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Hierarchically Structured Porous Materials for Energy

Conversion and Storage

Yu Li,* Zheng-Yi Fu, and Bao-Lian Su*

Materials with hierarchical porosity and structures have been heavily involved in
newly developed energy storage and conversion systems. Because of meticulous
design and ingenious hierarchical structuration of porosities through the mim-
icking of natural systems, hierarchically structured porous materials can provide
large surface areas for reaction, interfacial transport, or dispersion of active sites
at different length scales of pores and shorten diffusion paths or reduce diffu-
sion effect. By the incorporation of macroporosity in materials, light harvesting
can be enhanced, showing the importance of macrochannels in light related
systems such as photocatalysis and photovoltaics. A state-of-the-art review of
the applications of hierarchically structured porous materials in energy conver-
sion and storage is presented. Their involvement in energy conversion such

as in photosynthesis, photocatalytic H, production, photocatalysis, or in dye
sensitized solar cells (DSSCs) and fuel cells (FCs) is discussed. Energy storage
technologies such as Li-ions batteries, supercapacitors, hydrogen storage, and
solar thermal storage developed based on hierarchically porous materials are
then discussed. The links between the hierarchically porous structures and their
performances in energy conversion and storage presented can promote the

design of the novel structures with advanced properties.

1. Introduction

Natural materials developed the admirable and intriguing
hierarchical structures using a basis of comparatively simple
components such as polymers and brittle minerals with large
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variety of functions. They can act as
mechanical support, providing protec-
tion and mobility to organisms, generate
color (photonic structures), and help sense
the environment. This hierarchy is one
of main characteristics found in natural
materials. More than being optimized and
designed for durability, natural materials
with hierarchical organization have the
capability to adapt, to reshape their struc-
ture facing their environment, and even
to self-repair for their survival, reproduc-
tion, and growth. Relationships between
hierarchically organized living organisms
and the environment are vectored by
energy and material flows. All biological
organisms and natural systems are main-
tained by the flow of energy through the
systems. Therefore, natural materials
developed in close relation with functions
of energy conversion, capture, transport,
and storage. The hierarchical structures
in natural materials play a vital role in
creating different functionalities and in
energy related processes in nature. For example, the hierar-
chical structures of green leaves and certain photosynthetic
plants are optimized for efficient light harvesting and sunlight
conversion to chemical energy by photosynthesis!! and certain
photosynthetic micro-organisms containing the periodic hierar-
chical structures such as diatoms endow them with particular
optical properties.?l It is quite intriguing that the hierarchical
micro-nanostructures present at the surface of different desert
plants develop the capability to reflect a large zone of visible
and UV light to protect against dryness whereas superhydro-
phobic surfaces can be used for energy conservation, which can
reduce energy dissipation.!

As one step in learning from nature and toward largely
man-made technologically hierarchical materials, which can
not only mimic the functions of natural materials with a
defined hierarchical structures, but also have new and supe-
rior properties, different natural structures have been used as
biotemplates for the design of materials for the functions of
energy conversion, capture, and storage. For example, plant
leaves have been used as biotemplates to mimic part of photo-
synthetic process and the materials obtained contained well
defined hierarchical structures including very fine replicas of
chloroplaste structures, which showed enhanced light har-
vesting and photocatalytic H, evolution activity." Butterfly
wings also present a significant hierarchical structure with very
interesting optical and photonic properties and have equally
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been used to generate the replicas. Materials obtained showed
very promising properties such as photoanodes for solar cells
(SCs)l1%12l and dye sensitized solar cells (DSSCs).l'¥l Again
inspired from the hierarchical structures of plant leaves, thy-
lakoids, chloroplates, whole cells extracted from plant leaves,
and other photosynthetic cells have been encapsulated into
hierarchically porous SiO, hydrogels to form leaf-like materials
to mimic the photosynthetic function of plant leaves.'*3% The
results are quite promising for sunlight conversion to chemical
energy and the mitigation of CO, for environmental purposes.
Diatoms with their beautiful hierarchical porous system have
been used as a biosupport to coat a nanostructured TiO, layer
to generate new hierarchically porous materials that could help
triple the electrical output of experimental DSSCs.31=34 The
hierarchically porous carbon electrodes prepared using hier-
archical wood structures and diatomaceous earth can improve
the rate capabilities for lithiation and delithiation.5#2 All
these biotemplated hierarchically structured porous materials
can serve as good models for the design of advanced man-
made energy materials.

Materials with hierarchical porosity and structures have been
heavily involved in newly developed energy storage and con-
version systems. Owing to meticulous design and ingenious
hierarchical structuration of porosities through the mimicking
natural systems, hierarchically structured porous materials can
provide large surface areas for reaction, interfacial transport, or
dispersion of active sites at different length scales of pores and
shorten diffusion paths or reduce the diffusion effect. By the
fine hierarchization of the nanostructure and chemical com-
position at different scales, reactivity and light harvesting can
be enhanced**! since it has been found that in the macro-
and mesoporous TiO, materials, the macrochannels acted as a
light-transfer path for introducing incident photon flux onto the
inner surface of mesoporous TiO,. This allowed light waves to
penetrate deep inside the photocatalyst, making it a more effi-
cient light harvester.¥] Hierarchically porous structures can
also act as host materials to stabilize or to incorporate other
active components, or in the case of porous carbons, they can
provide electrically conductive phases as well as intercalations
sites. There are many examples of the use of hierarchically
structured porous materials to provide more efficient energy
conversion and storage. Hierarchically porous materials are
already producing some very specific solutions in the field of
rechargeable batteries. Electrolyte conductivity can be increased
several times. Furthermore, novel hierarchical porous carbon
nanofoams with high surface area as catalytic electrodes for
fuel cell applications show good electrical conductivity, excel-
lent chemical, mechanical, and thermal stabilities. The appli-
cation of hierarchically structured porous materials in photo-
voltaic cells presented significant advantages to increase the
efficiency/cost ratio by enhancing the effective optical path and
significantly decreasing the probability of charge recombina-
tion. Hierarchization of materials in porosities and structures
can provide us with superior materials that will unlock the
tremendous potential of many energy technologies currently
at the discovery phase. The importance of multifunctional 3D
nanoarchitectures for energy storage and conversion has been
recently reviewed by Rolison et al.l*dl They indicated that the
appropriate electronic, ionic, and electrochemical requirements
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Scheme 1. lllustration of the potential application on energy convertion
and storage of the hierarchically porous materials.

for devices that produce or store energy may be assembled
within low density and ultraporous 3D nanoarchictectures on
the bench-top that meld a high surface area for heterogeneous
reactions with a continuous and hierarchical porous network
for rapid molecular flux.

Here, the applications of hierarchically structured porous
materials in energy conversion and storage (Scheme 1) are
discussed. Their involvement in energy conversion, such as in
photosynthesis, photocatalytic H, production, photocatalysis,
or in dye sensitized solar cells (DSSCs) and fuel cells (FCs), is
reviewed. Energy storage technologies such as Li-ions batteries,
supercapacitors, hydrogen storage, and solar thermal storage
developed based on hierarchically porous materials are then
commented on.

2. Hierarchically Structured Porous Materials
for Energy Conversion

Energy conversion concerns the transformation of energy from
one form to another, for example, sun light to chemicals or
electricity, electricity to thermal and mechan-
ical energy, chemicals to thermal energy and
electricity. Today the sense of energy conver-
sion deals with the conversion of one form
of energy to that we can use directly. Energy
conversion is a very hot topic and essential
for the development of humanity. In this
section, we focus on sunlight conversion to
chemicals and electricity and chemicals to
electricity. First different conversion technol-
ogies using sun light as energy sources and
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production, dye-sensotized solar cells, photosynthesis, and CO,
photochemical conversion are described. Then, hierarchically
structured porous materials used in for Fuel cells (FCs) design
are presented.

2.1. Sunlight Conversion to Chemicals and Electricity

The sun bathes the earth in more energy in an hour than
humantiy uses in a year. If scientists could convert even a frac-
tion of that surplus into a directly utilizable energy, our addic-
tion to fossil fuels for daily life and the problems they cause
can end. Chemical or other forms of energy would be the game
changer if they could be made directly in an efficient and cost-
free way from sunlight. Tremendous efforts have been devoted
to the development of materials and devices for the conver-
sion of sunlight to chemicals through photosynthesis and
photocatalysis and of electricity through solar cells.

2.1.1. Hierarchically Structured Porous Materials for
Light Harvesting and Photocatalysis Enhancement

Leaves constitute a hierarchical structure (Figure 1)1 that
strongly favors efficient light harvesting because of a series of
evolutionarily optimized processes: 1) light focused by lens-
like epidermal cells, 2) light multiple scattering and absorption
within the venous porous architecture, 3) light propagation in
the columnar cells in the palisade parenchyma acting as light
guides, 4) effective light path length enhancement and light
scattering by the less regularly arranged spongy mesophyll
cells, and 5) efficient light-harvesting and fast charge separation
in the high surface area 3D constructions of interconnected
nanolayered thylakoid cylindrical stacks in the chloroplast./**!
To better understand and use all these efficient natural proc-
esses to develop man-made materials, “artificial leaves”, that can
replicate similar processes, natural leaves have been used by
Zhang and co-workers as biotemplates to replicate all the fine
hierarchical structures of leaves using a pure inorganic structure
of TiO, with same hierarchy as leaves by a two step procedure
(Figure 2). It consists of the infiltration of inorganic precursors
and then the calcination of the biotemplates. All the photosyn-
thetic pigments were replaced by man-made catalysts such as
Pt nanoparticles. The obtained leaf replica with catalyst compo-
nents was used for efficient light-harvesting and photochemical
hydrogen production.! Compared with TiO, nanoparticles pre-
pared without biotemplates, the average absorbance intensities

hierarchically structured porous materials
such as photocatalysis, photochemical H,

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. Scanning electron microscopy (SEM) image showing the hierarchical structure of a
lotus leaf. Reproduced with permission.”] Copyright 2008, American Institute Physics.
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Figure 2. a) Field-emission SEM (FESEM) image of a cross-section of AIL-TiO, derived from
A. vitifolia Buch. leaf. b) Transmission electron microscopy (TEM) image of a layered nano-
structure in AIL1-TiO,, with a corresponding illustration of the 3D structures. c¢) Magnified
TEM image of layered nanostructures in AILT-TiO,; the inset is the corresponding illustration.
d) High-resolution TEM (HRTEM) image of Pt nanoparticles deposited on TiO,. Reproduced

with permission.l

within visible range increased 200-234% for artificial leaves.
This should certainly contribute to hierarchical architectures
with all the fine structures of leaves imprinted in artificial
leaves. The photocatalytic activity is much higher than that of
TiO, nanoparticles prepared without biotemplates and com-
mercial nanoparticulate P25.1 This is discussed detail in the
following section.

