
altering the corresponding features of AAO templates, while
hetero-architectures of WDNs are easily controllable by editing
the growth sequence of vapor-phase deposition for different
materials.

Based on the above-mentioned cutting-edge fabrication strat-
egies, intensive investigations have been performed for WDNs
to improve the performance of electrochemical energy applica-
tions, including electrocatalysis, photoelectrocatalysis, batteries,
and supercapacitors, with the details being highlighted in the
following two chapters.

4. Well-Defined Nanostructures for
Electrocatalysis and Photoelectrocatalysis

Electrocatalysis and photoelectrocatalysis are among the most
important processes in many renewable energy conversion and
storage devices. An ideal prospect for sustainable energy-based
society could be renewable energy, such as solar, hydraulic,
wind and tide energy, which can be used to generate electric
energy, which will be further converted and stored as chemical
energy in electrolyzers and charging metal-air batteries. More-
over, the solar energy can also be directly converted into fuels
and chemicals via photo(electro)catalysis, and the stored chem-
ical energy can be converted into electric energy by fuel cells
and discharging metal-air batteries.""”’-"% To this point, elec-
trocatalysis and photoelectrocatalysis play important roles in
these processes, while the WDNs are essential in determining
and improving the performance of the catalysts. In this chapter,
various 0D, 1D, 2D, and 3D WDNs in terms of controllable
size, shape, hetero-architecture, and spatial arrangement used
for electrocatalytic and photoelectrocatalytic applications will be
systematically discussed.

4.1. Electrocatalytic and Photoelectrocatalytic Reactions for
Energy Conversion and Storage

Basically, the electrocatalysis and photoelectrocatalysis can link
three main conversion cycles between mass and energy, that is,
water, carbon, and nitrogen cycles. These cycles play important
roles in the ecosystem as well as the energy conversion and
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storage applications (Figure 7)."-24 For electrocatalysis appli-
cations, in H,/O, fuel cells, the anodic hydrogen oxidation and
cathodic oxygen reduction reactions (HOR and ORR) generate
water and electric energy; while in water splitting electrolyzers,
water is split into hydrogen (via hydrogen evolution reaction,
HER) and oxygen (via oxygen evolution reaction, OER) as the
products, at the consumption of electric energy. Moreover,
the fuel cell and electrolyzer devices can be integrated into a
single unit, namely regenerative fuel cells, which hold prom-
ising potential in space applications. The carbon-containing
organic molecules, such as formic acid, methanol, ethanol,
dimethyl ether, can be directly used as fuels at the anode for
the fuel cells, generating carbon dioxide, water, and electric
energy. Inversely, the carbon dioxide can be reduced (via carbon
dioxide reduction reaction, CO,RR) in electrolyzers and form
value-added chemicals and fuels, such as CO, methane, meth-
anol, ethanol. The biomass-derived chemical intermediates,
such as glycerol, furan, 5-hydroxymethyl-2-furfural, can also
be converted into value-added fine chemicals by electrocata-
lytic methods. As for the nitrogen cycle, the nitrogen fixation
to ammonia (via nitrogen reduction reaction, NRR) can be car-
ried out by the electrolyzers under ambient conditions, and the
obtained ammonia is an energy carrier that can be employed
in the direct ammonia fuel cells. Particularly, the recharge-
able metal-air batteries, also named as metal-air fuel cells in
some cases, can be established based on ORR/OER (discharge/
charge) processes. The photoelectrocatalysis applications can
be established based on electrocatalysis applications involving
high-performance photoresponse components in the catalysts,
which provide photogenerated electrons and holes and accel-
erates the redox reaction kinetics. In these promising appli-
cations (e.g., fuel cells, electrolyzers, photoelectrolyzers, and
metal-air batteries), the performance of the device is highly
dependent on the electrocatalytic and photoelectrocatalytic reac-
tions. Therefore, the rational design and synthesis of catalysts
and electrodes with WDNs are essential to promote both the
electrocatalytic and photoelectrocatalytic reactions.

As shown in Figure 7, a typical electrocatalytic or photoelec-
trocatalytic reaction of the targeted reactant usually follows five
steps, including i) the diffusion of the reactants from the bulk
electrolyte to the catalyst surface, ii) the reactant adsorption
(might involve activation process in some cases) on the active
sites, iii) the core electrocatalytic or photoelectrocatalytic reac-
tion of the adsorbed reactant into the adsorbed product (redox
reactions without or with illumination), iv) the desorption of
the product from the active sites, and v) the diffusion of the
desorbed product from catalyst surfaces into the bulk electro-
lyte. Based on the Sabatier principle, steps ii) adsorption and iv)
desorption should be exactly on the active sites, and should be
neither too weak nor too strong. If the adsorption is too weak,
the catalyst active sites will fail to bind with the reactant; if the
adsorption is too strong, the products will be difficult to desorb
and recover the active sites. Ideally, both the adsorption and
desorption processes should be fast. Ideally, it is preferred that
the reaction rate of step (iii) is fast so that the overall electrocat-
alytic and photoelectrocatalytic reaction is accelerated, the turn-
over frequency (TOF) is high, and the intrinsic activity is high.
This requires highly efficient catalysts, and, particularly, photo-
responsive catalysts with excellent light absorption capability
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Figure 7. Schematic of electrocatalytic and photoelectrocatalytic reactions on the catalyst—electrolyte interfaces. The carbon, water, and nitrogen cycles
can be linked by electrocatalysis and photoelectrocatalysis. The typical electrocatalytic or photoelectrocatalytic reaction contains five steps, including
diffusion of reactants onto catalyst surface, adsorption, electrocatalytic and/or photoelectrocatalytic redox reaction, desorption of product, and diffu-
sion into the bulk electrolyte. The catalysts and electrodes can be designed as 0D, 1D, 2D, or 3D WDNs to promote the rate of each step.

for PEC. Besides, in both electrocatalysis and photoelectroca-
talysis, the performance of the catalyst/device is usually deter-
mined by the current density with respect to the catalyst mass
or surface area. In this regard, a large number of active sites
per unit catalyst mass and/or electrode surface area (i.e., high
active site density), which can be exposed to the reaction inter-
faces, is highly desired. It should be noted that even though the
steps (ii)(iv) are fast enough, the mass transfer could limit the
overall catalytic reaction performance if steps (i) and (v) are rel-
atively slow. Based on the above discussion, the electrocatalytic
and photoelectrocatalytic performance is primarily influenced
Dby the properties (e.g., intrinsic activity, active site density, mass
transportation channels, and illumination absorption capa-
bility) of surfaces and structures of the catalysts and electrodes.

The rational design of electrocatalysts and photoelectro-
catalysts with WDNs play an essential role in i) enhancing
the intrinsic activity and active site density, ii) building more
mass transportation channels, and iii) promoting the light
absorption and the production of photogenerated electrons and
holes. Building the WDNs from 0D to 3D, that is, controlling
the size, shape, hetero-architectures, and spatial arrangement,
can efficiently tune the surficial atom arrangement, modify
the electronic structure of the active sites and surface strain
by alloying, construct unique core-shell structure, etc., which
are important strategies to enhance the intrinsic activity of
the catalysts. To have more exposed active sites (i.e., increasing
the active site density), various strategies, such as decreasing the
0D particle size and constructing well-defined architectures and
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spatial arrangement including high length-to-diameter ratio
1D nanofiber arrays, large surface area 2D materials, and 3D
hollow nanoframes, have been developed. The 1D nanofiber
array and hierarchically porous well-defined 3D architecture
can provide more channels for mass transportation. For photo-
responsive materials, the WDNs from 0D to 3D, in terms of
size, shape, architecture, and spatial arrangement, are impor-
tant to enhance the light response capability and production
rate of photogenerated electron-hole pairs (Table 1).

In the following, we will summarize the important and
representative advances for the WDNs, from 0D to 3D, in
enhancing the performance of electrocatalytic and photoelectro-
catalytic reactions. In the first four parts, we will primarily dis-
cuss the electrocatalytic process in terms of 0D, 1D, 2D, and 3D
WDNSs. In the end, we will particularly demonstrate the WDNs
in photoelectrocatalytic applications.

4.2. 0D WDNs for Electrocatalysis

In electrocatalysis, 0D nanoparticles are the most commonly
studied and used catalysts in the research labs and commercial
applications. In early investigations regarding fuel cells and
water splitting applications, the Pt bulk materials were found
to be highly active as electrocatalysts. However, due to the low
active site density on the smooth Pt foils, the current density
of these devices was very low; meanwhile, a large amount of
Pt was needed at the electrodes. With further studies, using Pt
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Table 1. The primary benefits and possible limitations of WDNs in dif-
ferent dimensionality for electrocatalytic and/or PEC reaction.

Dimensionality Benefits Possible limitations

0D Promoted strain and ligand

effects!'?’l

Active site density to be
improved!'2°l

Precisely tuned electronic
structurel'?’]

The higher surface area by Instability12°130]

nanometerization!'?l
Facile synthetic procedures(’!

High length-to-diameter ratio®?  Low contact resistances!'*’]

Optimized geometric and

electronic structurel™¥

§0136,137]

Opened channels for mass Challenging synthesi

transferl’®

Improved conductivity’3?l

138] 139]

2D High surface-to-volume ratiol Stacking and aggregation!

High conductivity*l

High active site densityl"*®] Limited mass transfer#142]

Strong affinity to
nanoparticles"*44

3D High surface-to-volume ratiol'*’l Complicated synthetic

procedures('l

High active site density]

Opened channels for mass Undesired structure

transfer(#] degradation!™®

Unique electronic structure™

particles with small sizes became an efficient strategy because
it not only significantly improves the current per electrode area
but also decreases the Pt amount needed in the electrodes. Cur-
rently, the 0D Pt particles in the nanoscale (i.e., a few nanome-
ters in diameters) loaded on appropriate support materials have
been widely used as the catalysts in electrocatalysis.> A tre-
mendous amount of effort has been devoted to constructing the
well-defined 0D nanostructures with controllable size, shape,
and composition to achieve the desired electrocatalytic perfor-
mance (activity, stability, and selectivity).

The surface of the nanoparticles mainly hosts active sites. It
has been well understood that different facets of the nanopar-
ticle crystals demonstrate different electrocatalytic activity. For
example, in sulfuric acid, Pt (110) facet presents the highest
ORR activity, while the Pt (111) facet has the lowest ORR activity
because the sulfuric groups strongly adsorb on Pt (111) facets
and block the active sites."™ However, in perchloric acid, the
ORR activity of Pt (111) and Pt (110) are similar, much higher
than that of Pt (100) facet.>? Therefore, the rational design
of the WDNs of 0D nanoparticles is a promising approach to
improve the electrocatalytic activity. The referential facets of
Pt nanoparticles are usually related to their shape and mor-
phology, for example, Pt cubes are enclosed by Pt (100) facets,
and Pt octahedra are enclosed by Pt (111) facets.>3] Therefore,
the shape control of the electrocatalysts is important.

In 1997, EI-Sayed et al.'> employed sodium polyacrylate as
the capping agent and hydrogen as the reductant to synthe-
size Pt nanocrystals with different shapes, including cubes,
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octahedra, and truncated cubes. To our knowledge, this is the
first report using the chemical capping agents to control the
shape of Pt nanocrystals by a wet chemical method. Following
that strategy, many works have been reported in the controlled
synthesis of Pt nanocrystals with specific shapes. The most
studied 0D WDN of these Pt nanocrystals is enclosed by low-
index facets such as Pt (100), Pt (111), and Pt (110). On the other
hand, the high-index facets can host much more under-coordi-
nated sites than the low-index facets, and are believed to pro-
mote the appropriate adsorption of reactants and the electro-
catalytic redox kinetics.

A few novel strategies have been developed to achieve high-
index Pt nanocrystals. For example, S. G. Sun group employed
an electrochemical square-wave potential method to control
the high-index facet formation.'>® Starting from the Pt nano-
spheres (without special well-defined facets) deposited on the
glassy carbon electrode, the electrochemical square-wave poten-
tial successfully realized the evolution of high-index Pt facets,
forming a tetrahexahedral (THH) shape enclosed by 24 high-
index facets including Pt (730), Pt (210), and Pt (520) planes
(Figure 8a). Particularly, the yield rate of the high-index THH Pt
nanocrystals is higher than 90%, demonstrating that this elec-
trochemical square-wave potential method is promising in con-
trolling the well-defined 0D nanostructures of Pt nanocrystal.
The high-index facets in the THH Pt nanocrystals have abun-
dant steps and dangling bonds, thus demonstrating signifi-
cantly enhanced intrinsic activity toward the electrocatalytic
oxidation of organic molecules such as formic acid and ethanol.
As shown in Figure 8a, the potential for formic acid oxidation
at 0.5 mA cm™ is enhanced by 60 mV compared with Pt nano-
spheres and Pt/C catalysts; while the potential for ethanol oxi-
dation at 0.2 mA cm ™2 shifts negatively by 80 mV, indicating the
much-enhanced activity.

The electrochemical square-wave potential method is pow-
erful in controlling the high-index facet formation because
Pt can be etched at the high applied potential and redepos-
ited at the low applied potential. Therefore, the square-wave
protocol can well control the shape, for example, preferential
exposure facets, of the Pt nanocrystals. By tuning the upper
and lower potential limits of the square wave as well as the
period of polarization, unique morphologies other than THH
are expected. For example, the convex hexoctahedron (HOH)
and trapezohedron (TPH) can be obtained by modulating the
square-wave potential limits.'*®l As shown in Figure 8b, the
HOH nanostructure bridges the shape evolution from well-
defined THH nanostructure to TPH nanostructure, in which
the upper and lower potential limits play an important role. It
is concluded that increasing the lower potential limit predicates
the decreased growth rate of Pt nanocrystals, while increasing
the upper potential limit means the increased etching rate of Pt
atoms in solutions.

The above-mentioned well-defined 0D nanostructures are
all in the convex shapes. Interestingly, concave shapes can also
be fabricated and well-tuned. Figure 8c demonstrates the syn-
thesis of concave PtCo nanopolyhedrons on the reduced gra-
phene oxide. In this work, the reduced graphene oxide support
is crucial for shape control. The high-index facets of the con-
cave PtCo nanopolyhedron catalyst showed enhanced activity
toward both the formic acid oxidation and ORR.! To be spe-
cific, the formic acid oxidation current density on concave PtCo
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Figure 8. al) Scheme of THH Pt NCs formation from the Pt nanospheres under the electrochemical square-wave potential method; a2) the shape of
THH Pt NCs and the views along different orientations; a3,a4) the activity toward formic acid oxidation and ethanol oxidation reactions.”® b) The
evolution of Pt NC shapes from THH to TPH via HOH by tuning the parameters of the electrochemical square-wave potential method.l"*®l c1-c3) TEM
images, corresponding SAED patterns, and structure illustrations of the PtCo concave nanopolyhedrons along with the (100), (111) and (110) directions;
c4,c5) the activity for formic acid oxidation and ORR.["71 d1-d4) Shape, schematic, and atom arrangement of the L1;-CoPt@Pt Core@Shell catalyst (the
darker atoms are Pt, and the lighter atoms are Co; for the colored zoon, the silver-colored atoms are Pt, and the blue-colored atoms are Co); d5,d6)
the specific and mass activity toward ORR.'*®l (a) Reproduced with permission.['>* Copyright 2007, the American Association for the Advancement of
Science. (b) Reproduced with permission.[*¢l Copyright 2013, American Chemical Society. (c) Reproduced with permission.['”] Copyright 2015, Wiley-

VCH. (d) Reproduced with permission.® Copyright 2019, Elsevier.

polyhedrons for the 1st and 2nd peaks are 3.5 and 3.0 times
higher than those of the Pt/C catalyst, respectively. The con-
cave PtCo polyhedrons also show excellent activity for ORR,
with a specific activity of 1.53 mA cm™ at 0.9 V, which is 6.7
times higher than that of the Pt/C (0.23 mA cm™2). It should be
emphasized that the 0D Pt nanoparticles with high-index facets
have shown great promises in different electrocatalytic reac-
tions as demonstrated above, including formic acid oxidation,
ethanol oxidation, and ORR,[*>1] highlighting the importance
of the well-defined 0D nanostructures for electrocatalysis. It
should be mentioned that in electrocatalysis, the combination

Adv. Energy Mater. 2021, 11, 2001537 2001537 (16 of 53)

of WDNs in different dimensions is also important, taking the
advantages of synergistic effects from different components.
For example, other than the shape control in ref. [157], the 2D
reduced graphene oxide can also be used as support materials
for Pt nanoparticles due to the large surface area and the strong
affinity to catalyst particles.

Considering the high cost and limited resources of Pt-group-
metal (PGM) catalysts, the development of low-PGM electro-
catalysts is highly desired. To this end, by alloying Pt with the
cheap secondary transition metals (e.g., Fe, Co, Ni, etc.), the Pt
amount used in the electrode can be significantly decreased.
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Besides, the electronic structure of the active Pt atoms can be
modified, and the Pt strain can be well-tuned by the secondary
metals to control the surface energy on Pt’s interactions with
oxygenated species, leading to greatly enhanced activity."! In
some cases, the secondary metals can also alternate the electro-
catalytic reaction mechanisms, for example, promoting the oxida-
tion and removal of poisoning intermediates during the organic
molecule oxidation process.'! Learning from the shape control
of Pt nanocrystals discussed above, the Pt-based alloy nanoparti-
cles with special facets are also favorable to enhance the activity.
For example, for ORR, the Pt;Ni (111) demonstrated 10-fold
higher activity than Pt (111) facet and 90-fold higher activity than
that of the state-of-the-art Pt/C catalyst.[1¥]

As discussed in Section 4.1, the electrocatalytic reaction
takes place on the catalyst surface; therefore, the surface atoms
are more related to the electrocatalytic reactions. For Pt nano-
particles, except for the very few surface layers, the bulk Pt
atoms have no contribution to the active surficial active sites.
Even for the Pt-based alloy nanoparticles, in which the Pt and
secondary metal atoms are uniformly distributed, most Pt
atoms are in the bulk phase. Importantly, the secondary metals
are usually unstable under corrosive electrocatalytic environ-
ments, leading to decreased stability. For example, the Fe,
Co, and Ni atoms are easily dissolved in the acidic solutions.
In this regard, the surficial Pt-rich PtM@Pt core@shell nano-
structures are very promising. The Pt-rich shells can provide
a large number of active sites and also protect the secondary
metal from leaching under harsh environments; meanwhile,
the M-rich PtM core can tune the electronic structure and
stress of surficial Pt atoms and enhance the catalyst activity.l'°!
As an ultimate core@shell structure, the Pt single layer catalyst
prepared by the underpotential deposition method shows great
promise toward highly active and stable electrocatalysis.!'62!