As TiO, has been expected to be the one of the most impor-
tant potential photocatalysts given present energy and environ-
mental concerns,*#) considerable effort has been devoted to
improve the photocatalytic activity of TiO,
nanostructures. TiO, photocatalysts with
hierarchical structures (Figure 3) have been
successfully replicated by Zhang and co-
workers from a hierarchically structured bio-
template using a sonochemical method.l>%
The biotemplates, cedarwoods(cedar leaves),
were first irradiated under ultrasonic waves
in TiCl, solutions and then calcined at tem-
peratures between 450 and 600 °C. The
fine replications of the hierarchically meso-
macroporous structures of the biotemplates
in TiO, down to the nanometer level were
confirmed. The photocatalytic activities were

Adv. Funct. Mater. 2012, 22, 4634-4667
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assessed by measuring the percentage degra-
dation of methylene blue using UV-vis spec-
troscopy. The replica obtained by calcination
at 450 °C gives the best structural replication
and the highest surface area of 55 m? g™ and
thus has the best photocatalytic properties.
This method provides a simple, efficient, and
versatile technique for fabricating TiO, with
cedarwood (cedar leaf)-like hierarchical struc-
tures, and it has the potential to be applied to
other systems for producing functional hier-
archical materials for chemical sensors and
nanodevices.

A hierarchically meso-microporous titania
film has been synthesized by Zhu's group,
showing increased catalytic activities of
30-40% and 60-70% for mineralizing gas-
eous acetaldehyde and liquid phase phenol,
respectively.’! This improvement is a result
of the enhanced diffusion of the reactants
within the photocatalyst, due to the hierar-
chical porous channels in the material.

The important role of meso-macroporous
structures in light harvesting photocatal-
ysis has been revealed by different research
groups.3#52-60l  The preparation condi-
tions, such as the synthesis time and calcina-
tion temperature significantly influence the
photocatalytic activity of the meso-macropo-
rous TiO,. For instance, Yu and co-workers
prepared bimodal meso-macroporous TiO,
by a self-formation phenomenon process in
the presence of surfactants (Figure 4).[ Eth-
ylene photodegradation in gas-phase medium
was employed as a probe reaction to evaluate
the photocatalytic reactivity of the catalysts. The catalyst, which
calcined at 350 °C, possessed an intact macro/mesoporous
structure and showed photocatalytic reactivity about 60% higher
than that of commercial P25. When the sample was calcined at
500 °C, the macroporous structure was retained but the meso-
porous structure was partly destroyed. Further heating at tem-
peratures above 600 °C destroyed both macro- and mesoporous
structures, accompanied by a loss in photocatalytic activity.
The existence of light-harvesting macrochannels that increase
photoabsorption efficiency and allowed efficient diffusion of

i

Figure 3. FESEM images at low (a) and high (b) magnification of replica TiO, obtained after
applying ultrasonic waves process to cedar wood calcined at a,b) 450 °C in the radical direction.
Reproduced with permission.% Copyright 2010, Springer.
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Figure 4. a) SEM images of the titanium dioxide monolithic particles cal-
cined at 350 °C and b) its phototcatalytic activity (a) in comparison with
that of T350 with only mesostructure (b) and P25 catalyst (c). Adapted
with permission.[*33 Copyright 2005, American Chemical Society.

gaseous molecules was found to be the origin of the high photo-
catalytic performance of the intact macro-mesoporous TiO,. In
fact, in the macro-mesoporous TiO, photocatalyst, the macro-
channels acted as a light-transfer path for introducing incident
photon flux onto the inner surface of mesoporous Ti0,.**" This
allowed light waves to penetrate deep inside the photocatalyst,
making it a more efficient light harvester. It is known that a
wavelength of 320 nm is reduced to 10% of its original intensity
after penetrating a distance of only 8.5 um on condensed TiO,.
The presence of macrochannels, however, makes it possible
to illuminate even the core TiO, particles with the emission
from the four surrounding UV sources. Considering the light
absorption, reflection, and scattering within such a hierarchical
porous system, the effective light-activated surface area can be
significantly enhanced. Moreover, the interconnected TiO, nan-
oparticle arrays embedded in the mesoporous wall may allow
highly efficient photogenerated electron transport through the
macrochannel network. Another study by Yu and co-workers
showed the same effect of the importance of the presence of
macrochannels in hierarchical porous structures.’? They
found that the hierarchical macro-mesoporous TiO, calcinated
under 300 °C exhibited a maximum photocatalytic activity for

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the oxidation of acetone in the gas phase (around twice that of
Degussa P25). The activity then decreased as the calcination
temperature increased, due to destruction of the macroporous
structure and the decrease in surface area.

The beneficial effect and the importance of the hierarchical
porosity in TiO, photocatalysts to improve the light harvesting
were also confirmed by Ayral and co-workers, who studied TiO,
anatase based layers with three levels of porosity: macropores,
mesopores, and micropores.’! The further confirmation of
the role of macrochannels was provided by Su et al. In their
study, different porous, nonporous, and hierarchically meso-
macroporous structures were compared. The enhancement of
the photocatalytic activity can be attributed to both the action of
macrochannels as light harvester and the easy diffusion effect
of organic molecules in hierarchically porous structures.[*3l
A very recent study done by the same group supplied a new
proof.>?l The action of macrochannels as light transport path for
introducing photon flux onto the inner surface of mesoporous
TiO, could be quite useful in the design of DSSCs and other
photoelectrochemical devices. The application of hierarchically
porous TiO, in DSSCs could provide important improvements
in light harvesting, thus in the efficiency of DSSCs. Further
study in this direction should be reinforced. We will discuss the
importance of macrochannels as light harvester in the section
concerning DSSCs.

To further improve the photocatalysis of hierarchically
porous TiO,, several strategies based on chemical and physical
concepts have been adopted. On the one hand, metal doping
of porous TiO, structures has been thought to be a good way
to enhance photocatalyic activity.®1%2l The presence of metal
nanoparticles can act as an electron sink and significantly
reduces the life time of mobility of photogenerated electrons.[%!
The electrons are then transferred to highly oxidative species
to form reactive oxygen radicals that can decompose chemi-
cals.#465] As the separation of the photogenerated electrons
and holes increased, the photocatalytic activity was consider-
ably increased after introducing metal NPs and therefore the
quantum yield was improved.[®7?! For instance, Zhang and co-
workers synthesized Pt/N-TiO, hierarchical porous structures
using normal leaves as biotemplate. The obtained materials
exhibit significantly improved photocatalytic hydrogen evolu-
tion activity.’! Ozin's group used Pt nanocluster modified TiO,
inverse opal to enhance the photodegradation of acid orange. By
incorporating Pt nanoclusters on the surface of the inverse opal,
more light is absorbed and the lifetimes of the UV-generated
electrons and holes are extended because of the synergy of slow
photon optical amplification with chemical enhancement.”!
However, the induced cations can also act as recombination
centers and therefore the activity improvements are only pos-
sible at low concentrations of dopants.[627374

On the other hand, other elements doping hierarchically
porous TiO, have been believed to increase its visible light
absorption.”>7¢ Currently, the most promising way may be the
partial substitution of oxygen with B, C, N, F, S, and codoping
of the above elements.l”>7?l The origin of this photoresponse at
higher wavelengths is the mixing of the 2p nitrogen level with
the oxygen 2p orbitals to form the valence band, which results
in a lower bandgap resulting in visible light absorption.[®% For
example, Xu and co-workers reported a simple new route to the

Adv. Funct. Mater. 2012, 22, 4634-4667
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synthesis of N-F codoped hierarchical macro-mesoporous TiO,
inverse opal films.I”8l Most recently, Zhang and co-workers used
biosystems-templated materials to fabricate N and/or P self-
doping hierarchically porous TiO, structures.>#!82 For instance,
the N doped morph-TiO, products derived from different leaves
have displayed absorbance intensities increase of 103-258%
within the visible light range because of the self-doping of N
and thus a higher photocatalytic degradation activity than that
of some standard photocatalysts, such as Degussa P25, under
UV irradiation.®! The synthesized biogenic-TiO, with kelp as
the biotemplate exhibits superior photocatalytic degradation
activity of methylene blue under UV-visible light irradiation.8!l
Moreover, they used crop seeds as templates to synthesize N-P-
codoped hierarchically porous TiO,, demonstrating enhanced
light-harvesting and photocatalytic properties. This impressive
method not only allows the mineralization of crop seeds but
also leads to N and P contained in original crop seeds being
simultaneously self-doped into the TiO, lattice.®? In addition
to TiO,, the self-doping method could also be applied to other
metal oxides, such as ZnO, In,0;, CeO,, etc. The enhanced
photocatalytic activity is a result of the synergy between their
structures and components.

Additionally, element doping, incorporating electron-
accepting and electron-transporting material, such as carbon
nanotubes and graphene, is also a very useful route for photo-
catalysis enhancement.””3384 Graphene-doped hierarchically
ordered meso-macroporous TiO, films have been produced
through a confinement self-assembly method within the reg-
ular voids of a colloidal crystal with 3D periodicity by Jiang’s
group.’?! Significant enhancement of photocatalytic activity for
degrading methyl blue has been achieved. The apparent rate
constants for macro-mesoporous titania films with and without
graphene are up to 0.071 and 0.045 min™!, respectively, almost
17 and 11 times higher than that for pure mesoporous titania
films (0.0041 min™). Incorporating interconnected macropores
in mesoporous films improves the mass transport through
the film, reduces the length of the mesopore channel, and
increases the accessible surface area of the thin film, whereas
the introduction of graphene effectively suppresses the charge
recombination.

Furthermore, doping with another semiconductor is a widely
used method to improve the photocatalytic activity of hierar-
chically porous titania. If the electron bandgaps of the mate-
rials couple well, charge carriers become physically separated
upon generation and therefore the recombination rate greatly
decreases.®#/] For instance, hierarchical macro-mesoporous
TiO,/Si0O, and TiO,/ZrO, nanocomposites have been synthe-
sized.* The resulting porous TiO,-based nanocomposites
not only feature enhanced textural properties and improved
thermal stability, but also show an improvement in photocata-
Iytic activity over pure TiO,. The introduction of a secondary
phase imparts the additional functions of improved surface
acidity and extra binding sites onto the porous structures. The
favorable meso-macroporous textural properties, along with the
improved surface functions, contribute to the high photocata-
lytic activity of catalysts calcined at high temperatures. Again,
the macrochannels acted as a light-transfer path for introducing
incident photon flux onto the inner surface of mesoporous
TiO,. This allowed light waves to penetrate deep inside the

Adv. Funct. Mater. 2012, 22, 4634-4667
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photocatalyst, making it a more efficient light harvester having
higher photocatalytic activity. The hierarchical porous TiO,-
Si0,-TeO,/Al,03/TiO, composite exhibited enhanced photocat-
alytic performance in decomposing acetaldehyde gas under UV
illumination because of the combination of a large surface area,
high porosities, and transparency.®® In particular, the com-
posite with 120 nm pores calcined at 500 °C showed the highest
photocatalytic activity, 6-10 times higher than commercial P25
under the experimental conditions.

Although more than half of the published research has
focused on hierarchically porous TiO, based photocatalysts,
preparations of other hierarchically porous pohotocatalysts,
such as ZnO, WO;, CeO,, In,0;, In,S;, and alkaline earth
titanate materials, have also received attention.828%-%] Lee and
co-workers synthesized hierarchically porous Bi,WO4 micro-
spheres via the ultrasonic spray pyrolysis method.’] The
bandgap energy of hierarchical Bi,WOg microspheres is 2.92 eV.
It was found that the synthesis temperature was an important
parameter controlling the morphology of the Bi;WO4 micro-
spheres. As compared with the bulk Bi,WO4 sample, the hier-
archically porous Bi,WO4 microspheres demonstrated superior
photocatalytic activities on the removal of NO under either vis-
ible light or simulated solar light irradiation. The highest NO
removal rates were 110 and 27 ppb/min for the porous Bi,WO,
sample under solar light and visible light (A > 400 nm) irradia-
tion, respectively. Wei and co-workers fabricated a hierarchically
macro-mesoporous polycrystalline ZnO-Al,0; framework by
using legume as a biotemplate. This polycrystalline Zn0O-Al,04
framework has been demonstrated as an effective and recyclable
photocatalyst for the decomposition of dyes in water, owing to
its rather high specific surface area and hierarchical distribu-
tion of pore size (including mesopores and macropores).*]

The utilization of TiO, inverse opal structures with macro-
pores and interparticulate mesopores has become an important
focus of recent research in the field of photocatalysis. Su and
co-workers synthesized hierarchically porous TiO, an inverse
opal structure exhibiting a greatly enhanced photocatalytic
activity.”! Sordello and co-workers also revealed that the photo-
catalytic activity of the TiO, inverse opal mainly comes from the
structure rather than composition.l”” Zhao and co-workers fab-
ricated TiO, binary inverse opal via a sandwich-vacuum infil-
tration of titania precursor. The synthesized material displays
higher photocatalytic activity on degradation of benzoic acid
compared to TiO, nanoparticles.®) Ozin et al. clearly demon-
strated that the amplified photochemical reaction can occur
using inverse TiO, opals. They indicated that this amplification
has been attributed to the slow-photon effect. In fact, highly
ordered inverse opals behave as photonic crystals and thus
have a periodic dielectric contrast that is in the length scale
of the wavelength of light, coherent Bragg diffraction forbids
light with certain energies to propagate through the material in
a particular crystallographic direction. This gives rise to stop-
band reflection and the range of energies that is reflected back
depends on the periodicity and dielectric contrast of the photonic
crystal. At the frequency edges of these stop bands, photons
propagate with strongly reduced group velocity, hence, they are
called slow photons. Slow photons can be observed in periodic
photonic structures at energies just above and below the phot-
onic stop band. If the energy of the slow photons overlaps with
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the absorbance of the material, then an enhancement of the
absorption can be expected as a result of the increased effective
optical path length.>>>7] The work of Ozin et al. revealed that
photocatalytic activity can be dramatically enhanced by utilizing
slow photons with energies close to the electronic bandgap of
the semiconductor.>>7] The study using the slow-photon effect
on the basis of photonic crystals to improve the photocatalytic
activity by enhancing the light absorption could be an impor-
tant future research direction. The slow-photon effect can be
applied to all the fields related to light absorption for example
solar cells. This beneficial effect will further be discussed in fol-
lowing section for DSSCs performance improvement.

2.1.2. Hierarchically Structured Porous Materials for
Photochemical H, Production

Hydrogen has been considered the cleanest energy source
because there is no pollutant emission. Dissociation of water
to produce hydrogen has gathered more attention because of
the energy crisis. However, applying this simple process is very
difficult because of a considerable energy barrier seen in the
equation below:

H,0(l) = Hy(g) + 1/20,(g) (1)
AG =+237 k] mol ™!

In 1972, Fujishima and Honda carried out a classic work on
photoelectrochemical decomposition of water over TiO, elec-
trodes. The use of a photocatalyst reduces this activation
energy and makes the process feasible with photons within the
solar spectrum. The sunlight photons with wavelengths below
1100 nm can be used for photocatalytic water splitting and
more than 800 W m™ of the available solar energy could be
potentially converted to H, energy.””] As just a small percentage
of the sunlight that reaches the earth’s surface is capable of ful-
filling the current energy needs of mankind, one of the impor-
tant tasks for materials science and chemistry scientists is to
find suitable materials and to design their structures to use
sunlight for photoelectrochemical decomposition of water for
H, production.l’’~%

As stated in above, hierarchically porous structures in nature
such as leaves have shown their efficiency in light harvesting
and mass transportation due to special structural properties.
Again to design materials with improved photocatalytic water
splitting performance, natural materials have been used as
inspiration and as biotemplates. Zhang and co-workers demon-
strated the use of artificial inorganic leaves composed of Pt/N-
doped TiO, for efficient water splitting under UV-vis irradiation
in the presence of sacrificial reagents by using leaves as natural
biotemplates. The light harvesting performance and photo-
catalytic activity of such systems is higher than those prepared
with the usual approaches.*! The photocatalytic hydrogen pro-
duction activity is 3.3 times higher than P25 and about eight
times higher than that of TiO, nanoparticles prepared without
biotemplates.!

Giordano and co-workers recently reported a one-step syn-
thesis of hierarchical microstructures of magnetic iron car-
bide from leaf skeleton, which acts as both a template and a
carbon source for formation of the iron or iron carbide material
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by carbothermal reduction of iron (II) precursor. The obtained
materials, which are a perfect replica of a hierarchical leaf skel-
eton, have been used as electrodes for water splitting and the
electrodeposition of Pt. This method has great promise for the
synthesis of a variety of hierarchically microstructured objects
for catalytic and electrochemical purposes and can be extended
to other photocatalysts such as ZnO, Cu,0, In,03, CeO,, WO;,
and peroskites including SrTiOs, BaTiO;, and Sr,Nb,0-.!

Hierarchically porous structures can also been fabricated
without a template with enhanced photocatalytic activity for
H, production.'®1% Peng and co-workers prepared hierarchi-
cally porous ZnlIn,S, microspheres using a facile template-free
hydrothermal method.'® The as-prepared ZnIn,S, showed
considerable photocatalytic H, production efficiency and the
photocatalytic activity was further enhanced by the presence of
a Pt cocatalyst under visible light irradiation. Specifically, the
Znln,S, prepared at 160 °C with pH = 1.0 showed the highest
photoactivity of H, production with an apparent quantum yield
of up to 34.3% under incident monochromatic light of 420 nm.
Janek and co-workers compared the photoelectrochemical prop-
erties of two kinds of hierarchically porous TiO, films prepared
by the prevalent methods.!l The photoelectrochemical experi-
ments clearly show that sol-gel derived hierarchically porous
TiO, films demonstrated about 10 times higher efficiency for
the water splitting reaction than their counterparts obtained
from crystalline TiO, nanoparticles. In fact, the performance
of nanoparticle-based TiO, films might suffer from insufficient
electronic connectivity, yet the hierarchically porous TiO, films
prepared from the TiCl, source through the sol-gel method can
provide not only sufficient electronic connectivity but also hier-
archically macro-mesopores for easy mass transport and high
surface area during the photocatalytic process.

Significant progress has been achieved in recent years in the
exploring and developing of novel structures for photocatalytic
water splitting. Nevertheless, the performance of photocatalysts
under visible light could be improved. Although around 140 dif-
ferent materials have been evaluated to produce H, efficiently
by photocatalytic process,?”:19271%] the number of studies using
hierarchically porous structures is still limited in spite of the
important promise of hierarchically structured porous mate-
rials in light harvesting and mass diffusion. This is due to the
lack of efficient and easy synthesis of pathways to and through
desired porous materials with well defined three length scales
(micro, meso, and macro). In this respect, the challenge is still
great to develop a practical solar powered system for photocata-
lytic water splitting.

2.1.3. Hierarchically Structured Porous Materials for
Dye-Sensitized Solar Cells (DSSCs)

Photovoltaic technology, commonly in the form of solar cells
has received tremendous attention for its direct conversion of
sunlight to electricity. Most of the existing solar cell technologies
based on silicon is reaching the limits of what can be done with
it. To increase solar/electricity conversion efficiency, quantum
dot based solar cells (QDSCs), and, in particular, DSSCs have
been developed.'””] The DSSCs are a photoelectrochemical
system that incorporates a porous-structured oxide film with
adsorbed dye molecules as the photosensitized anode. The
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Figure 5. FESEM images of as-synthesized titania photoanodes templated from butterfly wings
with different colors. a,b) Quasi-beehive structures synthesized under different conditions.
Reproduced with permission.[%l Copyright 2009, American Chemical Society.

photoanode is crucial in light harvesting efficiency, which deter-
mines the overall cell efficiency. The ideal photoanode should
have a high surface area nanostructure for dye adsorption. The
presence of a hierarchical porous structure, as described in
the previous section, can increase the optical path length and
improves the light harvesting efficiency.

It has been reported that some butterfly wings contain
photonic structures that are effective solar collectors.['®! The
honeycomb-like structure found at the surface of butterfly
wings takes advantage of refraction in trapping light. In fact,
when light meets this kind of material, instead of crossing it, it
is reflected back into the material. Nearly all the incident light
can be adsorbed. This kind of structure can certainly improve
the solar/electricity conversion efficiency in DSSCs since light
harvesting is the first and essential step. To take the advan-
tage of such structures and in order to improve the light har-
vesting efficiency, Zhang and co-workers have prepared hier-
archically periodic microstructure titana film photoanode by
using butterfly wing scales as biotemplates. The morphology
of the photoanodes is an exact replica of
the original butterfly wings with a natural
photonic structure. The hierarchically porous
titania film after calcinations is formed by
the aggregation of crystalline nanoparticles
(Figure 5).'%1 The obtained quasi-honeycomb
structure TiO, replica showed a higher light
harvesting efficiency than the normal titania
photoanode prepared without biotemplates.
Choosing the appropriate structural model of
butterfly wings may lead to enhanced photon-
to-current efficiencies. This study dem-
onstrated that the butterfly wing photonic
structures are the best structural models
in the design of photoanodes for DSSCs to
improve light harvesting and solar/electricity
conversion efficiency.

Recently a very exciting study showed
diatom based DSSCs that may be up to three
times as efficient as conventional solar cells.
Diatoms are single-celled photosynthetic
organisms that are abundant in marine and
fresh water ecosystems. The creatures con-
tain a silicon dioxide cell wall called a frus-
tule, which possesses intricate periodic nano-
scale patterning and is genetically controlled
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and unique to each species. These pattern-
ings, containing many naturally occurring
nanometer sized pores throughout, hold
great promise in applications as mnatural
photonic structures that can control the flow
of light within engineered devices and have
high capacity for Dye molecules adsorp-
tion. To take advantage of such photonic
structures in DSSCs, Rorrer and co-workers
invented a quite ingenious process to coat
hierarchically porous diatoms with a TiO,
film. In the initial phase of the process, the
diatoms are placed on a conductive glass sur-
face. The organic components of the diatoms
are then removed, leaving only the silica frustules, which forms
a template for semiconducting materials. A biological agent is
then used to precipitate soluble titanium into very tiny nano-
particles of TiO,, creating a thin film on diatoms that acts as
the semiconductor for the DSSC devices. It is known that in
a conventional thin TiO, based film, photosynthesizing dyes
generally take photons from sunlight and transfer them to
TiO,, thus creating electricity. In the system based on diatoms
(Figure 6),°1733] the photons bounce around more inside the
pores of the diatoms frustules, making solar to current conver-
sion more efficient. This efficiency can be attributed to the tiny
hierarchical holes (pores) in diatoms frustules, which appear to
increase the interaction between photons and the large quantity
dye molecules loaded to promote the conversion of light to elec-
tricity and improve energy production in the process. Although
the current efficiency of these DSSCs is still low (>1%), this
research demonstrates the feasibility of device fabrication based
solely on a biological process that is simple, environmentally
benign, and takes place at room temperature.