Both the PtM alloying nanoparticles and the traditional
core@shell nanostructure contain randomly distributed metal
atoms inside the bulk and on the surfaces. Correspondingly,
designing highly ordered 0D nanostructures is another prom-
ising strategy to improve the intrinsic activity. By pyrolyzing
the PtM alloying nanoparticles, the conventional facet-centered
cubic (fcc) structural PtM nanoparticles can be converted into a
highly ordered intermetallic compound, further promoting the
surficial electrocatalytic reaction kinetics. For example, starting
from PtCo alloying nanoparticles, the highly ordered interme-
tallic PtCo alloys and highly ordered PtCo@ Pt core@shell nano-
structures, consisting of the tetragonal PtCo core and Pt shell,
can be obtained (Figure 8d) after the multi-step annealing and
acidic leaching.®® Such highly ordered intermetallic particles
with well-defined 0D nanostructure present significantly sup-
pressed Co loss and enhanced ORR intrinsic activity. As shown
in Figure 8d, the highly ordered PtCo@Pt catalyst (i.e., L1-CoPt/
Pt) demonstrated a specific activity of 8.26 mA cm™ and a mass
activity of 2.26 A mg~'p,, which are 38 and 19 times, respectively,
higher than those of the Pt/C catalyst. Even in the practical fuel
cells, the mass activity of L1y-CoPt/Pt can reach 0.56 A mgp, ),
exceeding the DOE 2020 fuel cell target (i.e., 0.44 A mgp, Y.
By building the highly ordered intermetallic nanostructures,
the intrinsic activity of Pt-free metal-based catalysts can be
remarkably improved. For example, the trimetallic PdCuFe
catalysts, which are much cheaper than Pt-based catalysts,
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demonstrated Pt-like ORR activity after converting into the
highly ordered 0D WDNs.19 Although the highly ordered
intermetallic compound is preferred due to its well-defined
0D nanostructure and considerable electrocatalytic activity, it
should be noted that the synthesis of these catalysts usually
requires high-temperature annealing, which, however, leads
to the aggregation of metal nanoparticles, that is, big particle
size and thus low surface area. The confined strategies during
annealing will help limit the excessive growth of intermetallic
nanoparticles.

To further decrease Pt usage, the development of the well-
defined single Pt atom catalysts emerged as a “hot” research
topic in recent years. If only considering the Pt atom and its
local coordination, such a moiety can be regarded as the 0D
nanostructure. As shown in Figure 9a, the Pt single atoms on
the onion-like carbon nanospheres demonstrate much better
HER mass activity concerning the much less Pt loading than
the conventional Pt/C catalyst, indicating excellent Pt utilization
for the single atom strategy.l'®4 Through the unique ALD tech-
nique, the synthesis of single Pt atoms on the supports can be
precisely controlled at the atomic level. In ref. [165], Sun et al.
reported the ALD synthesis of Pt single atoms on graphene
support, and the Pt loading and deposition density on graphene
can be well controlled by adjusting the ALD deposition cycles.
Impressively, such Pt single-atom catalyst shows remarkably
improved activity toward methanol oxidation by about ten
times compared to the commercial Pt/C nanoparticle catalyst
(Figure 9b). The noble metal catalysts with well-defined single-
atom nanostructures have shown great promise in different
electrocatalytic reactions in HER, methanol oxidation, ORR,
and fuel cells.'¢l Besides, the single Ru atom catalyst shows
excellent activity for NRR, that is, ambient ammonia synthesis
(Figure 9c).11¢7)

In the single-atom catalysts, the well-defined local coordina-
tion structure not only decreases the noble metal usage but also
tunes the electronic structure, which enables the non-noble
metal single-atom catalysts to possess Pt-like activity toward
electrocatalytic reactions.'816% One of the representative exam-
ples is the single Fe atom coordinated with N embedded in the
carbon matrix, that is, Fe-N-C catalysts, for ORR in fuel cells.
In the past decade, the activity of Fe-N-C catalyst has been sig-
nificantly enhanced; for example, Dodelet group reported that
the pyrolyzed Fe/N/C-based catalyst was able to provide, in fuel
cells, the same current density than Pt.7-71 The FeN, moie-
ties have been well accepted as the primary active sites for ORR
in fuel cells.”Z As shown in Figure 9d, by using the advanced
aberration-corrected scanning transmission electron micros-
copy (STEM), the FeN, sites can be directly visualized.l”’!
Actually, the non-noble metal single-atom catalysts have been
widely used in different electrocatalytic applications. As shown
in Figure e, the Ni single-atom catalyst shows almost 100%
faradic efficiency toward CO product derived by carbon dioxide
reduction reaction.4l

The well-defined single-atom electrocatalysts have shown
great promise in various electrocatalytic reactions. However,
many challenges still exist; for example, the active site density
of the single-atom catalysts is quite low. This could be caused by
the fact that they always tend to aggregate during the high-tem-
perature pyrolysis once many metal precursors are introduced.
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methanol oxidation of Pt single-atom catalyst.'®l c1,c2) Morphology, structure, and c3) yield rate of ammonia by NRR of Ru single-atom catalyst.[®’]
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The well-defined metal-organic frameworks (MOF) can be
employed as the precursors to control the single-atom catalyst
formation.””! As an ultimate target, controlling the well-defined
arrangement of single atoms (e.g., well distribution with a high

density of the active sites) is highly desired.
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4.3. 1D WDNss for Electrocatalysis

The typical 1D nanostructures, such as nanowires, nanofibers,
and nanotubes, possess a high aspect ratio (i.e., the ratio of
length to diameter). Such well-defined 1D nanostructures can
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provide high surface area and thus a large electrochemical
surface area. At the same time, the 1D nanostructure has high
conductivity for electrons along the axial direction, which is
highly desired for electrocatalysis. Combining with the appro-
priate surface engineering strategies and concepts discussed in
the well-defined 0D nanostructures, the surficial atomic steps
in the well-defined 1D nanostructure can further improve the
overall electrocatalytic performance.[7617/]

As shown in Figure 10a, the PtNi alloy nanowires (NWs)
were synthesized by a thermal annealing method in a mixed
hydrogen and argon atmosphere, derived from core@shell Pt@
NiO nanowire starting material, which was first synthesized
through reducing Pt and Ni precursors in a mixed solvent,
including 1-octadecene and oleylamine.'”! As expected, the
PtNi nanowire with smooth surfaces presented enhanced elec-
trochemical surface area than the conventional 0D Pt nanopar-
ticles supported by carbon (usually =70 m? gp!). Further, the
Ni atoms were completely removed by the electrochemical deal-
loying method, leaving the jagged Pt nanowires. Such jagged
Pt nanowires showed significantly enhanced electrochemical

www.advenergymat.de

surface area of up to 118 m? gy L. Particularly, the jagged
Pt NWs catalyst demonstrated an extremely high specific
ORR activity of 11.5 mA cm™ and a mass ORR activity of
13.6 A mgp, ! at 0.9 V. It is notable that Ni is totally leached
during the electrochemical dealloying process (Figure 10a)
so that the contributions from Ni can be excluded. The out-
standing ORR activity of such jagged Pt NWs is due to the well-
defined 1D nanostructure.

In addition to the electrochemical dealloying method, Pt
NWs can also be well controlled using the simple wet chemical
strategy. For example, the single crystalline Pt nanowires (4 nm
in diameter) can be synthesized by reducing the Pt precursor,
hexachloroplatinic acid, in the presence of formic acid as a
reductant and capping agent at room temperature, 8 without
any other additives or templates. As shown in Figure 10D, the
Pt nanowire catalyst demonstrated three times better specific
activity, in practical fuel cells, than the state-of-the-art com-
mercial Pt/C catalyst made from 0D Pt nanoparticles. This pio-
neering work stimulated a new research direction of using Pt
nanowire-based catalysts for fuel cell applications.[7%-181
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Figure 10. al-a9) Architecture and composition characterization of different stages of (from left to right) the Pt@NiO core@shell NWs, the PtNi alloy
NWs, and the jagged PtNWs; al0-a12) electrochemical behaviors of catalysts.?l b1) Architecture of the Pt nanowires, as well as b2) its fuel cell per-
formance.[7® c1,c2) Schematic and c3,c4) TEM images of Pt/CuNWs and PtNTs (Cu), as well as c5) the HOR mass and specific activity.'®? d1,d2) The
spatial arrangement of Pd nanowire arrays and d3) their activity toward ethanol oxidation."®l (a) Reproduced with permission.l'?¢l Copyright 2016, The
American Association for the Advancement of Science. (b) Reproduced with permission.[8 Copyright 2008, Wiley-VCH. (c) Reproduced with permis-
sion.®2 Copyright 2013, American Chemical Society. (d) Reproduced with permission.®l Copyright 2007, Wiley-VCH.
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Similar to the concept of core@shell nanostructures, it is
attractive to design well-defined Pt-based 1D core@shell nano-
structures. The controlled deposition of Pt thin shells onto
the less expensive as-prepared NWs is a promising strategy
to increase the Pt utilization and decrease the Pt amount. In
ref. [182], the cheaper Cu nanowires were first prepared and
then used as the sacrificing template and substrate for Pt shell
formation. Through the partial galvanic displacement of Cu
with Pt atoms, the Pt/Cu NWs can be synthesized. Further-
more, by complete galvanic displacement of the CuNWs, the
hollow Pt nanotubes were obtained (see the illustrations and
architecture of Pt/Cu NWs and PtNT catalysts in Figure 10c).
Through detailed observations, the Pt/Cu NWs have a diameter
of 100 nm and a length of 25-40 um; while the PtNTs have a
wall thickness of 11 nm, an outer diameter of 100 nm, and a
length of 5-20 um. Impressively, the Pt/Cu NWs showed sig-
nificantly enhanced mass activity (by 1.9 times) and specific
activity (by 3.5 times) toward HOR compared with the state-of-
the-art commercial Pt/C catalyst. The presence of Cu is ben-
eficial for improving the HOR kinetics, which is likely attrib-
uted to the introduced strain on Pt shells and the acceleration

www.advenergymat.de

of hydroxyl adsorption by surficial Cu species on the catalyst
surface. Zhang et al. employed the pre-synthesized dendritic
Ag nanowires as the sacrificing template to prepare dendritic Pt
hollow nanotubes, via the galvanic replacement reaction. The
Pt dendritic tubes showed 4.4 times better activity, and 6.1-fold
better stability, for ORR, than those of the state-of-the-art Pt/C
catalyst.[83]

The hard-templating synthetic route, also known as “nano-
casting,” is a straightforward technique to fabricate highly
ordered 1D WDNs.'?Y The well-defined 1D nanostructures of
the non-Pt metal catalysts will greatly improve their electro-
chemical performance. As shown in Figure 10d, the highly
ordered Pd nanowires prepared with the assistance of anodized
aluminum oxide (AAO) template demonstrated excellent Pt-like
activity toward ethanol oxidation, which is even higher than
that of the state-of-the-art PtRu/C catalyst.["34

Inspired by refs. [182,184], it is expected that the Pt catalysts
can be deposited onto the well-defined non-metallic 1D nano-
structured templates. Figure 11a provides an excellent example.
The aligned perylene red whisker arrays were first built as both
the template and substrate followed by coating with Pt-based
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Figure 11. al,a2) Architecture of the NSTF whiskers, the schematic illustration of the vacuum protocol to grow aligned perylene red substrate and coat
with a metallic thin film (Pt, M, and/or N = Nji, Co, Fe, Ti, V); a3-a5) the electrochemical behaviors for ORR.® b) TEM images of N-CNTs b1) before
and b2) after the growth of Pt NWs.[%¢l ¢) Morphology of the Pt NW-MWCNT hetero-nanostructures.'® d1) Morphology of Pt NWs grown on Sn@CNT
nanocables; d2,d3) the electrochemical activity for methanol oxidation and ORR.'%8 e1) Illustration, e2) spatial arrangement, and e3) fuel cell perfor-
mance of the array electrode. 1) Illustration, f2) spatial arrangement, and f3) fuel cell performance of the nanowire electrode.l! (a) Reproduced with
permission.['®3] Copyright 2012, Springer Nature. (b) Reproduced with permission.® Copyright 2009, The Royal Society of Chemistry. (c) Reproduced
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with permission.33 Copyright 2018, U.S. DOE.
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thin films, forming the nanostructured thin films (NSTF).['%]

After annealing, the nanostructured Pt-based thin film will be
gradually converted into the mesostructured thin film with
the well-defined 1D nanostructures. Such a well-defined con-
figuration demonstrates 20 times higher ORR activity than the
Pt/C catalysts. Sun et al. also used various 1D nanostructures,
such as CNTs, N-CNTs, and Sn@CNT nanocables, as sup-
ports to grow Pt NWs, forming 3D hierarchical nanostructured
catalysts which exhibited excellent activity for ORR and MOR
(Figure 11b—d).[136-188]

It should be emphasized that the highly ordered well-defined
1D nanostructure arrays not only benefit the electrocatalytic
reaction kinetics on catalyst surfaces but also help build the
well-defined three-phase interfaces along the axial direction,
which is highly desired for electrode fabrication. Taking the
fuel cell cathode as an example, the ORR at cathode requires
well-defined channels for electron, proton, and oxygen trans-
portation at the same time. However, the excessive ionomer,
the proton carrier, in the catalyst layer, might block the mass
transportation. The well-defined 1D nanostructure of the elec-
trode is helpful to decrease the ionomer usage and build the
desired three-phase interfaces. As shown in Figure 1le, the
ionic conductive 1D membrane arrays were proposed with both
catalyst and ionomer as fillers, namely the array electrode.['*%
The filling catalyst particles can directly contact with the 1D
nanostructural membrane arrays, thus decreasing the distance
of proton transfer across the catalyst layer. Surprisingly, low
ionomer content can be successfully applied by using the array
electrode, which still maintains comparable fuel cell perfor-
mance; even in the absence of ionomer in the catalyst layer, the
fuel cell performance did not decrease much (Figure 11e).

In this array electrode configuration, the ionomer is still
required to form the ionic conductive networks on the catalyst
surfaces. To realize the ionomer-free electrode, another prom-
ising 1D nanostructure is the nanowire electrode as shown in
Figure 11f. In this configuration, the membrane arrays are cov-
ered by the thin Pt catalyst film, where the proton transfer is
accomplished by the membrane arrays—there is no need to use
ionomer in the catalyst layer. By adding the electronic conduc-
tive filler in the array spaces, the fuel cell performance seems
not limited by mass transport anymore (Figure 11f).[13%]

4.4. 2D WDNs for Electrocatalysis

The 2D nanostructures usually have a high area-to-volume
ratio, thus exhibiting high electrochemical surface area and also
exposing a large number of active sites. By constructing the
under-coordinated sites, the 2D nanostructure surface will have
high TOF and fast kinetics toward electrocatalytic reactions.
Besides, as the support materials, the 2D nanostructures are
more promising to enhance both the dispersibility of electro-
catalytic nanoparticles and the support-catalyst interaction than
the previously discussed 0D and 1D WDNs, including nano-
particles, nanowires, and nanotubes.

As shown in Figure 12a, ref. [189] gives an interesting example
of synthesizing ultra-thin Pt-based 2D nanosheets in the pres-
ence of CO and oleylamine. By using this strategy, the trimetallic
PtPdM (M = Ni, Fe, Co) nanosheets can be obtained. Particularly,

Adv. Energy Mater. 2021, 11, 2001537 2001537 (21 of 53)

www.advenergymat.de

the thickness of the PtPdM (M = Ni, Fe, Co) nanosheets is only
about 1.4 nm. Due to the unique 2D WDN and the optimal
composition, the PtPdNi catalyst demonstrates excellent activity
toward the electrocatalytic oxidation of ethylene glycol and glyc-
erol, as well as the ORR (Figure 12a). The optimal Pt;,Pd.gNi,,
catalyst shows 77 and 5.4 times higher activity toward ethylene
glycol and glycerol oxidation reactions, respectively, compared
with Pt/C catalyst. It also shows 77 times higher ORR mass
activity than that of the commercial Pd/C catalyst. These results
indicate that the well-defined 2D nanostructures are generally
beneficial for the enhanced kinetics of electrocatalytic reactions.

It is notable that the thickness of the 2D nanostructure in
ref. [189] is only about 1.4 nm. The even thinner nanosheet, for
example, subnanometer, is highly desired because the area-to-
volume ratio can be further increased, which is beneficial for
exposing more active sites. Recently, as a new type of 2D mate-
rial, the bimetallene emerges as a promising electrocatalyst and
it is prepared by a facile one-pot wet chemical method.[*®! In the
presence of high concentration metal acetylacetonate and metal
carbonyl precursors, the well-defined 2D nanostructure can be
achieved under the moderately reducing conditions. As shown
in Figure 12b, the 2D PdMo bimetallene has a sub-nanometer
thickness of only about 0.88 nm. Importantly, the surfactants
such as polyvinylpyrrolidone, which are conventionally used to
control the thickness of 2D nanostructures in the wet chemical
methods, are not employed during the bimetallene synthesis.
The organic surfactants usually have strong adsorption on the
catalyst surfaces and block the adsorption of targeted reac-
tant species. In this regard, the clean 2D PdMo bimetallene is
promising as an electrocatalyst. Such well-defined 2D nano-
structure delivers a large electrochemically active surface area
of up to 138.7 m? gpg! so that the utilization of catalyst atoms
is extremely high. Reasonably, the ORR mass activity of this
PdMo bimetallene is 16.37 A mgpg ™" at 0.9 V, which is 78 times
and 327 times higher than that of the Pt/C and Pd/C catalysts,
respectively (Figure 12b).

In addition to the noble metal-based 2D catalysts, non-noble
metal catalysts with well-defined 2D nanostructures have also
been developed. For example, the bismuth oxyiodide (BiOI)
nanosheets were first prepared as the precursor, which has nine
to ten layers, that is, 8.7 nm in thickness (Figure 13a). After
the in situ topotactic transformations, the well-defined 2D Bi
nanosheets were obtained.®” The derived Bi nanosheets well
maintained the 2D nanostructure of BiOI nanosheet precursor
and became even thinner (Figure 13a). The primary product of
CO,RR process using this Bi nanosheets catalyst is the value-
added formate along with only a small amount of CO and
hydrogen as the byproducts, highlighting the excellent activity
and selectivity of the 2D Bi nanosheet catalysts.

In addition to the above-mentioned metallic electrocata-
lysts, as a typical non-noble metal-based material, the MoS,
is a rising star for electrochemical hydrogen production, that
is, HER.""I It is believed that the 2H phase of MoS, is semi-
conductive, and therefore the 2H plane of MoS; has low HER
activity. The conversion from less active 2H basal phase to the
highly active 1T phase (metallic conductive) is highly required
to design the high-performance MoS, electrocatalysts. This
understanding was further developed recently by using a well-
defined 2D MoS, nanosheet as a model catalyst. As shown in
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Figure 12. al-a3) The morphology of Pt;;PdysNi,g PtsgPdsoFe,o and Pty,Pd,,Co,, and ad—ab) the activity of these catalysts for ethylene glycol oxidation
reaction, glycerol oxidation reaction, and ORR.I"?l b1-b4) Morphology of PdMo bimetallene and b5) the comparison of the mass and specific activi-
ties in 0.1 M KOH at 0.9 V.%8] (a) Reproduced with permission.® Copyright 2019, WILEY-VCH. (b) Reproduced with permission.® Copyright 2019,

Springer Nature.

Figure 13b, by the electron beam lithography patterning, the
electrochemical measurement of only the basal plane or only
the edges of a single-layer 2D MoS, nanosheet can be car-
ried out. It was shown that the decreased contact resistance
between the 2H plane and the substrate would significantly
facilitate the charge injection into the 2H plane catalyst, trig-
gering the good HER activity.'”!l In this work, the 2D WDNs
can be used as a precise model catalyst for investigations.
Meanwhile, this work supports that the 2H phase of MoS; can
be a good HER catalyst only if the contact resistance between
catalyst and support is low enough to trigger the efficient
charge injection (Figure 13b).

Based on the above discussions, the well-defined 2D nano-
structured catalysts are very promising in electrocatalytic reac-
tions. It is noteworthy that 2D carbon materials have been
widely investigated as catalyst supports.!] Due to the high
surface area and strong affinity of catalytic particles with the
2D supports, the electrochemical surface areas of the catalysts
can be significantly enhanced, and the dispersion of catalytic
particles can be improved. Moreover, the electronic struc-
ture of catalyst particles can be precisely tuned; therefore,
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the electrocatalytic kinetics will be increased. For example,
the graphene has a well-defined 2D nanostructure, and it has
been widely investigated as support material for electrocatalysts
or directly used as metal-free catalysts after controllable heter-
oatom doping.

The evaluation of the electrocatalyst is mostly performed in
the conventional three-electrode system, which includes the
working, counter, and referential electrodes. In such a system,
the catalyst layer is relatively thin. However, in a real device,
the electrode usually has high electrocatalyst loading and
much thicker catalyst layer. Particularly, in some applications,
such as fuel cells, to prepare the membrane electrode assem-
blies (MEA), the catalyst layers need the hot-pressing process
to enhance the contact between different phases. Under such
conditions, the 2D nanostructure in catalyst layers tends to be
stacked. As a result, the stacked 2D nanostructure blocks the
active sites on the surfaces and, on the other hand, hinders the
reactant transportation and product removal, likely leading to
low exposed active site density and large mass transfer resist-
ance."™ In this regard, intentionally building the 3D nano-
structure in both electrocatalysts and electrodes is promising.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4.5. 3D WDN:ss for Electrocatalysis

The 3D nanostructured materials are highly active electro-
catalysts because of their unique skeleton, a large amount of
exposed active sites, high atomic utilization, and accessible
mass and ion contact.' For the electrodes in electrocatalytic
devices, the 3D well-defined structures are necessary—all the
practical electrodes are designed in 3D structures.

For the Pt-based 3D nanostructures, the starting mate-
rials can be 0D Pt-based nanoparticles. Controlled etching is
usually used to obtain a well-defined 3D nanostructure. For
example, the gradual evolution of the PtNi; polyhedra is shown
in Figure 14a. Along with the etching of Ni element, the orig-
inal PtNi; polyhedra converted into a Pt-rich Pt;Ni nanoframe
via the PtNi intermediates.*”] Followed by high-temperature
annealing, the Pt;Ni nanoframes with smooth Pt skin supported
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by carbon were obtained. In such nanostructures, almost all
the Pt atoms are utilized. The modulated electronic structure
achieved by alloying with Ni promotes the electrocatalytic
kinetics, and the unique nanoframe architecture leads to a
strain of Pt atoms, facilitating kinetics as well. Furthermore, the
open structure provides abundant pathways for accessible reac-
tant species. The Pt;Ni nanoframes demonstrate significantly
enhanced ORR performance with 36-fold in mass activity and
22 times in specific activity (Figure 14a).

By precisely controlling the structures, different morpholo-
gies can be achieved. Ref. [193] is an excellent example of synthe-
sizing Pt-based nanocages with subnanometer walls. During the
deposition process of a thin Pt layer on the Pd nanocube sub-
strates, the Pd atoms diffused into the Pt layers and formed Pd
channels, which provided an efficient Pd dissolution pathway.
After the complete Pd etching, Pt-based nanocages were formed

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 14. al) Schematic illustrations and corresponding architecture of the samples obtained at four representative stages during the evolution pro-
cess from polyhedra to nanoframes; a2—a4) the ORR LSV curves and specific activities and mass activities measured at 0.95 V for Pt;Ni nanoframes
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its OER activity."] (a) Reproduced with permission.*] Copyright 2014, the American Association for the Advancement of Science. (b) Reproduced
with permission.l'3l Copyright 2015, the American Association for the Advancement of Science. (c) Reproduced with permission.[*3 Copyright 2017,

American Chemical Society.

(Figure 14b). If the octahedral Pd nanocrystals were used, the
octahedral Pt nanocages could be finally obtained, which dem-
onstrated excellent ORR activity. The well-defined octahedral Pt
nanocages show excellent ORR mass activity of 0.75 A mgp; ™"
at 0.9 V, which is five times higher than that of Pt/C. The
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octahedral Pt nanocages exhibit almost eightfold better spe-
cific activity than that of Pt/C. Besides, the Pt atoms can
also be deposited on the edges of truncated octahedral Au
facets, forming truncated octahedral PtAu 3D nanostructure,
which exhibited excellent activity for methanol oxidation.'4
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In particular, a unique, well-defined 3D nanoframe @nanoframe
architecture (double-layered nanoframe, DNF) can be designed
and achieved based on the different decomposition rates of
metal precursors (i.e., Ir(acac); and IrCls, Figure 14c).'* After
etching, the trimetallic IrNiCu DNF catalyst presents much
enhanced OER activity in 0.1 M perchloric acid electrolyte in
terms of either the overpotential at 10 mA cm™2 or the current
density at 1.53 V compared with the referential Ir/C catalyst.
Other than the metals that can be precisely etched, it is chal-
lenging to achieve the carbon-based materials with the well-
defined 3D nanostructure. In ref. [195], it was found that the Fe
salt inside the ZIF precursor could be reduced and the decom-
position of ZIF precursors during pyrolysis then promoted so
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that a large number of voids were generated. As a result, the
hollow porous 3D nanostructure was formed. This catalyst not
only showed Pt-like ORR activity in the half cell RDE meas-
urement (half-wave potential of 0.863 V vs Pt/C with 0.858 V,
Figure 15a), but also demonstrated excellent performance in the
practical single MEA fuel cells. This indicates that the 3D struc-
tures are beneficial for enhancing fuel cell device performance.

Despite much progress achieved, the 3D porous structure is
still difficult to be well controlled. Recently, the hard templates
have been employed to precisely control the pore size and dis-
tribution. As shown in Figure 15D, the ZIF material was coated
by a mesoporous silica template. The silica template not only
induced porous structure (high surface area) but also protected
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Figure 15. al) Schematic of the catalyst synthesis and a2-a4) architecture of (Fe,Co)/N-C catalyst; a5,a6) the ORR activity of catalysts.[®> b1) Syn-
thetic procedure of the Co,N-CNF by the mSiO,-protected calcination strategy and b2-b5) corresponding morphology of Co,Zn-ZIF, Co,Zn-ZIF@
mSiO,, Co,N-CNF@mSiO,, and Co,N-CNF; b6,b7) ORR activity of catalysts.[®l c1) Synthetic procedure of the growing ternary MoS,;.Se,, particles
on porous NiSe, foam; c2,c3) SEM images of the NiSe, foam grown at 600 °C; c4,c5) hetero-architecture of the MoSy 1?Sez, partlcles dlstrlbuted on
porous NiSe, foam grown at 500 °C; c6,c7) the HER performance of the electrodes.["] (a) Reproduced with permission.l>l Copyright 2017, American

Chemical Society. (b) Reproduced with permission.l®l Copyright 2015, WILEY-VCH. (c) Reproduced under the terms of the Creative Commons CC BY
License."””] Copyright 2016, Springer Nature.
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the ZIF precursors from aggregation after high-temperature
pyrolysis. The silica template can be removed by hydrofluoric
acid and the well-defined 3D porous Co,N-CNF catalyst is
obtained. As shown in Figure 15b, the silica template-mediated
Co,N-CNF catalyst shows the half-wave potential of —0.155 V
and the diffusion limiting current density of 5.71 mA cm™,
which are superior to both the silica-free Co,N-CNF cata-
lyst (—0.194 V; 5.09 mA cm™) and commercial Pt/C catalyst
(-0.175 V; 5.69 mA cm™2).['%]

The 3D structures in electrocatalysis should be considered
at different levels. One is at the catalyst level and another one
is at the electrode level. In Section 4.3, the advantages of 1D
nanostructures in electrodes have been discussed. Actually,
such type of 1D arrays plus 2D substrate can be regarded as the
3D electrodes. Similarly, the 0D nanocatalysts usually require
loading on support materials to finally form a 3D nanostruc-
ture in catalyst layers in practice. In ref. [197], the Ni foam was
employed as the 3D substrate to grow the catalysts. As shown
in Figure 15c, the electrode presented a well-defined 3D porous
structure, which is beneficial for enhanced HER performance.
The Ni foam as a popular template with a well-defined 3D nano-
structure can be widely used as the substrate to load or grow
the desired catalysts, forming the controllable nanostructures.
The 3D nanostructures could be very important in designing
the catalyst layers for related electrocatalytic devices.[!%8-200]

4.6. WDNss for Photoelectrocatalysis

As indicated in the early chapter, in addition to the conversion
of solar energy into electrical energy, which will be handled by
electrocatalysis and metal-air battery, the solar energy can also
be directly employed to generate electrons and holes.?) Photo-
electrocatalysis has emerged as a promising powerful tool for
various catalytic applications by combining photocatalytic and
electrolytic processes. It consists of the promotion of electrons
from the valence band to the conduction band of a semicon-
ductor photocatalyst upon light irradiation, with the production
of positive holes. The fast recombination of the electron-hole
pairs formed is avoided in photoelectrocatalysis by applying
an external bias potential to the photocatalyst that extracts the
photogenerated electrons up to the cathode of the electrolytic
cell.?%2 The ultimate performance of the photoelectrocatalysis
is primarily determined by the light absorption and the utili-
zation rate of photogenerated electrons and holes. Therefore,
to achieve efficient solar energy conversion, it is necessary to
enhance the light trapping capability and meanwhile sup-
press the electron-hole recombination before participating in
a chemical reaction by modulating the material’s intrinsic prop-
erty or introducing physical effects (e.g., surface plasmon reso-
nance [SPR], band engineering, etc).8203-20% Compared with
conventional bulk devices, WDN-based devices demonstrate
unique advantages in both aspects. In the following discus-
sions, we will focus on the strategies to enhance solar energy
conversion by using WDNss.

The indispensable component for photo(electro)catalysts
is the semiconductor material with response to the illumi-
nation. Improving the performance of semiconductors is
important to meet the requirements of photoelectrocatalysis.
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Titanium dioxide (TiO,) is one of the most commonly used
photoelectrocatalysis materials, which, however, suffers from
poor light absorption capability and low electrical conductivity.
To modulate its photoelectrocatalysis performance, 0D nano-
particles have been employed and demonstrated promising
performance because of their high surface-to-volume ratio.
By introducing defects into the high-density surface atoms
during the hydrogen plasma treatment, the intrinsic light
absorption property of TiO, was modulated, which can be
directly observed by the color variation from white to gray and
black (Figure 16a).1?”] The slightly hydrogenated TiO, demon-
strates optimal photoelectrocatalysis performance which can
be attributed to the reduced electron—hole recombination rate
caused by the introduced surface defects. This mechanism
is also applicable to TiO, nanostructures with other dimen-
sions such as 1D nanowires and nanotubes. Due to the effi-
cient charge separation and transportation, hydrogenated
TiO, NWs, as shown in Figure 16b, demonstrated a very low
photocurrent saturation potential of —0.6 V versus Ag/AgCl.
Accordingly, a photocurrent density of about 1.97 mA cm™2
was obtained with an external bias of 0.6 V versus Ag/AgCl
in 1 M NaOH solution illuminated by simulated AM 1.5G
solar spectrum (Figure 16D).12%%] In addition to suppressing the
electron-hole combination by controlling the surface defects,
tuning the intrinsic light-trapping capability of TiO, is also
in favor of boosting the solar energy conversion. Park et al.
found that the incorporation of carbon into TiO, nanotubes by
heating in a CO atmosphere could narrow the bandgap, which
successfully extended the light absorption spectrum into the
visible light spectrum range and gave rise to obvious photo-
electrocatalysis response beyond 420 nm (Figure 16¢c). More
importantly, these photoelectrocatalysis performances can be
further enhanced in conjunction with controlling the geomet-
rical features of nanostructures. Taking the length modulation
of nanotubes as an example, prolonging nanotubes from 0.7
to 3.3 um resulted in a monotonic increase for the photocur-
rent densities, which reach the maximum for the nanotubes
with 3.3 um length (Figure 16¢).2% Another example is the
top-opened ZnO/CdS/PdS nanotube array electrode. The suc-
cessive ionic layer adsorption reactions were efficient to open
the nanotube tops, as shown in Figure 16d.1?'% The top-opened
Zn0O/CdS/PdS nanotube electrode demonstrated a hydrogen
production rate of 5.5 mL cm™2 h'at 0 V (vs Ag/AgCl), indi-
cating that the opened architecture is promising for use as
the photoelectrode. The opened architecture as a photoanode
not only increases the surface area for light absorption but
also provides abundant channels for mass transfer. These
investigations indicate that material treatments to reduce the
bandgap or alleviate recombination can be combined with the
controlling of geometrical features to maximize solar energy
conversion. All the above results are universal for the device
design with 2D and 3D WDNs for the solar energy conver-
sion. As shown in Figure 16e, the establishment of 2D hybrid
nanosheets leads to an interface between o-Fe,0; and g-C;N,,
which simultaneously allows the efficient transfer of the
electron in g-C3;N, to the active site, effective electron-hole
recombination suppression in both o~Fe,O; and g-C;N,, and
fast electron transport from the conduction band of o-Fe,0,
to the valance band of g-C3N,. These unique advantages
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Figure 16. a) Photographs of the pristine-TiO, and H-TiO, 0D nanoparticles prepared by H, plasma treatment after 30 s, 1 min, 3 min, 5 min, and
20 min.2% b1) SEM image of 1D TiO, nanowire arrays; b2) photocurrent densities of pristine TiO, nanowires and H:TiO, nanowires annealed at dif-
ferent temperatures.2%%l c1) Photocurrent densities of 1D carbon-doped TiO, nanotube array in the dark and under the illumination of visible light and
white light; c2) variation of photocurrent density as a function of TiO, nanotube length.2%l d1) Synthesis procedures of the top-opened ZnO/CdS/PdS
nanotube electrode; d2) the photo-hydrogen production rate on catalysts.?’l e1) SEM image of hexagonal 2D ¢-Fe,O; nanosheets; e2) photocatalytic H,
evolution using carbon-nitride-based hybrid nanostructures illuminated by visible light.?" f1) SEM image of Mo:BiVO, 3D-ordered macro-macroporous
nanostructures; f2) photocurrent densities of various 3D-ordered nanostructures.[?' (a) Reproduced with permission.?”} Copyright 2014, The Royal
Society of Chemistry. (b) Reproduced with permission.?®l Copyright 2011, American Chemical Society. (c) Reproduced with permission.?%l Copyright
2006, American Chemical Society. (d) Reproduced with permission.l?'% Copyright 2019, Elsevier. (e) Reproduced with permission.?™ Copyright 2017,

WILEY-VCH. (f) Reproduced with permission.[?'2l Copyright 2014, American Chemical Society.

greatly promoted the H, evolution to achieve a high rate of
31 400 umol g! h™' and prominent external quantum effi-
ciency of 44.35% under an illumination of 420 nm wavelength
(Figure 16e).?'1 Besides the above advantages for 0D-2D
WDNs, the 3D highly ordered mesoporous WDNs have a more
compact space occupation of an active semiconductor due to
a larger interstitial space (Figure 16f). The compact configura-
tion leads to significantly reduced carrier-transport resistance
in the electrode, the contact resistance at the electrode/elec-
trolyte interface, and the electrode/current collector junction.
Moreover, the uniform channel is particularly desirable for the
elimination of as-produced O,. In conjunction with the mate-
rial regulation, the charge migration in Mo:BiVO, was further
enhanced which, together, resulted in significantly enhanced
photoelectrocatalysis photocurrent densities (Figure 16f).[212]
In addition to engineering semiconductors into WDNs, the
integration of auxiliary constituents into the semiconductor
to form hetero-architectures provides an alternative route to
enhance the photoelectrocatalysis performance. Among them,
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noble-metal (e.g., Au, Ag, Cu, etc) integrated WDNs have been
widely exploited because the SPR effects can both improve the
solar light absorption and increase the utilization rate of photo-
generated electrons and holes.?"¥l In particular, the optical
response of SPR is highly dependent on the geometries of the
metals in the WDNs, thus endowing a versatile platform to
modulate photoelectrocatalysis performance.