Figure 6. SEM images of Pinnularia sp. frustule biosilica after two successive layers of TiO,
deposition. a—c) Microscale features of surface and d—f) nanoparticles packed into frustule
pores. Reproduced with permission.?3l Copyright 2008, Materials Research Society.
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As a promising high efficiency porous material, the inverse
opal particles or films made from the hard templates have also
provided good performance on the DSSCs. One of the most sig-
nificant advantages of inverse opals, which are clearly distinct
from traditional photoelectrodes, are hierarchical pore-channel
networks that offer effective surface contact between the inci-
dent light and photoelectrodes. The highly periodic organiza-
tion also results in the slow photon effect as discussed in Sec-
tion 2.1.1. At present, the most typical method of preparation
of TiO,-10 films is based on a three step method: 1) deposi-
tion of opals on a substrate, such as fluorinated tin oxide (FTO)
coated glass, by the self-assembly of submicrospheres (silica
or polymeric) from a colloidal suspension; 2) infiltration of
titanium precursor into the interstitial spaces of the opal by a
sol-gel method; and 3) removal of the colloidal crystal template
by solvent extraction or calcinations.'1%114 Lee and co-workers
constructed TiO, inverse opal structures using non-aggregated
TiO, NPs in a 3D colloidal array template as the photoelectrode
of a DSSC. They prepared three inverse-opal structures of the
different original sizes of the polystyrene (PS) micro-spheres
and explored photoelectricity characteristics of inverse-opal
cells made from different sized PS templates and showed the
best conversion efficiency (3.47%) for a 1000-nm-diameter
PS-templated cell.'' Wang and co-workers found that the
TiO, inverse opal demonstrated a photovoltaic conversion
efficiency of 5.55% compared to the device using a bare P25
TiO, photoanode.l''2l Moon and co-worker constructed bilayer
inverse opal TiO, electrodes, which demonstrated a maximum
photovoltaic conversion efficiency of 4.6%.113]

When not using a sol-gel method, Tok and co-workers
reported an atomic layer deposition (ALD) method leading to the
fabrication TiO, inverse opal for DSSCs.['"® This method has
the advantage to obtain high quality TiO, inverse opal because
of a high filtration, which can make the inverse opal structure
more stable under high temperature treatment.''®! However,
this method also has a drawback for the crystalline grain size
of the TiO, nanoparticles. Using ALD, the TiO, nanocrystalline
grain size is larger than that of the sol-gel method resulting in
a low surface area. For instance, the highest power conversion
efficiency of the TiO, inverse opal obtained is only 2.22%, which
is lower than that of the TiO, inverse opal prepared by sol-gel
method. Nevertheless, the high infiltration of TiO, in this struc-
ture is helpful in enhancing the light harvesting.

Most recently, Moon and co-workers introduced a method
to generate hierarchical macro-mesoporous electrodes using a
dual templating method (Figure 7).''”] Mesoscale colloidal par-
ticles and lithographically patterned macropores were used as
dual templates, with the colloidal particles assembled within
the macropores. An infiltration of TiO, into the template and
subsequent removal of the template produced hierarchical TiO,
electrodes for DSSCs. Compared with previous methods using
block copolymer organization or TiO, precursor reaction con-
trol for mesopore generation,!''811% the colloidal particle assem-
blies are simplier, more controllable, and produce fully con-
nected mesopores. Moreover, the lithographic method produces
macroporous structures with controllable, high fidelity macros-
cale morphologies.l'2l The photovoltaic performance of the dual
templated electrodes showed a maximum efficiency of 5.00%
with 50 nm pores and a 6 um thickness, this was attributed to
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Figure 7. a) Scheme for formation of four-beam interference and the fab-
rication of the macroporous SU-8 structures, b) filling of the holographic
patterns with mesoscale colloidal particles, and c) coating of precursors

and removal of dual templates. Reproduced with permission.['"’]

the strong scattering and suppression of charge recombination
in hierarchically macro-mesoporous TiO, electrodes.

Recently, self-assembly of TiO, nanoparticles to form hierar-
chical pores for DSSCs application has been developed.['21:122]
This method has the advantage to use the high surface area of
nanoparticles and the formed hierarchical pores that can offer
channels for mass transfer and light harvesting. For instance,
Kim and co-workers prepared TiO, spheres with hierarchical
pores via grafting polymerization and sol-gel synthesis.'2!
DSSCs made from such TiO, nanospheres with hierarchical
pores, exhibited improved photovoltaic efficiency compared to
those from smoother TiO, nanoparticles, owing to the increased
surface areas and light scattering. Although the report on this
method for hierarchical pores formation is limited, it has dem-
onstrated enhanced performance. In particular, this strategy
provides an opportunity to assemble the TiO, nanostructures
with exposed high surface energy to demonstrate high perform-
ance on DSSCs because of the high chemical activity.

ZnO is also a promising candidate for the photoanode of
DSSCs, it has also been extensively studied due to the similar
bandgap and the electron-injection process as that of TiO,. At
present, both TiO, and ZnO are the preferred choices for the
production of hierarchically porous photoanodes for DSSCs.
Compared to TiO,, ZnO had higher electronic mobility that
would favor photoinduced electron transport, this results in
reduced recombination of photoexited electrons and holes,
which can enhance the solar energy conversion when used in
DSSCs. Furthermore, the ease of crystallization and anisotropic
growth of ZnO make it a natural alternative to TiO,. The effect
of nanostructured ZnO on the performance of DSSCs was
reviewed in detail by Cao and Zhang.['?3] Here, we only focus
on the performance of DSSCs created using hierarchically

Adv. Funct. Mater. 2012, 22, 4634-4667
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Figure 8. a) Schematic illustration of the submicrometer-sized aggregate consisting of closely
packed ZnO nanocrystallites. SEM images of b) a submicrometer-sized aggregate of ZnO
nanocrystallites and c) a photoelectrode film made of submicrometer-sized ZnO aggregates.
d) Propagation and multiple scattering oflightin a porous electrode consisting of submicrometer-

or micrometersized aggregates. Reproduced with permission.[125:126]

porous ZnO structures. Hierarchically porous ZnO structures
generated through aggregation of ZnO nanocrystals was suc-
cessfully carried out by Cao and co-workers (Figure 8).112+-128]
They achieved a significantly enhanced power conversion effi-
ciency (PCEs) of 5.4% for hierarchically porous electrodes made
of aggregates of ZnO nanocrystallites compared to the ordinary
porous electrodes made of dispersed ZnO nanocrystallites
using red N3 (Ruthenium 535) dyes.[124126] After modifying the
surface of ZnO with lithium, a PCE of 6.9% was achieved.[128]
Cheng and Hsieh fabricated hierarchically structured ZnO, by
self-assembly of secondary nanoparticles, as an effective photo-
electrode for DSSCs. The hierarchical architecture, which mani-
fested significant light scattering without sacrificing the specific
surface area, can provide more photon harvesting. In addition,
dye-molecule adsorption was sufficient due to enough internal
surface area being provided by the primary single nanocrystal-
lites. The enhancement of the open-circuit photovoltage (Voc)
and the short-circuit photocurrent density (Jsc) of ZnO based
DSSCs was ascribed to the effective suppression of electron
recombination.['’]

In areas other than nanoparticle aggregation, hierarchically
porous ZnO architectures assembled by other nanostructures
have also drawn attention in recent years.[3%-132] For instance,
Wu and co-workers produced DSSCs with hierarchically porous
ZnO based on the disk-like nanostructures and displayed an
improved photovoltaic performance of an overall efficiency of
2.49%.113% The annealing treatment was also found to further
improve the fill factor of the DSSCs. Yang and co-workers fabri-
cated hierarchically porous ZnO nanoplates for use in DSSCs,
which demonstrated a decent energy conversion efficiency of
5.05% with the new type of photoanode.['31]

Adv. Funct. Mater. 2012, 22, 4634-4667
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Though the PCE is still low for the
DSSCs formed by hierarchically ZnO porous
structures, the work above inspires not
only rational preparation and hierarchical
assembly of other novel porous single crystal-
line nanostructures, but also opens up new
opportunities for the development of pho-
toanodes for DSSCs. It is expected that the
current best of 6.9% here can be improved to
exceed the current record in the field of 11%
for TiO, based DSSCs!!3*134 by the optimiza-
tion of the assembled films combining them
with a variety of common treatments, modifi-
cations, or enhancement procedures.

A major drawback of TiO, and ZnO, which
possess wide electronic bandgaps (3.2 eV), is
that they absorb only the ultraviolet fraction
of the solar spectrum; this limits their utiliza-
tion efficiency for solar light. Consequently,
the hierarchically porous structures made
by the few metal oxides with narrower band-
gaps, such as tungsten trioxide and fluorine-
or antimony-doped tin oxide, have attracted
attention for DSSCs application under visible
light irradiation.'*>-13] For instance, Ye and
co-workers synthesized WO; inverse opal film
used as a photoanode to enhance the inci-
dent photon to electron conversion efficiency
(IPCE). A maximum of a 100% increase in photocurrent inten-
sity was observed under visible light irradiation (4 > 400 nm)
in comparison with a disordered porous WO; photoanode.
When the red-edge of the stop-band was tuned well within the
electronic absorption range of WO; (Eg = 2.6-2.8 eV), notice-
able, but reduced, amplitude of enhancement in the photo-
current intensity was observed. The enhancement could be
attributed to the fact discussed at the end of section 2.1.1, a
longer photon-matter interaction length as a result of the slow-
light effect at the photonic stop band edge, thus leading to a
remarkable improvement in the light-harvesting efficiency.'*’!
Xu and co-workers reported template-assisted and solution
chemistry-based synthesis of inverse opal fluorinated tin oxide
(IO-FTO) electrodes. The photonic crystal structure possessed
in the IO-FTO exhibits strong light trapping capabilities. Using
atomic layer deposition (ALD) method, an ultrathin TiO, layer
was coated on all surfaces of the IO-FTO electrodes. Cyclic vol-
tammetry study indicated that the resulting TiO,-coated I0-FTO
showed excellent potential as electrodes for electrolyte-based
photoelectrochemical solar cells.!'”]

In DSSCs, the commonly used counter electrode material
is FTO loaded with platinum; it demonstrates fast electrolyte
regeneration kinetics and high efficiencies of the devices, but
the high costs inhibits large scale applications. Therefore, it is
highly desirable to develop alternative cheaper materials for the
counter electrodes. Inexpensive and abundant carbon materials
are a potential alternative to the Pt in DSSCs. However, energy
conversion efficiency (1) is still lower than that of the Pt based
DSSCs,[38 probably due to a higher charge transfer resist-
ance of the carbon counter electrode toward the 1*7/1~ electro-
lyte and a retardation of the mass transfer of the electrolyte in
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the carbon matrix.'*! Therefore, development of novel carbon
materials with superior catalytic activity and highly porous
structure is required to enhance charge transfer for the carbon
counter electrode and the improvement of the electrolyte dif-
fusion in the carbon layer. Most recently, the use of a multiple
template approach for porous carbon with hierarchically porous
structures and designed porosity has received considerable
attention due to the interconnected pore structures providing
low resistance and short diffusion pathway, which facilitate fast
electron and mass transport to enhance the electrochemical
performance.[140-143]

The typical fabrication of hierarchically porous carbon is
similar to the preparation of TiO, inverse opal films: first the
formation of a highly ordered opal structure and then the infil-
tration of carbon precursors into the voids in the opal structure
to solidify the porous structure. For instance, ordered multi-
modal porous carbon (OMPC) having a unique nanostructure
was explored as counter electrodes in I1>7/I~ based DSSCs by
Yu and co-workers.'*l The unique structural characteristics,
such as a large surface area and well-developed 3D intercon-
nected ordered macroporous framework with open mesopores
embedded in the macropore walls, make the OMPC electrodes
have high catalytic activity and fast mass transfer kinetics
toward both triiodide/iodide and polysulfide electrolytes. The
efficiency (ca. 8.67%) of the OMPC based DSSC is close to that
(ca. 9.34%) of the Pt base. Furthermore, they developed hollow
macroporous core/mesoporous shell carbon (HCMSC) with a
hierarchical nanostructure for a counter electrode in DSSCs.
For comparison, ordered mesoporous carbon CMK-3 and com-
mercially available activated carbon (AC) were also investigated.
The DSSC electrode based on HCMSC demonstrated highly
enhanced catalytic activity toward the reduction of I*-, and
accordingly considerably improved photovoltaic performance (a
Voc of 0.74 V), which is 20 mV higher than that (i.e., 0.72 V) of
Pt. It also displayed a fill factor of 0.67 and an energy conver-
sion efficiency of 7.56%, which are markedly higher than those
of its carbon counterparts and comparable to that of Pt (i.e., fill
factor of 0.70 and conversion efficiency of 7.79%). In addition,
the electrode made by HCMSC possesses excellent chemical
stability in the liquid electrolyte containing 17/1*~ redox cou-
ples. After 60 days of aging, ca. 87% of its initial efficiency is
still achieved by the solar cell based on the HCMSC counter
electrode.l'*]

Dye-sensitized solar cells are much cheaper and easier to
produce in bulk than their crystalline silicon counterparts, and
have thus attracted significant research efforts to meet the long-
term goal of manufacturing very low-cost and high-efficiency
solar cells. However, the power conversion efficiency is still
low for practical use. The highest power conversion efficiency
is just over 11%.1133134 To improve the solar cells photon to
electron conversion efficiency, two methods can be separately
or simultaneously considered to design the materials with high
light harvesting and develop stable dyes suitable for long term
solar irradiation. Hierarchically porous structures have already
shown enhanced power conversion efficiency by the presence
of light harvesting macrochannels and the increase in the dye
molecules loading. The further challenge is the optimization
of the light harvester and the stabilization of dye molecules in
hierarchically porous materials.
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2.1.4. Hierarchically Structured Porous Materials for
Immobilization of Photosynthetic Species for CO, Conversion
by Photosynthesis: Design of Leaf-Like Materials

In nature, a wide variety of eukaryotic algae, gymnosperms,
angiosperms, bryophytes and ferns perform carbon dioxide
and water conversion to chemicals by photosynthesis with great
efficiency. The key sub-cellular component of this process is
the chloroplast. This organelle, which encloses photosynthetic
membranes (viz. thylakoids), is extremely efficient since the
quantum yield of the primary process of the photochemical reac-
tions is close to 100%.14¢] However, these photosynthetic mem-
branes and, more generally, natural materials (enzymes, DNA,
antibodies, cells) isolated from their native superstructures
are very fragile, making them difficult to exploit.'+1%:17.19-21,26]
Leaves, which are climate-dependent biological systems, can not
complete photosynthesis efficiently in winter. Other photosyn-
thetic entities are also impaired in severe environments, which
limits their photosynthetic efficiency. Moreover, the small size
of individual cells poses a problem in their efficient application
to processes.

To achieve the benefits of photosynthesis process of CO,
and water conversion in useful chemical compounds under
the action of sunlight, inspired by hierarchical leaf structures
and diatom frustules, one can imagine an artificial system per-
forming photosynthesis as leaves and other microorganisms do
by encapsulating or immobilizing the biological photosynthetic
matter, organells, and whole cells within an inert support that
can offer protection by providing a stable microenvironment.
Such system, called “leaf-like materials” can incorporate all the
properties of biological systems for photosynthesis but remain
independent of season change (Figure 9).'"2) The host biocom-
posite material should ideally be mechanically and chemically
resistant, inert both to its surroundings and the guest it encom-
passes, nontoxic, and phototransparent, and should eventually
possess affinities with the cells.l'*”] To allow easy diffusion of
nutrients, CO,, water, and metabolits produced by photosyn-
thesis, the microenvironment should contain the hierarchical

Figure 9. Schematic representation of life-like materials made by the
immobilization of photosynthetic matters within the biocompatible hier-
archically porous materials. Reproduced with permission.?"l Copyright
2009, The Royal Society of Chemistry.

Adv. Funct. Mater. 2012, 22, 4634-4667
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porous systems found in leaves and diatoms. The hybrid mate-
rial should additionally prolong the viability of the entity.

Inspired by diatoms, silica is the first choice owing to its
easily generated and tuneable porosity, optical transparency,
resistance to microbial attack, and mechanical, chemical,and
thermal stability. Porosity and optical transparency are of
prime importance as these parameters permit the diffusion of
nutrients and light energy respectively throughout the bulk of
the hybrid material to reach the cells encapsulated within. It is
true that most porous silica samples are generally highly scat-
tering and therefore not so transparent as bulky silica mate-
rials. However, hierarchically organized porous silicas such as
diatoms show high transparency and allow the penetration of
light into the core of diatoms. The filling in the pores with a
fluid can further improve the transparency. If the refractive
index of the fluid used matches that of silica, the materials
can reach an almost complete transparency. Hierarchically
structured porous silica materials can be targeted by so called
“chimie douce” techniques. Such soft chemistry methods
lend themselves to the synthesis of photochemical materials
as they can enable the in situ immobilization of fragile living
entities while posing minimal risk to their viability. Such
photochemical materials would become the active component
of a stationary phase bioreactor through which the media
can be pumped and the metabolites harvested owing to the
porosity of the encapsulating matrix. These hybrid materials
can be produced by exploiting well known sol-gel chemistry
reactions.

The earliest work was performed with thylakoids, which
produce the light reaction (water splitting to produce O,) of
photosynthesis. The entrapped thylakoids, using alkoxides
or H*-exchanged silicate as precursors, can produce oxygen
up to 40 days (Figure 10).'417.20.21.26] These quite exciting and
promising results could allow the design of a photosynthetic
H, generator and photosynthetic biofuel cells.?% Chloroplates
have also been immobilized. Unfortunately, the living hybrid
materials obtained did not show significant photosynthetic effi-
ciency.1#1517.202] Attention was then turned to the immobilisa-
tion of more complex biological systems: photoautotrophic plant

Relative oxygen production (%)

025 1 2 6 10
Duration (days)

15 20 25 30 35 40

Figure 10. Photochemical production of O, by entrapped thylakoids
within a biocompatible hierarchically porous silica matrix. Reproduced
with permission.l'”] Copyright 2010, The Royal Society of Chemistry.
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Figure 11. SEM picture of the immobilization of A. thaliana cells within a
silica-based hierarchical porous matrix.

cells (Figure 11).11517192026] Thege new bioproduction platforms

have a bright future in the development of new sustainable
technologies. The metabolism of plant cells could be exploited
advantageously to convert CO, and water to valuable (macro-)
molecules and nanomaterials, and simultaneously reduce CO,
emissions. The results showed that plant cells retain their
photosynthetic activity during one month after their encapsu-
lation into an organo-modified silica matrix (Figure 12a). The
hybrid materials are able to reduce CO, into carbohydrates. The
molecules excreted by the material were mainly polysaccharides
composed of rthamnose, galactose, glucose, xylose, and man-
nose units (Figure 12b).1>17:2026] [t was shown that the quantity
of sugars increased as a function of time. This photosynthetic
material holds much promise in the development of new and
green chemical processes. These results present a significant
advancement in the realization of a bioreactor based on photo-
synthetic cells immobilized in hierarchically porous silica.

The photosynthetic process is not limited to just plants
and trees, there are many species of algae and bacteria that
can harvest light energy to convert CO, and water by photo-
synthesis into chemical energy. The encapsulation of unicel-
lular cyanobacteria and a series of algae into 3D hierarchically
porous silica matrix for the conversion of water and CO, into
biofuels by photosynthesis under the action of light was also
a great success.191822-2 The immobilized species have shown
survival times of up to 5 months with the photosynthetic pro-
duction of oxygen recorded as much as 17 weeks post immo-
bilization.161822-291 As a consequence, the immobilization
of cells could allow the continuous exploitation of cells in a
non-destructive way to produce metabolites as biofuels. Com-
pared to well-known photocatalysts (e.g., TiO,), which generally
reduce CO, into hydrocarbons under UV irradiation, high tem-
perature, and high pressure,['*®l these photochemical materials
operate at room temperature and atmospheric pressure. The
environmental impact and energy required are lower. These
photochemical materials could thus contribute towards future
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Figure 12. a) Photosynthetic production of oxygen by entrapped plant cells. 100% corresponds
to the photosynthetic activity of free cells (13 mmol g' FW h7'). b) HPAEC-PAD analysis of
gel supernatants. Chromatograms showing the comparison between (BG) a blank gel and a
hybrid gel after (S5) five days, (S10) ten days, and (S20) twenty days. (S5-WA) corresponds to
the supernatant of the hybrid gels after five days without acid treatment. The peaks correspond
to 1, rhamnose; 2, galactose; 3, glucose; 4, xylose; 5, mannose. Reproduced with permission.[”]
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crystal p-type GaP as the photocatalyst in
1978.51 In 1979, Fujishima, Honda and co-
workers studied the use of several semicon-
ductor powders, including TiO,, ZnO, CdS,
WO;, and SiC, suspended in CO, saturated
water by Xe lump irradiation.>? Many kinds
of products, such as formic acid, formalde-
hyde, methanol, and methane, were obtained.
Based on the experiments, they suggested a
multiple reduction process as follows:

H,0 +2h* — 1/20, + 2H" ()

CO,(aq.) + 2H* 4 2e~ — HCOOH (3)

HCOOH + 2H* + 2e~ — HCHO + H,0 (4)

Copyright 2010, The Royal Society of Chemistry.

initiatives in helping to mitigate the energy crisis and reduce
CO, emissions. The exploitation of such systems for biofuel
cells to convert sunlight or biological energy to electricity is
a very important direction for future research.***%! In future,
genetic engineering of photosynthetic strains and modification
of cell membranes can be used to improve the viability and bio-
logical activity of the cells or to control the products obtained
via cellular metabolism, may thus pave the way to more effi-
cient photobioreactors that can directly convert CO, and water
under the action of sunlight through photosynthesis into other
more valuable and desirable chemical prod-

ucts. Additionally, the chemical, morpholog-

ical, and diffusion properties of the matrix A

have to be carefully controlled. Looking to
natural systems we see that in many cases it -2.0 - sic
is not only the photosynthetic cell itself that 2z
is the key to efficiency but the overall system [
such as the 3D architecture of a leaf. With 10
this in mind, future work needs to focus )
on the design of the encapsulating matrix i
that encompasses structural features such 3.0
as hierarchical porosity and targeted surface oy -0.0
properties. :;5 I eV
T