For correlating the size contribution with the light absorp-
tion capability in photocatalysis, 0D nanoparticles were
selected as a model. The investigation on the size effect
requires well-defined size distribution. By a direct contact
printing strategy, the 0D Au nanoparticles could be success-
fully controlled in three narrow size distributions, that is,
50 = 5%, 63 £ 5%, and 83 * 5% nm (Figure 17a). Accord-
ingly, the photocurrent density of photoelectrocatalysis water
splitting increased with the decrease of the Au NP size
(Figure 17a), which could be attributed to the increased local
field enhancement and increased formation rate of photo-
generated electrons and holes.[?'¥l The precise controlling over
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Figure 17. al) Morphology of 0D Au nanodot arrays with controlled size; a2) size effect of Au nanodot arrays on the performance. Scale bars: 100 nm.2"
b1) AFM height characterization of 0D Ag nanoparticles; b2) SEM images of nanoparticles after coating with a conformal TiO, layer; b3) optical extinc-
tion spectra of Ag nanoparticles (with different heights of about 25, 35, 55, 75, and 155 nm); b4) photocurrent densities of Ag/TiO, photoelectrodes.
Scale bars: 200 nm.?"%] c1) Schematic illustration of fabrication processes for plasmonic-ferroelectric hybrids; c2) the photocurrent densities of the
as-grown (black), +10 V (red), and =10 V (blue) poled samples under the filtered white-light excitation.?'®! d) Chopped photocurrent densities of a 1D
TiO, nanotube/Cu,O nanowire binary-electrode.®% e1) 1D TiO, nanotube/Au nanowire arrays with different shapes; e2) binary nanostructures with two
different sizes in each constituent; e3) photocurrent densities of binary electrodes and TiO, nanotube reference. Scale bars: 200 nm.[2"I f1) Waveguiding

efficiency, local field enhancement, and IPCE enhancement for hematite nanorods grown into a 2D gold nanohole array; f2) photocurrent densities.

f102]

g1) Cross-sectional SEM of a 3D CdS/Au PTP array; g2) FDTD simulated light absorption in the top and bottom parts of Au PTPs and pillars, and the
electric field distribution at 550 nm wavelength; g3) light absorption spectra and photo of a typical CdS/Au PTPs.’2 (a) Reproduced with permission.l2"l
Copyright 2014, American Chemical Society. (b) Reproduced with permission.2¥ Copyright 2015, American Chemical Society. (c) Reproduced under
the terms of the Creative Commons CC BY License.l?'®l Copyright 2016, Springer Nature. (d) Reproduced with permission.®% Copyright 2016, Springer
Nature. (e) Reproduced with permission.?'”] Copyright 2018, American Chemical Society. (f) Reproduced with permission.°2 Copyright 2013, Springer
Nature. (g) Reproduced with permission.®? Copyright 2017, American Chemical Society.

nanoparticle height is another strategy for tuning the influ-
ence of SPR in photocatalysis (Figure 17b). By altering the
nanoparticle heights, the SPR is shiftable in a broad spectrum
that covers ultraviolet, visible, and near-infrared regions. With
the increase of the nanoparticle height, the dipolar SPR mode
demonstrated obvious blue-shift from the near-infrared to
the visible region as well as intensity increasing (Figure 17b).
Meanwhile, multipolar SPR modes began to arise in the ultra-
violet and visible range for these higher nanoparticles. Due
to the increased intensity and multipolar modes, the photo-
current of TiO, photocatalyst demonstrated a decent increase
from 2.5 to 90 pA cm™ (Figure 17b).2" The SPR-induced
photoelectrocatalysis enhancement was also observed in a
ferroelectric material Pb(Zr,Ti)O; (PZT). Due to an effective
charge transfer between the plasmonic nanoparticles and PZT
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as well as the ferroelectric polarization controlling in PZT, the
photocurrent density was increased by nearly an order of mag-
nitude (Figure 17¢).11°)

Compared with the 0D nanoparticles, the 1D nanostructures
offer more geometrical modulation possibility; thus, richer
optical properties are highly expected from the 1D plasmonic
nanostructures. To fully exploit the aforementioned advan-
tages of the semiconductor and plasmonic nanostructures, the
control of the geometries of both nanostructures simultane-
ously is needed. Recently, a new type of multi-pore AAO tem-
plate was developed to address this challenge.®” Through the
sequential pore-opening process, two different materials can
be deposited into two sets of pores. As shown in Figure 17d, a
matrix combining arrays of 1D Cu,O NWs and TiO, NTs were
constructed, forming a unique Z-scheme photoelectrocatalysis
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cell. More importantly, such multi-pore templates are easy to
control, separately, the geometries (e.g., size and shape) of two
sets of pores which impart geometrical tunability to the repli-
cated nanostructure counterparts. Taking the Au/TiO, system
as an example, Figure 17e shows the combinations of different
shapes and sizes in which the Au NWs are altered from four-
cross to eight-cross in shape.?”] In combination with a two-step
anodization process, the synthesis offers higher degrees of con-
trol for two constituents, including shapes, sizes, and composi-
tions (Figure 17e). Impressively, the optimal TiO,/Pt-Au WDNs
demonstrated a 4.6 times higher HER rate than that of using
TiO, nanotubes (Figure 17e).

Limited by the narrow-band response for a specific SPR
mode, the photoelectrocatalysis contribution of SPR stem-
ming from 0D and 1D plasmonic nanostructures is limited
when considering the broadband solar spectrum. To address
this challenge, scientists have turned their focus upon 2D
and even 3D nanostructures. Li et al. incorporated the hema-
tite nanorods into a 2D gold nanomesh consisting of arrayed
nanoholes.l'] Figure 17f shows that the SPR effects excited in
the 2D gold nanomesh take roles in two different wavelength
regions: one is below the band edge where SPR-induced reso-
nant energy transfer promotes light trapping, and the other
is above the absorption band edge of hematite where the
surface plasmon polarization launches a guided wave mode
along the hematite nanorod. Because of the complementary
effect between the two resonance modes in a broad wave-
length range, the light trapping capability of the hematite
and the photoelectrocatalysis water splitting performance was
greatly enhanced. For example, the photocurrent density at
0.23 V (vs Ag/AgCl) demonstrated an approximately tenfold
increase under the illumination of a simulated solar spectrum
(Figure 17f). The 3D plasmonic nanostructures also demon-
strate broadband function. Proof-of-concept 3D Au pillar/trun-
cated-pyramid (PTP) arrays were constructed and the CdS/Au
PTP photoanode was used to unravel the spectrally synergistic
complementation in solar energy harvesting (Figure 17g).°2
Compared with the Au pillar photoanode in which plasmonic
resonance is localized at the top part, the CdS/Au PTP pho-
toanode can excite SPR in both the top pillar and the bottom
pyramid (Figure 17g). As expected, these SPR modes function
in different wavelength ranges given the high nanostructure-
shape dependency of the SPR response. Benefiting from the
SPR near the bandgap wavelengths of CdS and the photonic
modes in short-wavelength range, the CdS/Au PTPs dem-
onstrated high light adsorption of =95% in the wavelength
range between 300 and 600 nm (Figure 17g) and accordingly
achieved a photocurrent enhancement of =400% relative to
the planar reference.

Based on the above discussions, the dimensionality (in the
combination of the size, shape, hetero-architecture, and spatial
arrangement) of the electrocatalysts and photoelectrocatalysts,
and the corresponding electrodes greatly determine the perfor-
mance of related practical energy devices. Through constructing
the WDNs from 0D to 3D, the intrinsic activity, active site den-
sity, mass transportation rate, as well as the photoresponse
capability can be reasonably facilitated. Accordingly, excellent
electrocatalysis and photoelectrocatalysis performances for var-
ious reactions are achieved.
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5. Well-Defined Nanostructures for Energy
Storage (Metal-lon Batteries and Supercapacitors)

Well-defined nano-structuring of functional energy materials
is focused on the controlled manipulation of the geometric
properties such as the size, shape, hetero-architecture, and
spatial arrangement. These WDNs can be either 0D, 1D, 2D,
or 3D, and this can be achieved by using different fabrica-
tion techniques discussed in Section 3 of this review. Over
the years, the chemistry of nano-structuring has proven to
play a pivotal role in improving the performance of the energy
storage devices and overcoming the issues related to material
design in rechargeable batteries and supercapacitors.[!® By
considering the theoretical capacity of materials in recharge-
able Datteries, the choice of electrode materials used in a bat-
tery system dictates its performance and large-scale industrial
applications. However, the significance of the architecture,
dimensionality, surface area, and pore-size distribution of the
materials at the nanoscale level must not be overlooked. Spe-
cifically, the structural design of an electrode material signifi-
cantly impacts its performance and electrochemical behavior
in a rechargeable battery?!) Nanostructured materials pro-
vide various unique advantages in rechargeable battery sys-
tems such as flexible morphology, large specific surface area
with shorter ionic and electronic transfer distances, superior
conductivity, and effective face-to-face contact with the current
collector (see Table 2).122 Furthermore, due to their high sur-
face to volume ratio, nanoscale electrode materials experience
the in situ formation of an electrode-electrolyte interface which
ensures better electrolyte contact for rapid ionic and electronic
transport.22!l Moreover, the problem of pulverization and elec-
trode destruction experienced by several battery electrodes can
be mitigated by designing a well-defined nanostructured mate-
rial such as a core-shell structure. Also, the crystallographic
modification of some electrode materials for improved battery
performance may be essential in large-sized alkali metal ion
battery systems such as K-ion and Al-ion batteries. By using
the appropriate synthesis method, such modifications can
be made at the nanoscale level as this may be impossible to
achieve at the bulk level. Likewise, while some electrode mate-
rials are limited by ineffective adsorption of ions, others are
hindered by the desorption of the adsorbed alkali ions. This
problem is often caused by extremely high adsorption energy
of alkali-metal atoms, thereby resulting in inefficient intercala-
tion/deintercalation.”” Through strategic and innovative syn-
thesis methods, designing a WDN of such electrode material
can solve this problem. Congruently, the solid electrolyte inter-
phase (SEI) is an essential part of the ionic storage mechanism
in rechargeable batteries; due to the effective surface interac-
tion achieved by nanostructured materials, it is possible to
optimize the SEI layer. In addition, the need for a fast-charging
battery system for the development of electric vehicles can be
achieved through nano-structuring due to increased ionic dif-
fusion rate and reduced diffusion path; they foster increased
charge/discharge rate.??2l To this end, active materials in
rechargeable batteries can be optimally utilized to achieve high
performance by fabricating WDNs.

In other to maintain a balanced overview of nanostructured
materials and their impact on rechargeable battery electrode
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Table 2. The benefits and limitations associated with the application of each category of WDNs in energy storage devices.

0D D

2D 3D

Benefits for application in energy storage devices

Improved mechanical strengthl??’] Flexible freestanding structurel?24

Shorter alkali ion diffusion length22/] High aspect ratiol2?]

No bulk solid-state diffusion(?*"] Efficient electron transport along and
through the 1D geometryl3%

236]

Easy electrolyte accessibility!?*°] Facile strain relaxationl

Limitations for application in energy storage devices

Low dimensionality/surface areal??]

The tightly interconnected configuration
could impede Li ion diffusion and strain

relaxation(?3¢]

Low tap density/limited active sites(?! Poor mechanical property42]

Agglomeration(?+] Low coulombic efficiencies caused by

continuous formation of the SEI film[24]

Poor chemical stability!*°] Low tap density250]

Large surface areal??’l Improved metal ion accessibility[?2¢]

Minimized diffusion limitations and
nl230]

Good electrical conductivity!??’]
improved electrolyte penetratio

A large number of accessible Higher surface-to-volume ratiol?3

electrochemically active sites/?*’]

Surface and interlayer storage of large-  Effective absorption of electrode strain?%]

sized metal ions!?]

Consumption of large amounts of Possibility for side reactions due to large

electrolytel?3] surface areal?*l

Parasitic reactions related to electrolyte Complicated synthesis method?*l

decompositionl?#]

Restacking and aggregationl?] Thicker electrode often leads to increased

resistancel?43

irreversible capacity loss in the first cycle
due to SEI formation(?*

Large consumption of electrolyte resulting
in electrode floodingl?*2

design, we must also highlight the fact that some challenges
have also been encountered (see Table 2). First, due to the
improved interactions at the surface of the electrode and its
larger surface area, the possibilities for the side reactions and
the formation of insulating layers which could inhibit effec-
tive ionic transport is very high. Also, due to their nano-size,
most nanostructured electrode materials suffer from low tap
density, which often impacts their volumetric capacity, initial
columbic efficiency, and cycle life. This often limits their large-
scale industrial applications and requires them to be coated
by other conductive materials such as graphene or highly con-
ductive carbon.?®?53] Other issues related to WDNs electrode
materials include the formation of unstable SEI layer, irrevers-
ible consumption of alkali-metal ions, volume changes, which
results in structural changes and loss of electrode, and severed
attachment to the current collector after several cycles. All these
issues severely impact the coulombic efficiency, cycle life, and
capacity retention of WDNs.[?22]

In this section of the review, we shall focus on some highly
relevant works that have applied the concept of well-defined
nanostructured electrode materials for rechargeable batteries.
Although the improvements in rechargeable batteries can
be approached from the anode and cathode, tunability of the
anode for improved performance and energy density is more
feasible.?1%2> To this end, this will be the focus of this chapter,
specifically, a focus on the structural parameters (size, shape,
hetero-architecture, and spatial arrangement) of well-defined
nanostructured anode materials and how these properties
positively impacted the storage of alkali-metal ions. For sim-
plicity, these innovative nanostructured electrode materials will
be grouped into three categories based on the ionic reaction
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mechanism: carbon-based (insertion), alloys (alloying), tran-
sition metal oxide (conversion) based WDNs and silicon for
rechargeable batteries, and supercapacitors (Figure 18).

5.1. Carbon-Based WDNs

Carbon-based materials, characterized by the excellent revers-
ible cycle, super stability in chemical, electrochemical and
thermal conditions, ease of availability, and low cost,!**®! are
important components in Li-ion batteries. Presently, the anode
materials of commercial LIBs are primarily made of graphite,
but its limited theoretical capacity is a major drawback associ-
ated with graphite-based LIBs.””] Due to this limitation, sev-
eral approaches have been made to improve the performance
of carbon-based materials such as tuning of its morphology and
dimension. Carbon can be fabricated into different nanostruc-
tures such as 1D carbon nanofibers, nanotubes, and nanorods;
2D carbon nanosheets; and 3D carbon nanospheres. Precisely,
the design of 2D graphene and 1D carbon nanotubes (CNTs)
displayed the possibility of fabricating carbon materials with
improved electronic properties. CNTs possess high surface area,
superior electronic conductivity, high mechanical, and thermal
stability. CNTs provide an interesting advantage to recharge-
able batteries because the storage of alkali metal ions can occur
at their internal and external walls, and ions can transport
through the electrode materials.”®?%] Graphene is regarded
as a super material for batteries because of its extremely large
surface area with several active sites for alkali-metal ion storage,
both sides of the sheet can be used for ion storage, flexibility,
defect rich pores, functional groups on its oxide form, and
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faster electronic and ionic transport. Despite these functional
properties, carbon materials, including CNTs and graphene, are
limited in their application for LIBs because they suffer from a
very large capacity loss at the first cycle, poor initial coulombic
efficiency, and large voltage hysteresis.l?°"l Pure nanostructured
carbon-based materials are often used as a conductive/protec-
tive layer on the surface of LIB active materials to accommo-
date for volume changes during cycling, to prevent surface side
reactions between the active materials and electrolyte, and to
inhibit the pulverization of electrodes.[?! Hence, researchers
have focused on different strategies to improve the conductivity
and LIB performance of carbon materials.