2.1.5. Hierarchically Structured Porous S 10 F
Materials for CO, Conversion to Hydrocarbons

- Z
Since CO, is considered as a major con- ve
tributor to the greenhouse effect, the reduc- 20 -
tion of the thermodynamically stable CO,
molecule into useful hydrocarbon products i
has turned into a research priority. The arti- 30 F

ficial photocatalysis of CO, to hydrocarbons
can be traced back to ninety years ago. In
1921, Baly and co-workers studied the pro-
duction of formaldehyde under visible light,
using colloidal uranium and ferric hydrox-
ides as catalysts.'*150 After over sixty years,
Halmann reported photoelectrochemical
reduction of carbon dioxide by using single
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HCHO + 2H* + 2¢~ — CH;0H (5)

CH;0H + 2H" + 2¢~ — CH, + H,0 (©6)
where h* and e~ represent the photogenerated holes and elec-
trons, respectively. The band-edge positions of the semicon-
ductors can significantly influence CO, photoreduction as
illustrated in Figure 13. The SiC conduction band edge lies at a
higher position (more negative) than the HCHO/H,CO; redox
potential, which is believed to be responsible for the high rates
of product formation. When WO; was used as a catalyst, no

A
GaP
Z cds -
cB Z HCOOH/H,CO.
cs] 2ZnO 1~ HCHO/HZCO3
2 TiO —— H,/H,0
8z L w0, | dow
= 2 = "% CH;0H/H,CO,
cB Z CH,/CO,
2.3 cB| cB -
2.4
o |——0,/hH,0
eV
VB 3.0
= eV 2.8 _
VB eV
eV 3.8 n pH 5.0
Z e . Redox system
ZzZ zZ
VB VB VB _
Semiconductors =
VB

Figure 13. Conduction band and valence band potentials of semiconductor photocatalysts rela-
tive to energy levels of the redox couples in water. Reproduced with permission.['>d Copyright
1979, Macmillan Publisher Limited.
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methanol was obtained due to the conduction band at a posi-
tion lower than the HCHO/H,CO; redox potential.

As mesoporous materials possess high surface area, the
utilization of porous structures for CO, photocatalysis con-
version has been attracting attention recently. For instance,
Ti species incorporated mesoporous silicas exhibit a much
higher activity than bulk TiO, in the photoreduction of CO,
with water to generate methanol and methane under UV irra-
diation.[">3 Lin and co-workers prepared a series of mesopo-
rous TiO,/SBA-15, Cu/TiO,, and Cu/TiO,/SBA-15 composite
photocatalysts by the sol-gel method for photoreduction of
CO, with H,0 to methanol.'*¥ The thermal stability and grain
growth of anatase TiO, crystallite was confined when loading
the titanium isopropoxide (TTIP) on SBA-15 support by sol-gel
synthesis. The loading quantity of TiO, in mesoporous TiO,/
SBA-15 composite photocatalysts played a key role to control
the crystallite size of the supported TiO, particles and the
mesoporous structure of the catalyst. The optimum amount of
titanium loading of TiO,/SBA-15 was 45 wt%, which exhibited
higher photoreduction activity than pure TiO,. An addition
of copper to TiO, or TiO,/SBA-15 catalyst as co-catalyst was
found to enhance the catalytic activity because copper serves
as an electron trapper and prohibits the recombination of hole
and electron. Li and co-workers synthesized mesoporous silica
supported Cu/TiO, nanocomposites through a one-pot sol-gel
method, and the photoreduction experiments were carried
out in a continuous-flow reactor using CO, and water vapor
as the reactants under the irradiation of a Xe lamp.'>! This
significantly enhanced CO, photoreduction rates due to the
synergistic combination of Cu deposition and high surface
area SiO, support. CO was found to be the primary product
of CO, reduction for TiO,-SiO, catalysts without Cu. CH, was
selectively produced when Cu species was deposited on TiO,.
The optimal Cu loading on the Cu/TiO,-SiO, composite was
found to be 0.5 wt%. The Cu species were identified to be
Cu,0, which was the active sites of electron traps, suppressing
electron-hole recombination and enhancing multi-electron
reactions. Cu(I) species may be reduced to Cu(0) during the
photoreduction, and the Cu(0) species can be re-oxidized back
to Cu(I) in an air environment. The rate limiting step for this
reaction may be the desorption of the reaction intermediates
from the active sites.

Because zeolites offer unique nanoscaled pore reaction
fields, an unusual internal surface topology, and ion-exchange
capacities as well as a molecular condensation effect, TiO, cata-
lysts based on zeolites have been widely studied. For instance,
high efficiency and high selectivity for methanol was obtained
in the photoreduction of CO, with water under UV irradiation,
over Ti-oxide/Y-zeolite catalysts containing highly dispersed iso-
lated titanium oxide species. The charge-transfer excited state
of these species is thought to play a key role in the high selec-
tivity for CH30H, in contrast to the selectivity to CH, obtained
on bulk TiO,.'? Anpo and co-workers investigated the effect
of the hydrophilic-hydrophobic properties of the zeolite surface
on the activity and selectivity of titanium oxide based B-zeolite
photocatalysts in the photoreduction of CO, in water. The cata-
lyst with hydrophilic properties demonstrated higher activity,
whereas the catalyst with hydrophobic properties showed
higher selectivity to methanol.'>”) Frei and co-workers used a Ti
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silicalite molecular sieve (T'S-1) as photocatalyst under UV light
and using methanol as an electron donor could synthesize the
main product of formic acid. IR spectroscopy was used to study
the mediate product, indicating that CO originated from the sec-
ondary photolysis of HCO,H, while HCO,CH; was the result
of a spontaneous Tishchenko reaction of CH,=0.["%8 They also
used the bimetallic ZrCu(I)-MCM-41 silicate sieve for the CO,
photoreduction. They found that CO, can be split to CO and O,
at the excited metal-to-metal charge-transfer sites.'>)

At present, many of studies have already demonstrated that
zeolites, mesoporous molecular sieves, porous silica thin films,
and TiO, species, which are highly dispersed in their cavities
and framework, are promising candidates as efficient photo-
catalysts compared to bulk TiO, powder for the photoreduction
of CO, in H,0.11%-1641 Tj0, based photocatalysts are at present
widely used for CO, photoreduction, whereas they are not the
only materials for CO, photoreduction processes. In fact, a large
variety of photocatalysts have been reported for photocatalytic
CO, conversion. These materials include semiconductors, such
as TiO,, ZnO, WO;, NiO, ZrO,, SiC, CdS, ZnS, p-type CaFe,0,,
K,TigOq3, SrTiO;, and organics such as transition-metal com-
plexes.[97:102165-174] Methanol was also selectively produced
over a NiO/InTaO, photocatalyst under visible light irradia-
tion.l'”3l More photocatalytic conversion of CO, into methanol
in aqueous phase with high yield was obtained over NiO and
ZnO than over TiO,.['74

On the basis of these very promising results obtained with
microporous and mesoporous photocatalysts and consid-
ering the hierarchically porous structures that possess special
optical properties and porous advantages,*>*4 the utilization
of hierarchically porous structures for CO, photoreduction
should enhance the efficiency and the selectivity of the prod-
ucts. However, currently there are almost no reports about
the ultimate application of hierarchically porous materials for
CO, photoreduction. The present rising concentration of CO,
in the atmosphere has renewed interest in this process due to
the environmental pressure. Recycling of carbon dioxide via
photocatalysis provides an interesting route for CO, conversion
to hydrocarbon which mimics photosynthesis in green plants.
From this point of view, the hierarchically porous structures
made from the biotemplates should be one of the most prom-
ising model materials as a guide for the rational design of new
efficient and advanced materials for CO, photoreduction as
suggested by Zhang and co-workers.[102]

2.2. Hierarchically Structured Porous Materials
for Fuel Cells (FCs)

A fuel cell is an electrochemical cell that converts chemical
energy from a fuel into electric energy in a constant tempera-
ture process. Electricity is generated from the reaction between
a fuel supply and an oxidizing agent. The reactants flow into
the cell, and the reaction products flow out of it, while the elec-
trolyte remains within it. Fuel cells can operate continuously
using wide range of fuels, including hydrogen, as long as the
necessary reactant and oxidant flows are maintained. They are
made up of three segments which are sandwiched together: the
anode, the electrolyte, and the cathode. At the anode a catalyst
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oxidizes the fuel, usually hydrogen, turning the fuel into a
positively charged ion and a negatively charged electron. At the
cathode, a catalyst turns the ions into the waste chemicals such
as water or carbon dioxide. There are different kinds of fuel
cells. The lower temperature systems including alkaline fuel
cells (AFC), polymer electrolyte membrane fuel cells (PEMFC),
and phosphoric acid fuel cells (PAFC), operate essentially on
H, fuel, whereas the higher temperature systems, including
molten carbonate fuel cells (MCFC) and solid oxide fuel cells
(SOEC), can also electrochemically oxidize CO, which is advan-
tageous when a hydrocarbon fuel is supplied to the fuel cell. For
reasons of electrode activity, which translates into higher effi-
ciency and greater fuel flexibility, higher temperature operation
is preferred, but for portable (intermittent) power applications,
lower temperature operation is typically favored as it enables
rapid start-up and minimizes stress due to thermal cycling. In
addition, solid electrolyte systems can avoid the need to con-
tain corrosive liquids, thus solid oxide and polymer electrolyte
fuel cells are preferred by many developers comparing to alkali,
phosphoric acid, or molten carbonate fuel cells.!'7>17¢]

Porous materials have largely been used in the design of
high efficiency and high current density FCs since the configu-
ration of FCs needs anodes and cathodes to be porous to facil-
itate the diffusion of the fuel and chemical wastes produced.
The effect of porous structures on the performance of fuel cells
is well reviewed in detail.l'’>182] Here we only discuss the appli-
cation of the hierarchically structured porous materials in the
two promising PEMFCs and SOFCs technologies.

Generally, porous materials for electrodes in fuel cells play
two roles. One is transporting gases to/from the fuel cell
electrodes. The key component of PEMFCs is the membrane-
electrode assembly (MEA), which is composed of a polymer
electrolyte membrane, catalyst layers for the anode and
cathode, and gas diffusion layers (GDLs). Porous GDLs play
an important role in forming current collectors, which not only
collect/inject current, but which also enable the transport of
gaseous fuels to the fuel cell electrodes, while rejecting water,
the reaction product. The presence of hierarchically structured
porous layers will undoubtedly favor gas fuel diffusion to fuel
cell electrodes.l76179180] [n SOFCs, porous ceramics are com-
monly used to provide the mechanical support for thin and
delicate ceramic oxide electrolytes. In many cases these porous
materials also play an important role in current collection on
the anode or cathode side (Figure 14).1'7° This scheme shows
clearly the importance of hierarchically porous structures in the
design of anodes and cathodes. The second vital role of porous
materials is within the fuel cell electrodes. In both PEMFCs and
SOFCs, the electrodes play a crucial role in minimizing losses
attributable to electrode kinetics, and in some cases mass trans-
port. This is achieved by maximizing the length of the so-called
triple phase or three-phase boundary (TPB), a term describing
the conjunction of a pore space, an ionically conducting phase,
and an electronically conducting phase.l'7¢-183 The hierarchical
structures with ionic and electronic conducting phases and
porosities at different length scales incorporated in one solid
body should be an ideal configuration for electrode materials.