WDNs have been employed to large-sized alkali metal ion
batteries such as sodium and potassium ion batteries. Due to
their enlarged interlayer distances and disoriented structures,
carbon materials have proven to be effective for large-sized
alkali-metal ion storage. Nano-structuring of the carbon mate-
rials facilitates the optimum transport and storage of Na* and
K* ions. Liu et al. designed a ternary composite based on the
interpenetrating effect of pillars by infusing MoS, deposited
carbon nanofibers into graphene architecture to form a MoS,@
CNFIG hybrid electrode for SIBs (Figure 19a). This is an excel-
lent example of the fabrication of WDNs5s via the spatial arrange-
ment of 1D nanowire and 2D graphene sheets. The SEM
image in Figure 19b shows that the carbon nanofibers have
a uniform 1D shape with an average diameter of 1 um. The
2D-graphene oxide sheets were also dispersed, exhibiting large
size domain (Figure 19c). From the SEM of the hybrid architec-
ture (Figure 19d), it is obvious that the carbon nanofibers were
effectively interpenetrated into the large 2D-GO sheets with suf-
ficient spacing between each fiber. The rationale behind this
design is that the problem of restacking often encountered by
2D-graphene sheets can be avoided by interpenetrating them
with carbon nanofibers. Also, these carbon nanofibers assist
in rapid electronic and ionic transfer in the composite. The
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controlled insertion of the carbon nanofibers into the layers of
the graphene sheets displays a sophisticated level of WDN engi-
neering to optimize the sodium-ion battery performance. When
applied as a SIB anode material, the MoS,@CNFIG hybrid
electrode delivered an exceptional reversible capacity of 412 and
366 mAh g after 1000 cycles when cycled at 1and 5 A g7, respec-
tively, (Figure 19e) and displayed excellent rate capability even
when tested in a full cell battery?®!l An effective way of modu-
lating the electronic conductivity and battery performance of
the carbon materials is by doping, which usually involves either
replacing carbon atoms from its structure with a heteroatom
or doping the foreign atom into its crystalline structure or sur-
face.?62l A common example of doping in carbon materials is
the nitrogen-doped carbon, for example, N-doped graphene.
Ji et al. reported the assembly of a 3D graphene doped with
nitrogen; due to the 3D architecture and improved conductivity
as a result of N-doping, an improved LIBs performance was
recorded. However, it still suffered from low initial coulombic
efficiency and capacity loss.?®)l Doping with lower electronega-
tive heteroatoms, for example, phosphorus, boron, oxygen, and
sulfur, can also modify the ionic and electronic conductivity of
carbon materials. The work of Zhang et al. showed that due
to the large atomic diameter of phosphorus and lower elec-
tronegative heteroatoms when compared to nitrogen, P-doped
graphene displayed superior conductivity and electrochemical
performance.?*¥ By interrupting the electron cloud of the gra-
phitic carbon and shifting its Fermi level toward the conductive
band, doping of heteroatom into carbon materials can elevate
its electronic properties and boost LIB performance. Doping
also creates defects in the pores of carbon, thereby facilitating
the electron transport along its plane.'””l Moreover, manipu-
lating the defects at a material surface is also crucial to regulate
the charge transfer behavior at the electrode/electrolyte inter-
face. A good example is the work of Xu et al., who reported
the controlled synthesis of an N-doped carbon nanofiber
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(13.8% nitrogen). By using nitrogen-rich polypyrrole as the pre-
cursor for the synthesis of the N-doped carbon nanofiber, it con-
tained a high concentration of pyrrolic and pyridinic nitrogen,
which are favorable for K" attraction into the carbon matrix.
Through hetero-atom doping and oxygen vacancies, abundant
surface defects were successfully created. The SEM image
(Figure 19f) of the as-synthesized N-doped carbon nanofibers
shows they were well cross-linked, and the rough surface con-
firms the structural defects, which is beneficial for KIBs appli-
cation. The TEM image (Figure 19g) of the nanofiber displays
its hollow nature, which suggests the multi-directional trans-
port of electrons and ions through the fiber. Nitrogen doping in
carbon nanofibers creates defects in graphene layers and highly
reactive nitrogen sites simultaneously, both of which can highly
increase the ion absorption energy and result in surface-domi-
nated K-storage. The N-doped carbon nanofibers displayed their
resilience during rate cycling because at ultrahigh current den-
sities of 10 and 20 A g! it retained up to 104 and 101 mAh g!
(Figure 19h). A full-cell PIB using these nitrogen-doped carbon
nanofibers delivers a high reversible capacity of 195 mAh g at
0.2 A g with an energy density of 130 Wh kg™, which is com-
parable to commercial lithium-ion batteries. 26!

Although doping (especially nitrogen doping) has proven to
be an effective way to improve the properties and performance
of carbon materials for rechargeable batteries, other nitrogen-
rich carbon materials have also garnered interest, and one such
material is graphitic carbon nitride (g-C;N,). Nitrogen doping
of carbon materials is often achieved by either in situ doping
or post-synthesis treatment via the CVD method; however,
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these methods only provide a controlled and limited quantity of
nitrogen into the carbon matrix. Amine- and nitrogen-rich poly-
meric materials are considered as the more reliable sources of
N-doped carbon.l?*®! Graphitic carbon nitride is a nitrogen-rich
graphene analogue containing ~60% nitrogen with rich active
sites for alkali metal ion storage and a theoretical capacity of
524 mAh g 1. However, bulk C;N, suffers from unsuitable inter-
calation/deintercalation due to the extremely high Li adsorp-
tion energy caused by the interaction between its graphitic C;N
specie and Li*. By controlling the size and shape, Adekoya et al.
fabricated a porous 1D-C3N, nanofiber with suitable Li adsorp-
tion energy at the edges of the nanofiber, high surface area,
and several reversible Li active sites. Figure 20a shows the SEM
image of the 1D-C;N, nanofiber displaying its 1D architecture
and porous structure. Compared to previous bulk and 2D C;N,
LIBs electrode, which only delivered about 50 mAh g7, the 1D
C;N, nanofiber exhibited a reversible capacity of 181.7 mAh g!
at 0.5C and 138.6 mAh g! at 10C after 5000 cycles (Figure 20b).
This performance remains the best performance of all g-C3N,
electrodes to date. This work exemplified the significance of
employing the WDN design to tune the properties and boost
the performance of electrode materials for rechargeable bat-
teries. Through controlled nano-structuring of carbon, Wei
et al. reported the application of soft template assisted hydro-
thermal synthesis for obtaining mesoporous carbon micro-
spheres (MPCs) and employed it as an anode material for
SIBs. By using Pluronic F127 as a soft template, a self-assembly
approach was achieved during hydrothermal. The carbon
microspheres exhibited an extremely large surface area of
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Figure 20. Schematic illustration of the fabrication of WDNs via the spatial arrangement of 1D nanofiber: a) SEM image of the 1D-g-C3N, fiber; b) cycling
performance of 1D-g-C3N, fiber structure at a high current density of 10 C. Reproduced with permission.[?’! Copyright 2018, Wiley-VCH. c) Long-term
cycle performance at 1000 mA g~' for MPC-700 (inset is the scheme of the electrochemical process for MPCs) Reproduced with permission.?5’] Copy-
right 2016, The Royal Society of Chemistry. d) Schematic diagram of Na ions storage mechanisms of AC/G nanocomposites. Reproduced with permis-
sion.[2%8] Copyright 2015, Elsevier. e,f) SEM images of bamboo fibers (BCFs). g) The rate capability of the cells with and without interlayer. Reproduced
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642.5 m? g~! and were mesoporous in nature (2-3 nm). Through
well-defined nano-structuring, one of the major features of the
MPCs, which significantly impacted its SIBs performance, is
its spherical shape. The MPCs formed thin film electrodes with
no definite orientation, which promoted the even distribution
of current through the electrode. Also, the spherical shape is
favorable for achieving high packing density, which promotes
stable rate capability and performance. Due to these benefits,
the MPCs delivered a very high reversible capacity of approx.
160 mAh g after 500 cycles when cycled at 1000 mA g!
(Figure 20c) with high rate stability and capacity retention.?%’]
Li et al. also reported the fabrication of an amorphous carbon/
graphene (AC/G) nanocomposite, by hydrothermal syn-
thesis, as an anode material for SIBs. The AC spheres in the
composite served as the nanopillars to enlarge the graphene
interlayer distance for the effective storage of large-sized Na*
(Figure 20d). A reversible capacity of 120 mAh g! was obtained
at ultra-high 10 A g7}, and 142 mAh g! was retained after 2500
cycles when tested at 0.5 A g 1.12% The design of WDNs has
also been exploited for lithium—sulfur (Li-S) battery systems
due to the possibility of tuning the properties of materials at
the nanoscale level. Gu et al. reported the controlled synthesis
of conductive interwoven carbon fibers derived from bamboo
via electrospinning. Figure 20e shows that the carbon fibers
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were indeed interwoven with a fiber-like morphology, while
the hollow nature can be seen from the high magnification
SEM image of the top view of a single fiber (Figure 20f). Such
interconnected architecture of porous carbon fibers will create
an interconnected network for electronic and ionic transport.
The bamboo-derived carbon fibers were eventually used as an
interlayer (BCFM) for the effective suppression of dendrite for-
mation and inhibiting polysulfide shuttling in Li-S batteries.
At a high current of 1C, the electrode with BCFM interlayer
delivered 588 mAh g! rate capability which surpassed that of
the electrode without the interlayer (Figure 20g).?%% The same
group also reported the nanoscale fabrication of a phosphorus
and nitrogen-doped graphene as a blocking layer for poly-
sulfides in Li-S batteries (Figure 20h).[2”"]

5.2. Metals/Alloys WDNs

Electrode materials which exhibit the alloying mechanism (Li,M
where M represents the metals that include Sb, Sn, Si, Ge, and
Sn,) and they are characterized by their very high theoretical
capacities when applied as the anode materials; therefore, they
are believed to produce high-capacity and energy density LIBs
for large scale applications. Unfortunately, these families of
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anode materials are hampered by several challenges, including
poor electronic conductivity, sluggish Li* reaction kinetics, and
excessive volumetric changes. These issues lead to poor cycle
performance (reversible capacity far below their high theoretical
capacity), instability, and inferior rate capability. In addition,
the group of alloying materials is often prone to the side reac-
tions which arise from the surface dendrite formation, and this
destroys the separator as well as battery integrity. Of all these
problems, the most common and destructive one is the large
volume changes because this directly affects the structural
integrity of the active material in the electrode and impacts the
energy density of the battery. Also, when volume changes occur
in the electrode material, it fractures the sub particle. This leads
to the disruption of electrical contact, which impacts the elec-
trical conductivity, and the distortion of the SEI layer, and there-
fore a new electrode—electrolyte surface layer is formed, thereby
impeding Li* transport. If the expansion continues, the elec-
trode will detach from the current collector and the separator
will be damaged. Since the problem of volume changes is con-
nected to the structure of the active materials, modifying their
chemical and physical characteristics, including the size, shape,
hetero-architecture, and spatial arrangement, can address these
issues. A shift from macroscale to nanoscale dimension can sig-
nificantly dictate how the active materials deal with the issues
of volume change and how it performs in the battery cell. To
this end, designing well-defined nanostructured materials have
proven to be a viable solution to the structural issues accompa-
nying alloying anode materials, and several significant works
have demonstrated this. For example, as an alloying anode
material, Sb exhibits a relatively high theoretical capacity of
660 mAh g for LIBs, but it suffers from extremely large volu-
metric variation (up to 390%). Liang and co-workers synthesized
fern-like Sb composed of well-crystallized Sb nanoparticles
to address this problem as well as the poor rate capability and
capacity fading issues. By using the cost-effective electrochem-
ical deposition method, the authors successfully grew metallic
Sb on a Ti substrate, and by controlling the growth mecha-
nism, a fern-like morphology composed of Sb nanoparticles was
designed. The significance of this WDN design is that by con-
trolling the growth of the leaves of the fern, spaces can be cre-
ated in between them serving as porous spaces for enhancing
ionic transport and accommodating the volume expansion
during cycling. Thanks to the unique WDN design, the fern-like
Sb was applied as a binder-free electrode for SIBs and a revers-
ible capacity of 589 mAh g was retained at 0.5 A g! after 150
cycles (98.5% capacity retention) along with impressively high
rate capability even at 10 A g™! and after 80 cycles. Also, the
WDN fern-like Sb was applied as an SIB full cell anode mate-
rial, and it delivered more than 400 mAh g after 100 cycles
when tested at 0.5 A g™! as well as excellent rate capability.’?!
The problem of poor intrinsic conductivity suffered by
alloying materials can be resolved by the introduction of
highly conductive elements such as Ni and Fe. The addition
of these metallic elements can modulate the electronic con-
ductivity. Since these elements are ductile, they also function
as buffers to impede the volumetric expansion, which occurs
during the cycling of the electrode materials. This concept was
explored in the work of Liang et al. when they fabricated a hier-
archical Sb-Ni nanoarray as a binder-free SIB anode material.
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A schematic illustration of the fabrication of the Sb-Ni nanoar-
rays is depicted in Figure 2la—c. The scheme shows that the
aluminum oxide template (Figure 21a) was used to obtain Ni
nanoarray (Figure 21Db) via the electrodeposition, and the final
Sb-Ni array (Figure 21c) obtained after in situ growth of Sb
nanoplates on the Ni nanoarrays. The SEM image of the 3D
Sb-Ni array (Figure 21d) shows the well oriented and evenly
spaced 3D Sb-Ni nanoarray architecture. Due to the unvaried
and well-organized distribution of the conductive nanorod
arrays, abundant reactive sites and diffusion pathways were
available for the electron and ion transport. To this end, at
0.5 A g7\, a reversible capacity of 579.8 mAh g! was retained
after 200 cycles (Figure 21e) along with an energy density of
100 Wh kgL Also, the post cycle SEM image (Figure 21f) shows
that the 3D Sb-Ni nanoarray maintained its morphology after
200 cycles.?3] Alloying anode materials are also limited by the
onset of surface electrode—electrolyte side reactions caused by
dendrite formation, and this affects the performance of the
battery. The coating of the alloying metals with conductive
carbon is a very effective approach to deal with this problem
because the carbon functions as a protective shield between
the electrolyte and the alloying active material. This approach
is a very effective method as the carbon provides a conduc-
tive network for the interconnected transport of ions, thereby
boosting the electrical conductivity of the electrode, protecting
the active material, and providing room for volume expansion.
By encapsulating the bismuth nanospheres in a porous carbon
network, Qiu et al. effectively boosted its electronic conductivity
and suppressed the volume changes. The use of a molten salt
phase during the synthesis of the electrode material prevented
the aggregation of the bismuth nanospheres and aided the par-
ticle size control. The controlled distribution of bismuth nano-
spheres also ensured the creation of nanopores which were
beneficial for electrolyte penetration and ionic and electronic
transport. Moreover, the nanostructure design encouraged
effective contact between the current collector and the electrode
material. Post cycle analysis further confirmed that the bismuth
nanoparticles were preserved after 60 cycles. The composite
exhibited a reversible capacity of 106 mAh g'at 0.2 A g™ after
1000 cycles.[?’ Jin et al. also exemplified the concept of carbon
encapsulation in their report by hosting phosphorus in a hollow
carbon nanosphere. By hosting the red phosphorus in hollow
carbon nanospheres, the authors aimed at resolving the issue
of excessive volume expansion (300-500%) and other issues
limiting the application of phosphorus. While this approach
is a very effective one, the possibility of surface phosphorus
displaced on the carbon coating can lead to side reactions,
which will result in capacity deterioration. To ensure that no
surface phosphorus coating occurred, the authors carried out
secondary annealing after treatment, which further improved
the electrical conductivity of the electrode and rearranged the
phosphorus into pores of the carbon nanospheres, ensuring it
was adequately confined. As an SIB anode, a superior capacity
of 1027 mAh g™ was recorded at 4 A g! after 2000 cycles,
demonstrating excellent cycle life.’” Yan et al. also reported
the encapsulation of phosphorus in an MOF (ZIF-8)-derived
porous carbon for LIBs. This work also focused on solving
the problem of volume changes associated with alloying red
phosphorus by protecting the active material in a conductive
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carbon shell. A common roadblock in the design of such
phosphorus-protected nanostructured material is ensuring
that it is effectively encapsulated in the carbon shell, and no
phosphorus particles are dispersed at the surface. This is par-
ticularly challenging because red phosphorus is a large block-
like particle. To cross this hurdle, the authors employed a
solution-based strategy in which phosphorus is incorporated
into the micropores of the MOF-derived carbon in the form of
negatively charged polyphosphate ions (Ps”) (Figure 21g). This
unique approach ensured the optimum utilization of the active
material and secured protection from volume changes during
repeated cycling. Also, the use of MOF-derived carbon pro-
vided a porous host that facilitates electron transport and ionic
transfer through the electrode, which improved the conductivity
and performance for LIBs. A reversible capacity of 786 mAh g™
was delivered at 0.1 A g! after 100 cycles along with excellent
rate and cycle stability.?’®l Zhang et al. also reported the con-
finement of red phosphorus in N-doped carbon (P@NMC) for
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SIBs. By using a unique self-assembly method, N-doped multi-
cavity carbon was synthesized, and it was used as a host for red
phosphorus. The nitrogen-rich active sites in the highly porous
carbon host ensured efficient transfer of electrons and Na* to
the guest and provided room to accommodate volume changes,
thereby protecting the P from pulverization (Figure 21h). The
P@NMC composite delivered 923.7 mAh g! at 0.5 A g after
100 cycles with impressive cycle stability and rate capability.*””]

5.3. Transition Metal Oxide-Based WDNs

Another family of materials with high theoretical capacity is the
transition metal oxides. They are also low-cost since they are
largely available in the earth’s crust. In rechargeable batteries
such as LIBs, metal oxides are characterized by two reaction
mechanisms: the insertion and conversion reaction mecha-
nisms. Generally, metal oxides react with Li* to form metal NPs

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

inside the Li,O matrix, and this process is thermodynamically
favorable. However, the reverse reaction, which involves the
decomposition of Li,O is rather difficult as it is accomplished
by the interaction between the metallic NPs specie and inert
Li,O. This is where well-defined nano-structuring of the metal
oxide becomes essential because the bonding orientation of
surface atoms has a considerable effect on the physical proper-
ties of the materials. In a nutshell, the quantity of Li* that can
successfully interact with the Li,O matrix is greatly influenced
by the nanoscale architectures of the electrode materials. Metal
oxide electrodes in rechargeable batteries are also hampered by
the low coulombic efficiency, large voltage hysteresis, and high
working potential. Through nanoscale chemistry and specifi-
cally the design of well-defined nanostructured materials, these
issues can be resolved. Furthermore, like alloying materials,
metal oxides suffer from structural strain after repeated cycling,
and the application of WDNs is a practical solution to this
problem. The metal oxides include the oxides of cobalt (Co),
iron (Fe), and nickel (Ni), and of this family, Co and Fe repre-
sent a popular category because of their very high theoretical
capacity. For instance, Fe,03 possesses a theoretical capacity of
1006 mAh g7, but it is still affected by the low Li* diffusivity,
inferior electrical conductivity, below-par reversible capacity,
and pulverization caused by volume changes. To address these
issues, Wang et al. synthesized 4 nm hexagonal-shaped ultrathin
Fe,0; nanoflakes by employing a unique chemical stripping
method. In line with the previous reports,?’® the (001) facet
of Fe,0; was identified as the more stable facet with higher
crystallinity and superior Li-ion diffusivity. However, isolating
this facet from the Fe,O; nanosheet is not an easy task. In this
work, the authors used the high hydrogenation and annealing
treatment to strip off the disordered layers, assisting the reduc-
tion in thickness and formation of uniform Fe,O; nanoflakes
with exposed (001) surface. This unique and effective synthesis
method provided Fe,0; with better electronic conductivity, crys-
tallinity, and excellent battery performance. Compared to pure
Fe,0;3, the as-synthesized Fe,0; nanoflakes delivered a superior
long cycle reversible capacity of 599 mAh g at 5 A g! after
500 cycles. The authors attributed the outstanding performance
to the thin 2D structure of the Fe,O; nanoflakes, as this facili-
tated rapid Li* transport and discouraged the volumetric varia-
tion during cycling.l?’®l Xu et al. also reported the synthesis of
o-Fe,03 nanoplates via a facile iron-based ionic liquid assisted
solvothermal synthesis method. Thanks to the nucleation and
self-assembly property of the ionic liquid, the formation of
2D o-Fe,O; nanoplates was simply achieved during the solvo-
thermal synthesis. The authors studied the difference between
the solid microspheres, nanoparticles, and o~Fe,0; nanoplates,
and the LIB results showed that the performance of the nano-
plate architecture exceeded the others. A reversible capacity of
1950 mAh g was recorded at 0.5 A g™! and up to 520 mAh g*
was retained after 1000 cycles at 10 A g™, It was discovered that
the nanoplates performed better than the microsphere and
nanoparticle because of its regular distinct morphology, higher
surface area, and structural integrity even after 1000 cycles.l”’’]
Fe,03 can also be synthesized in different nanoscale architec-
tures such as nanotubes,?®”l nanodiscs,?8! nanoflakes,?#? nano-
tubes,?8 and hollow nanoparticles.?®3 Another widely used
metal oxide anode material is Co;0,; based on its conversion
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mechanism involving eight electrons, it possesses a theoretical
capacity of 892 mAh g, and like Fe,O; tuning, its nanoarchi-
tecture can modulate the electronic properties and battery per-
formance. WDNs of cobalt oxide has been achieved in different
morphologies and shapes such as 1D nanowires, nanotubes, 284
nanoneedles,?®! nanobelts,?®! nanosheets,?¥’] multi-shelled
hollow spheres, 2% and nanocages.?®” By controlling the syn-
thesis method and thermodynamic properties, these WDNs can
be synthesized, and modification of their size, shape, hetero-
architecture, and spatial arrangement significantly impact their
battery performance.

TiO, is another common metal oxide for rechargeable bat-
teries, with different phases, such as the anatase and rutile, and
several unique morphologies. The controlled design of WDNs
is highly beneficial for tuning its electronic conductivity and
battery performance. Surface modification and engineering of
materials to optimize the availability of ions and how to max-
imize the wettability of solvents were explored by Zhou et al.
using amorphous TiO, inverse opal. Their work showed that by
improving the availability of surface ions through better wet-
tability of solvents, the SIB performance of TiO, anode material
was significantly improved, and this concept can be employed
to other anode materials.'® Different approaches have been
made to improve the inferior rate capability of TiO, as an anode
material concept of the AAO template that has been devoted
to developing well-constructed nanostructured electrodes with
enhanced storage capacity and rate capability on sodium-ion
batteries (SIBs).[104273:290291 Highly ordered Sbi?*! and Ni@
TiO,*% nanoarrays were fabricated (Figure 22a—d) and have
been used as high-performance anodes of SIBs. Designing
nanoarrays with appropriate parameters give enough interval
spaces among the nano-units for alleviating the damage of
volume expansion during charging/discharging and facili-
tating electrolyte accessibility. By optimizing the aspect ratio
of Sb nanorod arrays with a diameter of 190 nm and length of
1.5 um, it shows high capacities of 620 mAh g! at 0.5 A g!
and 5577 mAh g! at 20 A g! (Figure 22e). Ni/TiO, core/shell
nanoarrays also exhibited high rate capabilities of the respective
anode materials (Figure 22f). Moreover, both works explored
the impact of ordered nanoarrays on the sodium-ion storage
comparing to their disordered counterparts, demonstrating
that such highly ordered nanoarrays can simultaneously facili-
tate the fast electron transport, interfacial ion diffusion, and
remarkable integrity of electrode at high-rate charge and dis-
charge (Figure 22g), and hence play a crucial role in improving
the rate capability of the batteries.

Although hollow metal oxides show great promise to
address the issue of volume expansion, poor conductivity is
still a common problem that limits the application of metal
oxide anodes. To solve this problem, Wang et al. reported the
synthesis of a hollow-shell V,05 nanosheet (THS-V,0s) syn-
thesized via a hard template method for full and half-cell LIB
anode material. By creating hollows in the metal oxide (see inset
of Figure 23a), a metal oxide with shortened charge transfer
distance, reduced Li* transport resistance, and improved con-
ductivity was achieved. Due to the controlled synthesis of the
nanostructured anode material, a high reversible capacity of
=400 mAh g™' was retained after 100 cycles for the half cell
LIBs (Figure 23a) and 250 mAh g! was recorded for the full
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Figure 22. The fabrication of a nanoarray (i.e., a type of WDNs) via the controlled manipulation of 1D nanorods: a) Process of fabricating Sb and Ni@
TiO, nanoarrays. SEM images of Sb (b), Ni (c), and Ni@TiO, (d) nanoarrays. e) Rate performance of SIBs based on Sb nanoarrays. f) Rate capability
of SIBs with three different Ni@TiO, nanoarray anodes. g) Proof-of-concept demonstration of highly ordered nanoarray electrode configuration. Repro-
duced with permission.?’l Copyright 2015, Royal Society of Chemistry, and reproduced with permission.2>l Copyright 2015, American Chemical Society.

cell application.?®Z Another proven way to overcome the poor
conductivity is through the nanocomposite formation with the
highly conductive carbon materials. Furthermore, the protec-
tive layer provided by the conductive carbon can function as a
buffer to accommodate the volume changes in the metal oxide
electrodes, thereby preventing pulverization. The Sun group
reported the even distribution of diamond-like Fe;0, nanopar-
ticles on graphene nanosheets (see inset of Figure 23b) to sup-
press the volume changes during cycling, prevent aggregation of
the NPs, enlarge the surface area, increase the conductivity, and
achieve stable cycling. By using a simple synthesis approach,
the Fe;0,/graphene composite was designed and employed as
an anode material for LIBs and SIBs. In LIBs, the composite
delivered 600 mAh g at a high current density of 3000 mA g™
(Figure 23b). In both battery systems, the composite outshined
the Fe;0, and graphene nanosheet and demonstrated superior
conductivity with reliable structural stability.?*3] Likewise, Yang
et al. reported the fabrication of 3D WDNs TiO,@C core/shell
nanobelt arrays with MOF as the source of carbon. In this work,
1D TiO, nanobelts were uniformly assembled on a Ti substrate
to obtain a 3D TiO, nanobelt array, which was subsequently
coated with a porous carbon shell derived from ZIF-67 MOF
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(Figure 23c). By uniformly growing the 1D nanobelts on the Ti
substrate, a larger surface area was provided for rapid electron
transport, and the charge transfer distance was shortened and
the migration of Na* unhindered. The composite also bene-
fitted from the functional electron and Na* transport due to the
carbon coating, which significantly improved the conductivity.
The composite exhibited a reversible capacity of 210.5 mAh g™
after 100 cycles at 50 mA g™ with impressive cycle life.?l
Zhang et al. also fabricated a 3D composite comprised of
1D-TiO, nanofibers and 1D free-standing and bendable carbon
nanotubes. CNTs served a dual function in the composite,
in that it formed in a conductive network for effective electron
transfer and fostered Li* transfer through the composite.
Additionally, the aggregation of TiO, was prevented because
of the synergistic interaction between both materials. The
nano-structural transformation of the two 1D architectures
to produce a better 3D composite material displayed the ver-
satility of WDNs.[?l Congruently, by taking advantage of the
high conductivity and large surface area of graphene, Cai et al.
synthesized a nanocomposite of N-doped graphene modified
TiO, for LIBs. A gas/liquid interface synthesis approach was
deployed to synthesize the composite such that aggregation of
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ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

-]
o
o

© DHS-V,0,

-]
o
o

o NSsV,0, &4 SHSV,0,
o THSV,0,

(=2
E §

g

Specific Capacity (mAh g”)
8
o

Specific capacity (mA hg”)

1000
200
00
o 1 AJ LJ LJ L
0 20 40 60 80 100 .
Cycle Number
c NaOH i ﬂﬂ ﬂ ? d -
L daromdl 4 -
Tifoil ™ Na,TiO,/Ti Hel -
ool Of - FeCl;'6H,0 Calcination
1 33 §§§ 2 methylimidazole | E I : | o
u \_—/ OH
—_— TiO, /Ti .
E@iﬁyﬁ Anncaling .ﬂﬁ'ﬁ hydroxyl multi-walled CNTs  MWCNTs/FeOOH MWCNTs/FeOOH/TiO, MWCNTs/a-Fe,0,@Ti0,
- (MCFT)
TiO, /ZIF-67 Tio,/C /\/ CNTs @ a-Fe,0,
i
120 °C, 12h Chemical bath
Hydrothermal Deposltlon
I =y
’

CF/ECF

CF/ECF/NIO

CF/ECF/NIO/CD

Figure 23. a) Cycle performance of the THS-V,0s-cathode; inset: TEM image of the THS-V,0s. Reproduced with permission.?°2l Copyright 2019, Wiley-
VCH. b) Rate performance of the Fe;O, (blue) and Fe;O,/graphene (red); inset: schematic illustration of the synthesis process of diamond-like Fe;O,/
graphene composite. Reproduced with permission.?l Copyright 2016, The Royal Society of Chemistry. c) Schematic illustration of the preparation
process for the anatase 3D TiO,@C core/shell nanobelt arrays. Reproduced with permission.??!l Copyright 2018, Elsevier. d) Schematic of the synthetic
process for MCFT. Reproduced with permission.2?’l Copyright 2013, Elsevier. €) Schematic synthesis of WDNs via a controlled manipulation of 0D and
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TiO, NPs could be prevented, the conductivity will be improved,
and a superior LIBs performance will be achieved. The LIB per-
formance of the TiO,/nitrogen-doped graphene nanocomposite
surpassed that of TiO, NPs and TiO,/graphene nanocom-
posite.??°] Wang and Sun et al. designed a nano-heterostructure
of multi-walled carbon nanotube (MWCNT)-modified Fe,03/
TiO, for LIBs. The heterostructure possessed a unique stem-
like morphology, which was evident by the intertwining of the
Fe,03/Ti0, with MWCNTs (Figure 23d). This nano-architectural
design ensures close effective contact between the constituents
of the nanocomposite and creates an interconnected network
for electron and charge transfer. The composite also exhibited
a high surface area thanks to the stem-like architecture and the
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MWCNTS. A reversible capacity of 770 mAh g™ was retained
after 200 cycles when the composite was tested at 200 mAg and
670 mAh g at 1000 mA g'. The authors attributed the perfor-
mance to the high theoretical capacity of Fe,O3, improved con-
ductivity due to MWCNT, and the steady structure of TiO, to
accommodate the volume changes.*””) Carbon coating of other
metal oxides has also been reported. For example, Huang et al.
reported the tuning of the adsorption energy of NiO nanosheet
by coating it on a porous N-doped carbon fiber along with
carbon QDS. Typically, the N-doped carbon fiber is a 1D WDN,
and it was coated with NiO via the facile hydrothermal method,
and finally, carbon QDS was deposited on the architecture via
the chemical deposition. In this unique hybrid architecture
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denoted CF/ECF/NiO/CD, NiO nanosheet functioned as the
active material, N-doped carbon as the current collector, and
carbon QDS as the stabilizer (Figure 23e). As a flexible LIB,
the hybrid nanostructure delivered a high energy density of
201.7 W kg™ and a high areal capacity.?*! Nitrogen doping can
create defects on the surface of carbon materials such as graphene,
and the oxygen vacancies are also able to tune the electronic prop-
erties of a material without altering its intrinsic properties,
and metal oxides are known to possess these oxygen vacan-
cies.l”7l Xu et al. reported that tuning the oxygen vacancy can
be utilized as an effective strategy to enhance the sodium-ion
storage of MoOj;_, nanosheets. The effect of oxygen vacancies
at deep-charging condition can be enhanced through coating
an optimal ultrathin Al,0; layer on the MoOjs., nanosheets.[*’]
This strategy was also confirmed by the SIBs with oxygen-
vacancies-containing SnO, ordered arrays that exhibit high rate
capability with the capacities of 210 mAh g™ at 10 A g™! and
200 mAh g7' at 20 A g711®¥! This type of binder-free nanoarray
architecture can exclude the influences of conductive additives
and binders. Gu et al. reported the application of a simple and
scalable ball milling method for coating ZnO and Ni(OH),
with S-doped carbon for Li-S battery. 1D carbon nanotubes
were used as the source of carbon and this was ball milled
with sulfur which was then used to coat the metal and metal
hydroxide. The common problems of polysulfide dissolution
and shuttling effect, which are limiting large scale application
of Li-S batteries, were addressed by the effective surface inter-
action initiated between the metal oxide (ZnO) and the sulfur
specie in the electrolyte.l30

Apart from the carbon coating or modification of metal
oxides to form nanostructured composites, they can also be
combined with each other to maximize their individual high
theoretical capacities. To effectively minimize the volume
changes of Fe,03, Fu et al. reported the synthesis of a highly
porous and hollow o~Fe,0;@TiO, core-shell nanosphere for
LIBs and SIBs. The core—shell structure design is highly ben-
eficial for alkali-metal ion storage because the vacant space
in such hollow structures can accommodate large volume
changes of Fe,O;. Also, the porous nature of the nano-
structure will facilitate electron transport and ionic transfer
through the electrode material. Unoccupied zig-zag pathways
in the crystallographic structure of TiO, also provide active
sites for Li*/Na* storage. Thanks to these properties of the
Fe,O;@TiO, core-shell nanosphere, it displayed excellent
performance in both LIBs and SIBs more than the individual
electrodes.30U

5.4. Silicon-Based WDNs

Silicon (Si) is one of the most popular and widely used anode
materials for rechargeable batteries, especially LIBs, due to its
superior volumetric, gravimetric, and theoretical capacity in
comparison to other elements. Furthermore, Si in its raw form
is cheap and abundant in the earth’s crust. Because it operates
at a lower working potential compared to graphite, it can avoid
some problems; thus, it is commercially used in an increasing
scale in LIBs. Therefore, although Si is a member of the
alloying family, we have chosen to discuss it separately.?') Due
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to its smaller atomic mass, Si forms an alloy with Li* to deliver
up to 8.5 Ah cm™ or 4.2 Ah g! which exceeds that of other
electrode materials. However, this alloying process (Liy4Si)
results in a 440% increase in the number of atoms, resulting
in large volume change (over 300%) which could be cata-
strophic to battery performance and life.}%% By designing well-
defined nanostructured Si anode materials, the large volume
change experienced by bulk Si can be significantly minimized
because such nanoscale materials provide a higher surface—
to-volume ratio which will equalize the system. For example,
well-defined 1D Si nanomaterials such as 1D nanowires,*%! 1D
nanotube,** and 1D micro/nanoporous nanorods>*! provide a
high aspect ratio compared to their 0D counterparts; therefore,
they have proven to effectively curtail rapid volume changes in
Si anodes.?*l The green controlled synthesis of well-defined
hollow 1D Si nanostructures was reported by Huang et al. via
a carbon templating method using carbonates (Figure 24a).
By modifying the reaction time and precursor, the authors
designed various 1D hollow nanostructures (Figure 24b-m)
which were applied as anode materials for LIBs.}%! Hollow
1D WDNs also provide an additional benefit of fast ionic and
electron transfer through the hollow 1D WDNs, and this not
only ensures stable cycle life but also improves conductivity
and performance.’%3%l Castrucci et al. and Yao et al. showed
that by creating hollows in 1D nanotubes and nanospheres,
the volume changes could be accommodated, and pulveriza-
tion can be lessened while conductivity can be improved.3?7-3%]
Yao et al. synthesized hollow Si nanospheres coated on stain-
less steel substrate (see Figure 24n), and the hollow architecture
of the Si spheres prevented the excessive volumetric change
and improved LIBs’ cycle life. After 700 cycles, the Si hollow
nanospheres retained up to 1420 mAh g! with a coulombic
efficiency of 99.5%.13%%] Xia et al. also reported the fabrication
of the Si membrane (see inset of Figure 240), which is capable
of absorbing/distributing the electrode strain generated during
cycling, thereby supporting the electrode against volume
changes and pulverization. The Si membrane delivered an
ultra-high reversible capacity of 2414 mAh g! after 100 cycles
when cycled at 0.1 C (Figure 240).12¢