The introduction of porosity to electrodes permits the flow
of reactants, facilitates electrode reactions and permits the
flow of products. The important pore structure characteristics
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Figure 14. Example of the microstructure of an anode supported SOFC
showing the cathode, electrolyte and an anode composed of an active cat-
alyst region and anode support region. Reproduced with permission.['7¢l
Copyright 2006, The Royal Society.

of electrodes are pore diameters, pore size distribution, pore
surface area, and gas permeability. The development of hierar-
chically structured electrocatalysts and their supports can effec-
tively address some of the current limitations of fuel cells. For
example, to decrease the current cost of fuel cells, it is highly
desirable to decrease Pt loading, while increasing the obtain-
able power densities and improve the durability of fuel cells.
One way to increase the current density is through the design
of the electrocatalyst with not only high surface area but also
with a high number of accessible three-phase sites. Hierarchi-
cally porous structures owing to the presence of large pores and
mesopores can effectively minimize transport limitations, thus
increasing the accessibility of the active sites by gas and electro-
lyte phases. The GDL should be sufficiently porous to ensure
effective reactant delivery but not so much as to compromise the
through-plane electronic conductivity or mechanical properties;
porosity values of 75% or higher are typical. Production of an
effective GDL is largely a matter of controlling the structure and
porosity of the material.['7¢17180] The vital role of GDL porosity
in determining fuel cell performance has been studied by Chu
and co-workers.['®3 They found that it is important to consider
the GDL as having a gradually dispersed porosity, owing to the
spatially varying water content within the structure. As a conse-
quence, hierarchically graded porosity of the GDL both in the
thickness and laterally across the layer is expected to improve
performance by assisting water removal and access of gas when
reactant becomes depleted in the flow channel.
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Recently, the direct methanol fuel cells (DMFC), based on
the PEMFCs, has attracted great attention for its future poten-
tial as a clean and ideal power source. Challenges in anode elec-
trocatalysis arise when the hydrocarbon fuel contains residual
CO, or when methanol is to be directly electro-oxidized. Devel-
opment of new catalysts with special structures is essential to
increase the catalytic activity of methanol electro-oxidation.
Hierarchically porous carbon materials, which possess high
surface area, regulated pore volume, and structural integrity in
the frameworks, has already demonstrated improvement on the
methanol oxidation activity.'¥'87] Yu and co-workers reported
the use of the hierarchically porous carbons resulted in much
improved catalytic activity for methanol oxidation in the fuel cell.
Among the porous carbons studied in this work, the one with
a mesoporosity of about 25 nm in pore diameter (Pt-Ru-C-25)
showed the highest performance with power densities of =58
and =167 mW cm™ at 30 and 70 °C, respectively. These values
roughly correspond to =70 and =40% increase as compared to
those of a commercially available Pt-Ru alloy catalyst (E-TEK),
respectively. The structural integrity with good interconnec-
tivity between different structures seems to be more important
for the catalytic oxidation of methanol when the pore sizes get
smaller.'® Kim and Suslick used hierarchically porous carbon
as catalyst supports for a DMFC catalyst and as pore formers
in a membrane electrode assembly (MEA). The effect of these
materials on unit cell performance was compared to traditional
Vulcan XC-72 carbon nanoparticle powder. It has been dem-
onstrated that the inclusion of these hierarchically organized
porous carbon microspheres in electrodes is a simple, effective
way to facilitate the mass transport of air and methanol during
fuel cell operation due to the hierarchical porosity.l'8! Wu and
co-workers synthesized hierarchically ordered porous carbon
via in situ self-assembly of colloidal polymer and silica spheres
generating macropores and small interparticulate pores. The
obtained hierarchically ordered porous carbons were used as
the support of the Pt-Ru alloy catalyst and compared with the
commercially available E-TEK catalysts with Pt-Ru alloy sup-
ported on carbon for methanol fuel cell applications. The cyclic
voltammograms show that the specific mass current density
at the same potential for the hierarchically porous carbon sup-
ported catalyst is considerably higher than that for the commer-
cial catalyst in the forward as well as the reverse scan. This indi-
cates that the Pt-Ru catalyst supported on their bimodal porous
carbon has higher catalytic activity than the commercial E-TEK
catalyst, due to the higher surface and more efficient diffusion
of methanol and oxidized product in the 3D interconnected
macropores and mesopores.['#7]

Depending upon the fuel cell design, porous support mate-
rials for SOFCs can be fabricated either from the anode mate-
rial and the cathode material. These materials are all char-
acterized by a relatively coarse microstructure (particle size
generally in the range of 1-20 mm) with porosity in the range
of 30-40%. Hierarchically structured porous materials with
high surface area are quite important for electrode materials
in reducing the operating temperature of solid oxide fuel cells
(SOECs) by allowing easy diffusion of gaseous reactants and
reducing the barrier for chemisorption by the electrode. For
example, interesting oxygen ion and electron charge transport
properties were observed in binary and ternary mesoporous
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yttria-stabilized-zirconia and metal (Pt, Ni)-yttria-zirconia solid
solutions.[188-190]

By spontaneous assembly, mesoporous binary yttria-zirconia
materials with an ordered channel-like macroporous structure
have been synthesized. This thermally stable hierarchical struc-
ture provides large accessibility for gaseous reactants within
the pores, enhancing the exchange rates of gaseous reactants
by influencing adsorption equilibria and promoting overall
charge-transfer reactions at the triple phase boundary that con-
trols the efficiency of the SOFCs, which is thus applicable as a
new SOFC electrode material.[1?%]

The SOFC is widely expected to play a major role in medium
size electrical power generation, due to the possibility of opera-
tion using natural gas, zero emissions nitrogen and sulphur
oxides, and very high cycle efficiencies when combined with
a gas turbine. However, the production, transportation, and
storage of hydrogen limit the use of fuel cells in commercial
applications. A promising option is the reforming of natural
gas, methanol, or other hydrocarbons. Nevertheless, the fast
intrinsic kinetics of these reactions bring diffusion problems
in the cell. Some theoretical calculations predict that the hier-
archically macro-, meso-, and microporous structured catalysts
can reduce the diffusion limitations.!'271%] Partial oxidation
occurs at the anode and the products of this reaction are then
consumed electrochemically, while oxygen is consumed electro-
chemically at the cathode. Because complications due to sealing
are eliminated, the SOFC greatly simplifies system design and
enhances thermal and mechanical shock resistance, thereby
allowing rapid start up and cool down.[7]

3. Hierarchically Structured Porous Materials
for Energy Storage

Energy storage is accomplished by devices or physical media that
store some form of energy to perform some useful operation at a
later time. Energy storage methods can be for example: 1) chem-
ical H, or hydrocarbon storage, 2) biological storage such as
glycogen or starch, 3) electrochemical storage such as batteries,
4) electrical storage for example capacitors or supercapacitors,
5) mechanical storage such as compressed air energy storage, and
6) thermal storage such as ice storage and stem accumulators, In
this section, we concentrate on some most important research
fields, such as Li ion batteries, supercapacitors, hydrogen storage,
and solar thermal energy storage where hierarchically structured
porous materials contribute to the important improvements in
energy storage performance and efficiency.

3.1. Hierarchically Structured Porous Materials
for Lithium Batteries

Lithium ion batteries are especially attractive because they can
lead to an increase of 100-150% on storage capability per unit
weight and volume compared with the more traditional aqueous
batteries. Nevertheless, they still present a series of problems
to be overcomed such as low energy and power density, large
volume change on reaction, safety, and costs. All these chal-
lenges need new materials and new concepts.
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A lithium-ion battery (sometimes Li-ion battery or LIB) is
part of a family of rechargeable battery types in which lithium
ions move from the negative electrode to the positive electrode
during discharge, and back when charging. During discharge,
lithium ions carry the current from the negative to the positive
electrode, through the non-aqueous electrolyte and separator
diaphragm. During charging, an external electrical power source
(the charging circuit) applies a higher voltage (but of the same
polarity) than that produced by the battery, forcing the current
to pass in the reverse direction. The lithium ions then migrate
from the positive to the negative electrode, where they become
embedded in the porous electrode material in a process known
as intercalation. Three primary functional components of a
lithium-ion battery are the anode, cathode, and electrolyte. The
anode of a conventional lithium-ion cell is made from insertion
type materials such as carbon, the cathode is a Li containing
metal oxide, and the electrolyte is a lithium salt in an organic
solvent. The energy density of a battery is mainly determined
Dby its output voltage and specific capacity, which are dependent
on the electrochemical properties of electrode materials.

The diffusion of Li ions in electrolyte, electrodes, and at the
electrolyte/electrode interface influences directly the electrochem-
ical performance of LIBs, in particular the rate capability. There-
fore, the pore structure of electrode materials is an important
factor that largely determines the transport behavior of Li ions.

Hierarchically structured porous materials composed of
well-interconnected pores and walls with a thickness of tens
of nanometers can be readily used for enhancing the rate per-
formance of LIBs since the solid-state diffusion length is much
shorter and their relatively large surface area can also benefit
the charge-transfer rate. In particular, hierarchically structured
porous carbons provide several advantages for applications in
LIBs and should be one of the most interesting materials to
attract research attention.['%6-201 Structured porous carbons can
be prepared in a monolithic form and used as an active elec-
trode without adding binders or conducting agents; their well-
interconnected wall structure can provide a continuous electron
pathway, yielding good electrical conductivity as Li ions in elec-
trolytes can easily access the hierarchically porous surfaces.