Another major limitation of the Si anode materials is that
during lithiation, a thin Si film is formed. This film expands
and contracts during cycling, building up tensile stress in the
active material and resulting in cracks/fissures, which ulti-
mately cause the electrode to be detached from the current col-
lector. Additionally, while the nanoscale design is highly benefi-
cial to fabricating better Si anode materials, low tap density is
a concern for Si nanomaterials as well as the possibility of side
reactions due to their large surface area.?” 2D silicon WDNs
has proven to be a viable solution to these problems because
they display superior cycle and structural stability than 0D
NPS and 1D Si architectures. This was proven by the work of
Xie et al., who compared the performance of 1D Si nanowires
and 2D Si nanonets for LIBs. The authors reported that the 2D
nanonets retained 90% of its initial capacity, unlike 1D nano-
wires which could only maintain 80%.3%! The report of Chen
et al. also solidified this idea by synthesizing mesoporous 2D
nanosheet and coating it with carbon to form a carbon-coated
Si composite (Figure 25a). Comparing its performance to the
commercial Si NPs, the 2D architecture exhibited superior cycle
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Figure 24. a) Schematic illustration for the synthesis of hollow Si with controllable morphologies (b—m). SEM images of hollow/porous Si: hollow
cubes from 4-h Si deposition on cubic CaCOjs (b,c); hollow cubes from 1 h Si deposition (d); hollow spheres from 4 h Si deposition on spherical CaCO;
(e); hollow spheres from 2 h Si deposition (f,g); hollow spheres from 1 h Si deposition (h), flower-like Si from 1 h deposition on CaCO; obtained at
5 °C (j,k); Si tubes using BaCO; as a template (k,|); and porous Si using Na,COj3 as a template (m). Reproduced with permission.%! Copyright 2014,
Wiley-VCH. n) Schematic of synthesized hollow Si nanospheres on the stainless-steel substrate. Reproduced with permission.2%! Copyright 2011,
American Chemical Society. o) Cycle performance of the Si membrane at a rate of 0.1 C for 100 cycles; inset: SEM image of Si membrane. Reproduced

with permission.[?*l Copyright 2013, American Chemical Society.

life, rate capability, and conductivity than the Si NPs. Even at a
high current density of 4 A g7, the Si/C nanocomposite still
retained 1072.2 mAh g! after 500 cycles (see Figure 25b).3%)
A porous 3D nanostructured design of Si anode materials has
also proven to be able to mitigate some of the drawbacks of Si.
The 3D WDNs of Si experience minimal internal stress during
the charge/discharge process and higher tap density due to
their thicker and more rigid layers. Also, due to their 3D archi-
tecture, they exhibit shorter electronic and ionic transport dis-
tance and multiple diffusion pathways. Gowda et al. reported
the synthesis of a 3D porous Si anode coated on Ni current
collector for LIBs, and a high areal capacity of 0.8 mAh cm™
was recorded along with an impressive cycle and structural
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stability.?1% Surface modification and composite design of Si-
based anode materials is another very effective way to manage
the problems of Si anode. Carbon coating is regarded as one of
the most effective ways to modify Si because the presence of a
conductive carbon material improves the electrical conductivity,
provides support to the active Si and boosts the mechanical
strength, protects Si from cracks/fissures after repeated cycling,
and limits volume expansion. The carbon for coating Si can be
sourced from different materials such as hard and soft carbon,
biomass, and polymeric carbons.3! Binders have been proven
to have a significant impact on the electrochemical perfor-
mance of Si for battery storage. For example, Liu et al. reported
the application of hard and soft polymers as a cross-linking
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agent for covalent bonding between the polymer binder and Si,
thereby achieving a high areal and rate capacity with long and
stable cycle life.?’l The concept of self-healing Si anode was
also developed by Wang et al. in their work which displayed a
unique carbon-coated Si anode with the ability to heal itself after
the structural damage during cycling. The polymeric carbon
matrix used to coat the Si NPs facilitated the self-healing pro-
cess, and this enabled the composite to deliver high reversible
capacity with high capacity retention.’"¥l Wu et al. also reported
a unique concept of vacant engineering spaces between Si NPs
in a carbon-coated composite so that the problems of pulveri-
zation and unstable SEI are solved. In this work, Si NPs were
confined inside carbon tubes so that direct Si-electrolyte contact
is prevented, and Si is optimally utilized. The engineering of
this SINP@CT composite, precisely the creation of empty space
is indeed a display of WDNs for the advanced battery electrode
design.B™ Congruently, core-shell composite structures of Si
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and carbon materials are widely reported because the WDNs
design allows the carbon shell to effectively insulate the core
active material from potential fracture or destruction, accom-
modates the volume changes, improves the conductivity, and
prevents the pulverization of the electrode.3'!l Also, the number
of the shells can be varied by controlling the nanostructure
design and such multi-shell nanostructured composites ensure
better protection of the core, regulate SEI layer thickness, and
effectively minimizes volume changes.?”® For example, Lei
et al. reported the synthesis of a granadilla-like Si NP encap-
sulated with a carbon shell for high-performance LIBs, thanks
to the unique synthesis approach for controlling the dispersion
of Si NPs, each of which was coated by a carbon shell with a
controlled space between the core and the shell (Figure 25c).
The creation of this vacant space prevented the aggregation
of the NPs and provided ample space for volume changes
thereby effectively protecting the Si core from pulverization.
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The anode material delivered exceptional reversible capacity
(1100 mAh g at 250 mA g! after 200 cycles) with a long and
stable cycle life.}'®l Conversely, Yang et al reported the fabrica-
tion of a double core-shell composite of Si encapsulated by an
outer layer of carbon and an inner layer of SiO,. The double
layer protection of Si ensured the stable formation of SEI
layer and the improved conductivity and alleviated the pres-
sures of repeated lithiation.’) Core-shell design of carbon-
coated Si composites such as 0D Si/graphene,’'® 1D SINP@C
nanofibers,? 1D Si@C nanorods,?2"! 1D C@ Si nanotubes,?2!
and hollow core-shell Si/C322 have also been reported for LIBs
with improved performance and rate capability.

Despite the effectiveness of core—shell nanostructure design,
a common problem is the rupturing of the outer shell due to
increased volume changes after several cycles. To resolve this
issue, researchers focused on designing yolk—shell structures,
which included the addition of vacant space between the
core and shell. By using this WDNs approach, the volumetric
expansion can be well accounted for by this void space, without
any damage to the Si core.’™ The yolk-shell Si-based nano-
composite design is prone to excessive flow of electrolyte into
the void space, which can cause severe side reactions at the Si
core—electrolyte interface and lead to the low coulombic effi-
ciency. The WDN design of materials proved to be the solu-
tion to this problem, and this approach was reported by Liu
et al. on the pomegranate-inspired nanoscale design. In this
work, Si NPs were contained in a conductive layer of carbon
with enough voids for volume expansion, and it was then
further confined in a thicker micrometer-sized carbon layer
pouch, which functioned as an electrolyte flooding break wall/
obstacle (Figure 25d). This nanoscale design was achieved by
a bottom-up microemulsion approach, and it demonstrates
the versatility of WDNs to resolve electrochemical issues
of electrode materials for rechargeable batteries. Post and
in situ analysis confirmed that the SEI layer was stabilized
in the composite, the electrode—electrolyte contact area was
minimized, and a very high areal capacity of 3.7 mAh cm™
was achieved with an ultra-high volumetric capacity of 1270
mAh cm™3.3%3 To address the low tap density of Si-based anode
nanomaterials, Lei et al. synthesized a Si-based yolk—shell com-
posite in which Si NPs surrounded by CNT connected Fe,05
NP yolk were encapsulated in two layers of SiO, and carbon
shell for full cell LIBs. This unique WDNs design addressed
the problem of poor electrical conductivity by encapsulating
Si NPs with the conductive carbon and high capacity Fe,Os.
Furthermore, the effective contact between the core and shell
is optimized by the CNTs, which link the Fe,O; NPs with the
shell, thereby ensuring continuous electronic and ionic trans-
port through the composite (see Figure 25e). An exceedingly
high areal capacity of 3.6 mAh cm™ was achieved in half cell
LIBs, and 260 mAh g! was retained in the full cell after 300
cycles.??¥l Conclusively, through nano-structuring of silicon-
based anodes, improved performance and ultrahigh energy
density can be obtained. Bulk and NP based electrodes suffer
from poor intercalation and deintercalation while controlling
the nanostructured material to obtain core-shell and multi-
shelled materials with void space to accommodate the volume
expansion will facilitate effective electrolyte penetration and
better performance (Figure 25f).3%!
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5.5. WDNs for Supercapacitor

Electrochemical capacitors, also known as supercapacitors,
are high power density energy storage devices characterized
by extensive cycling stability and cycle life. Hence, superca-
pacitors are often considered a suitable backup to recharge-
able batteries and employed in several electronic devices.[%!
The classification of supercapacitors can be based on the active
materials and the mechanisms of their charge transfer process
when applied in a device. To this end, two categories are rec-
ognized, namely, electric double-layer capacitors (EDLCs) and
pseudo-capacitors. In terms of the charge storage mechanism,
the former reversibly adsorb ions from the electrolyte into the
active materials, and they are characterized by stable cycle life
and large specific surface area. Conversely, in the latter, the
storage of ions on the surface of the active materials is initiated
by a series of reversible rapid redox reactions. Owing to their
characteristic large surface area and accessible porous network,
carbon-based materials (graphene, activated carbon, carbon
nanotubes, etc.) are often used in the EDLC electrodes, while
metal oxides, conductive polymers, etc., are considered as the
active materials for pseudo-capacitive capacitors.??°l Rational
strategies for improving the specific capacitance and a deeper
understanding of electrochemical interlayer in supercapacitors
have been the focus of researchers over the years. While the
low-cost, large surface area, high pore volume, and stability of
the carbon-based materials are attractive for boosting the spe-
cific capacitance, the performance is still limited, and a con-
cise understanding of the interfaces at the nanoscale level is
lacking. Pseudo-capacitive capacitors tend to deliver superior
capacitance, but they are costly and suffer from poor cycle sta-
bility. WDNs can provide features that will improve the cycle
stability and boost the power and energy density of supercapaci-
tors for energy storage.

5.5.1. Carbon-Based-WDNs for Supercapacitors

Due to their low cost and abundant availability, high sur-
face and pore volume, electrolyte accessibility, and high con-
ductivity, carbon-based materials have shown great promise
as active materials for supercapacitors.??”] However, most
of the readily available carbon-based materials are limited
in delivering the desired performance because of intrinsic
properties. For example, although the activated carbon pos-
sesses a high surface area, it is limited by its poor mesopo-
rosity, which prevents free-flowing electrolyte penetration,
thus limiting its energy density. Furthermore, pore sizes
of less than 0.5 nm will be too small for double layer for-
mation, which could result in poor capacitance. Other
carbon-based materials such as CNTs and graphene exhibit
extremely large surface areas, high conductivity, better
mechanical properties as well as high aspect ratio, but their
performance still needs to be further improved. Nanostruc-
ture engineering of these carbon-based materials is a viable
way to tune their properties at the nanoscale and improve
their performance. Taking CNTs as an example, An et al.
reported the application of a random SWNT network with
a capacitance of 180 F g™!, and energy and power density of
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10 Wh kg! and 20 kW kg™!, respectively.??® Concerned by
the low energy and power density of this randomly oriented
CNTs, Lu et al. fabricated vertically aligned CNTs with well-
defined tube spacing and an interconnected pathway for
electrolyte accessibility. These well-aligned nanotubes had
opened top endcaps for the multi-directional flow of electro-
lyte through its internal and external walls. Compared to the
disordered 1D-CNTs, the vertically aligned CNTs recorded
a superior energy and power density of 148 Wh kg! and
315 kW kg, respectively.3?l This shows that through well-
defined nano-structuring and control of the orientation and
tip of 1D CNTs, their capacitance and energy density can
be significantly improved. Hollow porous carbon materials
provide a unique advantage, which is unlike the closed 1D
nanostructures; they exhibit multi-directional electrolyte
penetration. The synthesis of mesoporous hollow CNTs was
reported by using dopamine and ZnO nanorod template
(Figure 26a). The low-magnification TEM image of the syn-
thesized CNTs (Figure 26b) shows that they are indeed 1D
and clustered but not aggregated. Also, the high-magnifica-
tion TEM (Figure 26¢) displays the interior of a single nano-
tube highlighting the inner walls (172 nm thickness), which
confirms that they are indeed hollow nanotubes. Interest-
ingly, by tuning the concentration of P-123 used during the
synthesis, the authors can control the pore size distribution
of the hollow nanotubes and optimize its performance for

PS-embedded CMG film

3D macroporous e-CMG film

www.advenergymat.de

supercapacitors. Compared to the closed carbon nanotube,
which recorded only 208 F g1, the MCNT delivered a high
specific capacitance of 249 F g at 0.5 A g7, and =75%
capacity was retained at 20 A g~ This work again shows
that by controlling the features of nanostructured materials,
their performance can be improved.33%

Graphene is one of the most attractive carbon-based active
materials in supercapacitors because of its high conductivity,
large surface area, excellent mechanical stability, and ease
of scale-up. Even better, the edge functionalized graphene is
easily scaled up to produce graphene with improved prop-
erties and higher energy density. Through functionalizing
graphene and modifying the edge functional groups, its
electronic and mechanical properties can be readily modi-
fied, thereby providing more active sites for charge storage
and improved capacitance. The combination of nanosized
carbon-based materials together to achieve a carbon-based
composite is another effective way to boost the capacitance
and energy density. However, a WDN does not simply involve
a direct combination. A common challenge with graphene is
the problem of 7~ restacking because this limits the acces-
sibility of its large surface area, resulting in less active sites
for surface charge interactions. Du et al. proposed a way to
solve this problem by designing a 3D architecture of verti-
cally aligned CNTs (VACNTS) and graphene. Specifically, 1D
CNTs were used to separate the layers of the 2D graphene

3D ion and electron pathways]

Figure 26. a) Schematic diagram showing the strategy for the synthesis of WDNs, functional mesoporous carbon nanotubes (MCNTs); b) high and c)
low magnification TEM images of MCNTs, respectively. Reproduced with permission.*3% Copyright 2011, The Royal Society of Chemistry. d) Schematic
representation, e) SEM image, and f) cross-sectional TEM image of the 3D pillared VACNT-graphene architecture. Reproduced with permission.B
Copyright 2011, American Chemical Society. g) Schematic illustrating a procedure to fabricate 3D macroporous films through an embossing process
using PS templates for e-CMG film as well as a subsequent deposition process of MnO, for MnO,/e-CMG film. h) High-magnification cross-sectional
SEM images of e-CMG film. Inset illustrates 3D ionic and electronic transport pathways in the MnO,/e-CMG electrode. Reproduced with permis-
sion.1332 Copyright 2012, American Chemical Society.
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sheets; by controlling the length and packing density of the
VACNT;, they can assemble into the layers of 2D graphene
and effectively inhibit restacking in the 3D pillared CNT/gra-
phene architecture (see Figure 26d). In this architecture, the
1D-CNTs pillars mechanically support the graphene layers,
prevent the restacking, and provide a continuous pathway for
ionic and electronic transport (see Figure 26e,f). The 3D pil-
lared VACNT-graphene architecture delivered an ultra-high
capacitance of 1065 F g7}, with =~4% capacity loss after 20 000
cycles.?3l Choi et al. also reported the polystyrene template
synthesis via using a macroporous free-standing chemically
modified graphene film (e-CMG) to fabricate a macroporous
3D e-CMG//e-CMG and MnO,/e-CMG//MnO,/e-CMG com-
posite electrode for supercapacitor. The macroporous nature
of the graphene film was achieved by the removal of the
template to generate a series of the interconnected porous
network (Figure 26g). The SEM image of the e-CMG film
(Figure 26h) shows the pores on the free-standing structure
of the carbon matrix. This macroporous assembly facilitated
improved conductivity and promoted electrolyte penetration
because of the 3D electronic and ionic transport through the
composite (see inset, Figure 26h). The composite operated at
a high voltage of 2V, and at 1A g™}, a high specific capacitance
of 202 F g™! was delivered as well as a power and energy den-
sity of 25 kW kg and 44 Wh kg 1.13%2 Yu et al. also reported
the synthesis of a CNT-graphene fiber with impressive capaci-
tive storage as a promising electrode for supercapacitors.
The nanotube fiber was obtained by infusing well-aligned
1D-CNTS in-between layers of N-doped graphene oxide such
that they prevent the restacking of GO. The N-doping mod-
ulates the conductivity of the composite, and the GO facili-
tates dispersion of CNTs. Thanks to the controlled synthesis
of the composite and fabrication of the electrode material,
an ultrahigh conductivity of 102 S cm™ was recorded, and a
volumetric energy density of 6.3 mWh cm~ was achieved.*33]
Similarly, Fan et al. also reported a 3D CNT-graphene sand-
wich (CGS) composite where CNT functioned as pillars to
prevent the aggregation of graphene, facilitate the electrolyte
penetration through the layers, and buffer the composite for
volumetric expansion. The CGS composite recorded a specific
capacitance of 385 F g 1334 Conversely, Xu et al. also reported
a graphene-based composite involving conductive polymer—
PANI nanowire. In this work, the aggregation and restacking
of 2D-graphene oxide sheets were inhibited by systemically
arranging vertically aligned PANI nanowire arrays into its
layers of GO. The PANI-GO composite exhibited excellent
cycle stability and delivered a specific capacitance of up to
555 F g! and capacity retention of 92% after 2000 cycles.33!
Carbon-based materials have also been used as the binder
electrodes as this prevents the coating of insulating material
over the conductive carbon matrix from binders used during
electrode preparation. Gao et al reported the fabrication of a
3D paper-like graphene framework (3DGF) via a hard tem-
plate approach. By controlling the pore size and pore structure
of the network, the 3DGF framework (the resultant WDNs)
enjoyed effective charge transfer, shortened diffusion dis-
tance, and limited resistance. To this end, 95 F g specific
capacitance was recorded along with stable cycle life and rate
capability.133¢]
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5.5.2. Metal Oxide-Based WDNs for Supercapacitors

The challenge of low specific surface area and pore volume
distribution limiting the performance of metal oxide active
materials has been addressed by using nanostructure design.
1D nanostructured metal oxides have shown great prospects
because their unidirectional geometry can serve as a highway
for charge migration, and charge transfer distance can be short-
ened as a result of their smaller boundary diameter. Further-
more, the nanosized dimension can facilitate the rapid transport
of solvated ions from the electrolyte to the electrode surface.’¥!
These 1D nanostructures can be fabricated as nanosphere, 3!
nanowire, 232339341 and hollow fiber®*® for advanced super
capacitance. For example, by using electrospinning, Srinivasan
et al. reported the synthesis of 1D NiCo,O, hollow nanotubes.
The hollow structure of the nanotubes facilitated easy diffusion
of ions through the entire active material resulting in improved
capacitance of 1647 F g' at 1 A g”! and excellent cycle stability.
Fabrication of electrodes often involves the use of binders,
which, however, has been proven to decrease the performance,
especially when used as flexible devices. Hence, binder-free elec-
trodes assembled on a substrate which acts as a current collector
was deployed. In the case of WDNs, such current collectors pro-
vide the electrode with uniform spacing, the larger supporting
surface area for efficient charge transfer. Additionally, the elec-
trode—electrolyte interfacial contact can be improved because no
“dead surface” is present as a result of binder coating over the
electrode, and this improves the performance and cycle life.l3%¢!
Array arrangement of such 1D nanostructured materials is a pre-
ferred electrode design approach and this was displayed in the
work of Wen et al. who reported the ALD synthesis of Pt nano-
tube arrays. 1D NiCo,0,4 nanoneedles were assembled on the Ni
foam substrate and used as a binder-free electrode. Due to the
even distribution of the nanoneedles and the improved charge
transfer, the electrode delivered impressive specific capacitance
and stability.*¥ Furthermore, due to the long pore depth and
insulative property of alumina, Zhao et al. fabricated the nano-
porous Ni arrays by a two-step process of electroplating and elec-
trodeposition (Figure 27a). The AAO-like nanoporous Ni arrays
were then deployed as a current collector of a Ni/MnO, core—
shell electrode. As shown in the SEM image of the Ni nanopore
arrays after 400 pg cm™ MnO, coating (Figure 27b), a uniform
and evenly spaced nanoporous assembly can be obtained, which
is beneficial for electrolyte penetration. The AAO-like 1D nano-
porous Ni arrays provided the electrode a platform for easy elec-
tron and charged transport by the various diffusion channels and
larger surface area attained. These features enabled the Ni/MnO,
core—shell electrode to exhibit a high capacitance of 672 F g
at 2 mV s (80 ug cm2 MnO, mass loading) and 382 F g! at
400 pg cm~2 mass loading (Figure 27¢).2* The charge storage
mechanism of the nanopore arrays (Figure 27d) depicts a multi-
directional transport of charges due to the highly oriented
arrangement and nanoporous structure.

CNTs, carbon cloth, and other 3D current collectors have
also been reported as excellent substrates for active materials
as they offer improved conductivity, and they are cheap and
safe. A perfect display of this approach is the work of Grote
et al. in which an asymmetric supercapacitor consisting
of SnO, nanotube arrays, 3D core—shell PPy coated SnO,
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Figure 27. a) Schematic illustration of the fabrication process of metallic nanopore based heterogeneous WDNs. b) SEM image of Ni nanopores after
being coated with MnO, (400 ug cm™). c) CV curves of MnO,@Ni nanopores with different MnO, loadings at a scan rate of 100 mV s7. d) The storage
mechanism of the MnO,@Ni nanopore arrays. Reproduced with permission.* Copyright 2014, Wiley-VCH. e) Schematic diagram of the fabrication
and assembly of the asymmetric three-dimensional supercapacitor. f) CV curves of single SnO,/PPy and SnO,/MnO, core-shell NT arrays measured at
20 mV s7" in a three electrode cell, showing the complementary voltage windows of both materials. CV curves of PPy//MnO, asymmetric supercapacitor

measured at different potential windows from 0.9-1.7 V in a two-electrode cell configuration at 20 mV s

1, exhibiting a mirror-image current response

on voltage reversal until 1.7 V. Reproduced with permission.*J Copyright 2014, Elsevier.

nanotube arrays, and MnO, coated SnO, nanotube arrays, that
is, typical WDNs, were employed as the current collector and
negative and positive electrodes, respectively (see Figure 27e).
A two-step anodization approach was used for the synthesis of
the AAO template, while a scalable AAO-assisted ALD process
was used for the synthesis of the current collector. Thanks to
the highly effective core—shell nanotube array design of the
3D PPy//MnO, asymmetric supercapacitor, while operating at
a high voltage of 1.7 V (see Figure 27f), it delivered ultra-high
energy and power densities of 27.2 Wh kg™! and 24.8 kW kg™
(Figure 27g).13%2 Specific capacitance can also be improved by
the heteroatom modification of metal oxide active materials.
Such asymmetric active materials benefit from the voltage
window of both materials, and this can boost the energy den-
sity of the entire electrode. This can also be achieved by com-
bining two metal oxides together, or a metal and a metal oxide,
through nanostructured design core—shell heterostructures
that can be fabricated and employed as higher-performance
electrodes. Wen et al. demonstrated the importance of the
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core—shell design for improved conductivity and performance by
synthesizing MnO,-coated 1D Pt nanotube arrays for super-
capacitor. In this work, the AAO template-assisted ALD pro-
cess was used to fabricate the electrode, and 1D Pt nanotubes
served as the current collector. When the Pt/MnO, was used
as an electrode for supercapacitor, a specific capacitance of
810 F g! was attained at 5 mV s scan rate, and 68% capaci-
tance was retained when cycled between 2-100 A g! after
8000 cycles. The core—shell electrode also demonstrated neg-
ligible capacity loss and excellent cycle stability. The authors
attributed the performance to the improved conductivity
and the Pt and rapid ionic transfer validated by the effective
electrode—electrolyte contact as a result of the unique core—
shell structure design.?*!

Aside from electrochemical supercapacitors, micro-superca-
pacitors are recently gaining attention as miniaturized electronic
devices. Some of the interesting features of such miniaturized
supercapacitors include small dimensions and high-power den-
sity. Through nanostructured design, micro-supercapacitors
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(MSC) can be achieved, and this was proposed by Lei et al.
when they reported the downsizing of microminiaturized
honeycomb monolith to nanoscale by a nanoindentation—
anodization—etching process. Considering the large surface-
to-volume ratio and straight/parallel channels of micro-sized
honeycomb monoliths,(Figure 28a,b), the authors fabricated
ultrathin honeycomb alumina monolith scaffolds (HAN), that
is, WDNs, by mimicking the structure of natural honeycomb
and electrochemically converted them to current collectors
(Figure 28c). Such a nanostructured HAN current collector
will facilitate effective mass transport across its channels when
applied in a supercapacitor. The nanostructured HAN scaf-
fold derived current collector was coated with SnO, via ALD
to obtain a HAN@SnO, nanostructured current collector. This
HAN@SnO, current collector was then used to design the
magnesium oxide (MnO,)-coated (HAN@SnO,@MnO,;) and
polypyrrole (PPy)-coated (HAN@SnO,@PPy) nanoelectrodes,

www.advenergymat.de

respectively. Due to its superior electrical conductivity, the MSC
with PPy (HAN@SnO,@PPy) exhibited less charge transfer
resistance and better performance than the one with MnO,
(HAN@SnO,@MnO,). Both electrodes were then used to
develop an asymmetric MSC where HAN@ SnO,@PPy func-
tioned as the negative and HAN@SnO,@MnO, served as the
positive electrode. The high specific capacitance of 128 mF cm™2
was achieved at 0.5 mA cm™ (Figure 28d) along with a high
power and energy density of 40 mW cm™ and 160 mW cm™,
respectively.?* The areal energy density of these micro-
supercapacitors is comparable to that of some state-of-the-art
3D micro-batteries but with much higher areal power density
(Figure 28e). With such a performance, the micro-supercapac-
itors shall have the potential for a range of applications from
mobile electronics to wireless autonomous sensor networks.
Designing WDNs has proven to be an effective way to
improve the performance and resolve some of the critical issues
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Figure 28. a) The honeycomb-like electrode of HAN/SnO,. b) Cross-sectional view SEM image of a HAN indicating the cell depth to be about 25um.
c) lllustration of the HAN fabrication process. d) GCD profiles at different current densities. ) Ragone plots of MSCs with HAN-based nanoelectrodes
compared with some reported MSCs. Reproduced with permission.>*l Copyright 2020, Springer Nature.
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limiting the large-scale application of energy storage devices. In
rechargeable batteries, the problems of inadequate surface area
and poor conductivity can be effectively resolved by designing
well-defined 2D nanostructures materials. Similarly, the pul-
verization and volume expansion can be inhibited through the
fabrication of core— and yolk—shell nanocomposites. Moreover,
WDNs, through multi-dimensional nanocomposite design, the
benefits of two different nanomaterials with unique dimensions
(e.g., 1D/2D), can be deployed to resolve multiple problems. In
supercapacitors, the fabrication of WDNs, such as nanoarrays in
a uniform and well-dispersed manner has proven to address the
issues of ineffective ion transport, sluggish kinetics, and poor
conductivity. Free-standing and binder-free active materials have
effectively prevented the formation of inactive “dead surface”
and improved the electrode—electrolyte interfacial contact.

6. Conclusions and Future Perspectives

Renewable energy conversion and storage is one of the essen-
tial foundations for the sustainable development of our modern
society, and it is also one of the most important research and
development topics for now and for a long time to come. Aca-
demia and industry have been devoting tremendous efforts to
developing and commercializing these clean energy technolo-
gies, including fuel cells, electrolyzers, photoelectrolyzers, bat-
teries, and supercapacitors. For example, Toyota’s Mirai fuel cell
vehicles and Tesla’s Li-ion battery vehicles have been success-
fully launched to the market and widely adopted by consumers
globally. Nevertheless, the competitiveness of these technolo-
gies in terms of performance, stability, sustainability, and cost,
still needs to be further enhanced.

Well-defined nanostructures, in terms of extensive modula-
tion of geometric characteristics, including well-defined size,
shape, hetero-architecture, and spatial arrangement of nano-
structures, benefit both the chemical reaction and the carrier
transport, which promote the thermodynamics and kinetics of
chemical processes for energy conversion and storage. There-
fore, developing WDNs for sustainable energy applications are
attracting extensive attention from academia and industry. It is
well-established that the WDNs have been largely improving the
performance of various clean and sustainable energy devices.
The recent rapid development of various advanced characteriza-
tion techniques, especially for those in the (sub)nanoscale, dra-
matically facilitates the exploration and understanding of the
structure—property relationship between the well-defined nano-
structures and their electrochemical (fuel cells, electrolyzers,
batteries, and supercapacitors) and PEC performance. Despite
much progress, significant gaps still exist between the state-of-
the-art technology and consumers’ expectations/needs. Here,
we list some future perspectives on the research and develop-
ment of WDNs for devices as follows:

1) Rational design of WDNs, assisted by advanced in situ char-
acterization and theoretical simulation/modeling. As we
discussed above in this review, the desired WDNs of various
materials from 0D to 3D benefit their related electrochemi-
cal and photoelectrochemical reactions. Rational design of
WDNs is emphasized in this review because the materials
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for energy applications should be ideally demand-oriented.
That is, the electrodes should be designed based on the speci-
fied property parameters of energy conversion and storage
devices,?®! such as specific energy density, power density,
efficiency, and lifetime in fuel cells, electrolyzers, photoelec-
trolyzers, batteries, and supercapacitors. To realize the ra-
tional design of WDNs, a deep understanding of the mecha-
nisms of reactions and the structure—property relationship
of WDNs is required. Unraveling the electrochemical and
photoelectrochemical mechanisms is still rather challenging
due to the complex nature of the electrochemical processes.
As the traditional nanomaterials lack controlled characteris-
tics, WDNs with controllable structures and properties can
be regarded as excellent and simplified models for the inves-
tigation of electrochemical processes. This generic strategy
of building the WDN5s provides more possibilities to address
the challenges and guide the design of high-performance
electrodes. The transition states of chemical intermediates
on model electrocatalysts/electrodes and the electrode itself
during the electrochemical and photoelectrochemical reac-
tions have to be explored and studied in order to establish
the structure—property relationship. This requires precise,
accurate, and more challenging in situ characterizations.
In particular, the advanced in situ/operando techniques, for
example, synchrotron-based X-ray absorption spectroscopy
(XAS),B4] TEM,B¥] FTIR,B*] Raman,*! XRD,**" and mass
spectroscopy,®!! have been recently established to capture
the changes of both the electrocatalysts/electrodes and the
intermediates during the reaction processes. To address the
capability limits of the characterization tools, moreover, theo-
retical simulations (e.g., DFT and thermodynamic modeling)
and artificial intelligence (AI) are powerful tools to explain
and predict the properties of the WDNs in energy applica-
tions and beyond. The knowledge obtained from the ex situ
and in situ characterizations and simulation/modeling will
provide important feedback and guidance to the rational de-
sign of high-performance WDNs.

2) Precisely controlled fabrication of WDNs in tailoring their
performance. The electrochemical and PEC reactions usu-
ally take place at the surface and interface of electrodes, cata-
lysts, and electrolytes. The so-called “three-phase” interfaces
ensure the efficient transportation of electron, mass, ion,
etc., while, determining the kinetics of these electrochemical
and PEC reactions. Therefore, building well-defined “three-
phase” interfaces of the electrodes and catalysts is essential.
The WDNs5s discussed in this review greatly benefit the build-
ing and construction of the favorable three-phase interfaces.
Based on the knowledge of the rational design of WDN,
various advanced, especially environmentally friendly and
cost-effective, synthesis strategies are highly desired for the
precisely controlled fabrication of WDNs; for example, the
replacement of Pt-based catalysts with carbon-based WDN5s
in fuel cell application and the substitution of Co-based cath-
ode materials with other transition-metal-based WDNs for
batteries application. Various advanced techniques have been
applied in the synthesis of WDNs, from microscale to na-
noscale in the past years. However, given that the concept of
three-phase interfaces is in the molecular and atomic scales,
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the more precise control of WDNs is urgently needed, es-
pecially in the bottom nanoscale (1-10 nm), sub-nanometer
scale, and even molecular/atomic levels.

Wide deployment of the low-cost and scalable production
of WDNs in sustainable energy devices. Ideally, based on
the above two aspects, the community knows what kinds of
WDNs are needed and how to rationally fabricate them for
various electrochemical and PEC reactions. Another big chal-
lenge is how to deploy and integrate these WDNs in sustain-
able energy conversion and storage devices, as well as their
broad commercialization. Much progress on the precisely
controlled fabrication of WDNSs has been achieved, while the
yield of WDNss is still not satisfied, which leads to difficulties
in the scale-up production of the WDNs. Besides, the fab-
rication of WDNs usually costs more than the synthesis of
traditional nanomaterials. Thus, lowering the cost should be
considered as well. In this regard, the development of low-
cost and mass-production strategies/techniques for the scal-
ing up of WDNs from lab to the industrial scale is highly
desired. Further, the novel stack and/or pack design of these
energy devices has to be further continued, to meet the ur-
gent requirements of safety, high power density, and energy
density. Last but not the least, the lifetime of these electro-
chemical energy devices, that is, material and device stability,
is still insufficient. WDNs are promising to improve stabil-
ity due to the strengthened skeletons and frameworks.??!
However, they still need further improvement, especially for
operating under harsh electrochemical conditions.[723>3-35]
Understanding the degradation mechanisms as well as how
the WDN s benefit the material and device stability should be
paid more attention.[3%¢3%7] Again, the advanced in situ/oper-
ando characterizations with high resolution are powerful in
monitoring the catalyst and electrode changes during practi-
cal device working conditions. Theoretical calculations and
Al can assist the understanding of aging and failing mecha-
nisms of the devices.

In summary, based on the above discussions, future scien-

tific research and developments of WDNs are highly desired,
yet, challenging. As such, intensively national and, especially,
international collaborations among research groups, institu-
tions, and industries are critical to addressing the needs of sus-
tainable energy. It has been demonstrated in the past decades
that many international collaborations have produced break-
through discoveries, creations, and inventions in the fields of
functional nanostructures for high-performance fuel cells, elec-
trolyzers, photoelectrolyzers, batteries, and supercapacitors.
The comprehensive and efficient international collaborations
on this aspect will further promote and more importantly accel-
erate the development of a low-carbon footprint society built on
sustainable materials and energy technologies.
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