A typical application of the hierarchically porous carbon
in LIBs is shown by Stein and co-workers.l'”] They prepared
3DOM (3D ordered macroporous) monoliths of hard carbon
via a colloidal-crystal template method (Figure 15). They found
that rate performance was significantly improved compared
to similarly prepared non-templated carbon. A layer of SnO,
coated on 3DOM carbon can further improve the rate perform-
ance and energy density. As a result, the first discharge capacity
of 278 mAh g! was obtained, which is about 25% higher than
that of pure 3D macroporous carbon. In a further study, they

1) TMOS,HCI 1) Al impregnation g ‘

Brjs6 L&) 2) Phenolic resin p%
2) Condensation i’; ﬁ:’ b::r:_zatjon
inati etching
PMMA_‘ 3) Calcination 3DOM/m SO, 3DOM/m G
monalith monolith monolith

| PMMA = SiO, = Amorphous carbon = Graphitic carbon

Figure 15. Diagram of the synthesis of 3DOM/m nanocomposite monoliths. Reproduced with

permission.['® Copyright 2006, American Chemical Society.
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used a nanocasting method to produce hierarchically structured
carbon (3DOM/m C) from silica templates with similar struc-
tural hierarchy. Then, monolithic carbon/carbon nanocompos-
ites with a hierarchical macroporous structure were synthesized
by filling a 3D ordered macro-/mesoporous carbon monolith
with N-doped graphitic carbon via chemical vapor deposition
(CVD) with acetonitrile as precursor (3DOM/m C/C). Depth-
sensing indentation experiments revealed that the mechanical
strength of a 3DOM/m C/C composite monolith was improved
compared with 3DOM/m C, but 3DOM RFC monoliths pre-
pared from resorcinol-formaldehyde precursors without tem-
plated mesopores in the wall were even stronger. Addition of
a graphitic phase increased electronic conductivity of porous
carbon, while lowering the capacity for lithium ions at low
charge rates. Some advantages of the 3DOM/m C/C composite
material in electrochemical experiments included a resistance
toward forming a solid-electrolyte interface layer and greater
lithium capacity at high charge and discharge rates, compared
to 3DOM RFC with walls consisting only of amorphous carbon.
Using carbon with hierarchical porosity as a basis for novel
nanocomposites (including carbon and non-carbon guests
within mesopores), leads to the possibility to fine-tune mate-
rials properties for a wide range of applications.['%

Smarsly and co-workers prepared hierarchically porous
carbon monoliths of macroscopic dimensions (several centim-
eters) and different shapes using meso-macroporous silica as
a template. This porous carbon monolith with a mixed con-
ducting 3D network shows a superior high rate performance
when used as anode material in electrochemical lithium cells,
due to the high porosity (providing ionic transport channels)
and high electronic conductivity (ca. 0.1 S cm™).] Chen and
co-workers used the hierachically porous carbon materials eval-
uated as Li ion battery anodes. It exhibits a giant first discharge
capacity of 1704 mAh g! at a constant current density of
0.2 mA cm™2, while the reversible capacity decreased to
200 mAh g1,2%]

On the basis of these studies, it can be concluded that there
are several advantages to use hierarchical monolithic 3DOM
carbon electrodes in Li-lon (secondary) batteries: 1) solid
state diffusion lengths for Li ions of the order of a few tens of
nanometers, 2) a large number of active sites for charge-transfer
reactions due to the high surface area of materials, 3) reason-
able electrical conductivity due to a well-interconnected wall
structure, 4) high ionic conductivity of the electrolyte within
the 3DOM carbon matrix, and 5) no need for a binder and/or
a conducting agent. They indicated that these factors can sig-
nificantly improve rate performance compared to a similar but
non-templated carbon electrode and compared to an electrode
prepared from spherical carbon with binder.'97:1%I

The metal oxide loaded in ordered macro-

(® mesoporous carbon to enhance the capacity

" of the LIBs has recently attracted much
attention. Zhao and co-workers synthesized
ordered macroporous carbon with a 3D inter-
connected pore structure and a graphitic pore
wall was prepared by CVD of benzene using
inverse silica opal as the template and used
this carbon material for LIBs application.[??]
They found that the specific capacity was

3DOM/m C/C
monolith
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further improved when SnO, nanoparticles were supported
on the hierarchically porous carbon, which is in agreement
with the results of Stein and co-workers.'®’l The hierarchi-
cally porous V,0s/carbon composites exhibited large capacity
of more than 100 mAh g™! and good rate capability of 80% at
5.0 A g7!, due to large surface area and high rate lithium inser-
tion to V,05 gel. A calculation result indicates that a very high-
power energy source with 177 mAh g at 100 A g™! is expected
by using the nanoporous composite electrodes.?®l Long and
co-workers prepared a flower-like Fe;0,/carbon nanocomposite
with hierarchical nano/microporous structure. When used as
the anode material for the lithium-ion batteries, the resultant
nanocomposite shows high capacity and good cycle stability
(1030 mAh g! at a current density of 0.2 C up to 150 cycles), as
well as enhanced rate capability. The excellent electrochemical
performance can be attributed to the high structural stability
and high rate of ionic/electronic conduction arising from the
synergetic effect of the unique hierarchical nano/microporous
structure and conductive carbon coating.!?%4

Due to the high theoretical capacity of 1675 mAh g}, the
lithium-sulfur (Li-S) battery has been thought one of the great
promising candidates for achieving the goal of large number of
applications, such as electrical vehicles or high electrical vehi-
cles.[205.206] However, there are two fatal factors that hinder their
utilization for electrical vehicles: the low electrical conductivity
of elemental sulfur and the solubility of the polysulfur formed
during the electrochemical reaction process.2%219 To solve
the two key problems, it is necessary to introduce conductive
additives and strong adsorbent agents with large surface areas
to the system. In this sense, porous carbon materials, such as
active carbon and carbon nanotubes, have been proved to be
good candidates to improve the capacity and cycling stability of
the sulfur electrodes due to large surface area, porous structure,
and excellent conductivity.?!2-213] In particular, recent reports
demonstrated that the cathode made of sulfur on mesoporous
carbon shows an excellent rate performance while retaining
good cyclability of the cathode at low sulfur loading.?'* There-
fore, the synthesis of the sulfur/porous carbon (S/PC) com-
posite with highly developed porous structure and better elec-
tronic conductivity is a key issue for rechargeable Li-S bat-
teries.?~217] Liang and co-workers synthesized a hierarchical
bimodal meso-microporous carbon material as a suitable sub-
strate for the S/PC composite cathode material that possesses
advantageous properties of high energy and high power over the
cathodes made of monomodal mesoporous carbon or micropo-
rous carbon. The initial discharge capacity of the cells can be
as high as 1584 mAh g™! at a high current density of 2.5 A gL
The excellent performance of the hierachically bimodal porous
carbon supported S/PC composite cathode is likely attributed
to the synergetic effect of the hierarchically structured meso/
microporosity: the microporosity gives high surface area and
the micropore volume functions as a container that retains the
sulfur species in the cathode region; the mesoporosity provides
an avenue for the mass transport of Li ions and thus confers a
high ionic conductivity to the cathode. Consequently, the cells
can be discharged and charged at a high current density without
compromising the cell capacity.*!”! Gao and co-workers found
that the sulfur/HPC (hierarchically porous carbon) composite
with 57 wt% sulfur delivers the initial high specific capacity up
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to 1155 mAh g™! and a stable capacity of 745 mAh g™! after 84
cycles at the current density of 40 mA g~!. In addition, it is dem-
onstrated that the excellent cycling stability of the sulfur/HPC
composite can be obtained at different current densities.[?!¢!
LiFePO,, a typical material for the lithium batteries, has
been regarded as a good cathode material due to its appreci-
able capacity (a theoretical capacity of 170 mAh/™!), moderate
operating flat voltage, low cost, and low environmental impact.
However, it has low electronic conductivity and low capacity,
which severely limited its practical application at higher
powers.218-2201 To overcome this problem, there have been
numerous efforts of reducing the grain size of the samples and
consequently the diminution of the diffusion length both for
electrons and ions.?2! It has already been recognized that rate
capability of LiFePO, was mainly controlled by its specific sur-
face area and nanostructured electrodes could well improve the
rate capability.222223] In fact, hierarchically structured porous
electrodes which possess both macropores (>50 nm) and mes-
opores (2-50 nm) have a good potential to provide easy access
of electrolyte ions to the electrode structure, where larger pores
favor the mass transport of solvated ions into the smaller pores
and thus reduce the transport limitation and the mesopores
offer high surface areas while potentially avoiding the perma-
nent trapping of lithium ions that is possible with micropores.
The continuous macroporous network allows an efficient trans-
port route for the solvated ions to get to the mesopores and thus
may well improve the charge transport and power capacity.
Although hierarchically structured porous carbon mono-
lith materials can be fabricated using the nanocasting of hard
templates based on sol-gel method,!'’~1%] the preparation of a
porous LiFePO, monolith directly using hard templates such
as silica monolith is difficult because LiFePO, dissolves during
removal of the template by reaction with HF or NaOH. In addi-
tion, LiFePO,4 could not be synthesized with a carbon mono-
lith due to removal of the carbon template in the presence of
oxygen causing the LiFePO, to oxidize into Li;Fe,PO, and other
impurity phases. Using polymer colloids as a template to syn-
thesize hierarchically porous LiFePO, shows its advantages, due
to low calcination temperature. For example, Drummond and
co-workers obtained macro- and mesoporous LiFePO, using
poly(methyl methacrylate) (PMMA) colloidal crystal with dif-
ferent diameters and surfactant templates.[??!l They found that
the macropores produced using the 270 nm colloidal crystal
template calcined at 700 °C offered both high surface areas
and improved access to the active LiFePO, material, and hence
this sample was able to obtain good discharge capacities of
160 mAh g}, which was close to the theoretical capacity. The
hierachically structured meso-macroporous LiFePO, materials
also performed better than monomodal macroporous LiFePO,
at high discharge rates with capacities of 115 mAh g~! reached at
5 C (Figure 16) confirming that a hierarchical porous structure
can improve the rate capability.??* For a better understanding
of the link between hierarchically structured porous LiFePO,
electrode materials and the electrochemical performance in
Li-ion batteries, they further developed a LiFePO,/carbon com-
posite with hierarchically porous carbon monolith as an elec-
trode material, which provides a robust, conductive framework
into which the lithium iron phosphate can infiltrate. Electro-
chemical results showed discharge capacities for LiFePO, of
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electrical conductivity of the cathode and maintained LiFePO,
in a highly dispersed phase during the synthesis and during
electrochemical cycling. Monoliths containing 30 wt% carbon
£ - . were electrochemically cycled in a three-electrode cell with
2 AL lithium foil as counter and reference electrodes without addi-
T N tional binder or conductive agent. The capacity was as high as
§ 80 Moo d 150 mAh g! at a rate of 1/5 C, 123 mAh g™! at 1C, 78 mAh g™!
o o | w at 8C, and 64 mAh g! at 16C, showing no capacity fading
% -=-270nm over 100 cycles. The macro-meso-microporous monolithic
5 4T —o-140 nm LiFePO,/C composite was able to support current densities as
2 20t 4100 nm high as 2720 mA g! in spite of the low electronic conductivity
0 L . ' of bulk LiFePO, (10°-107° S ¢m™).??!) Munichandraiah and
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Figure 16. a) Comparison of discharge capacity for LiFePO, calcined at
700 °C and templated with different sized colloidal crystal templates and
b) cyclability of LiFePO, sample templated with 270 nm colloidal crystal
and calcined at 700 °C. Reproduced with permission.?24l Copyright 2009,
American Chemical Society.

140 mAh g!at 0.1 C and 100 mAh g! at fast discharge rates of
5 C, showing again the importance of hierarchical porous struc-
tures for improving rate performance.?%!

The macro/mesoporous structures in hierarchically porous
monolithic LiFePO,/carbon composite potentially offer another
benefit to enhance electrolyte access to the high interfacial areas
and may improve the charge transport and power capability.
This method of preparing electrodes provides a novel method-
ology of incorporating nanostructures into electrode materials.
Instead of the traditional method of adhering nanoparticles/
nanostructures to a flat current collector, the new collector
becomes the nanostructured material onto which the electrode
material is coated. This method could potentially avoid the addi-
tion of conductive and binding agents during the preparation of
the electrodes, offering a significant advantage. Recently, more
work on hierarchically porous LiFePO,/carbon composite has
been reported to enhance the capacity of the LIBs.?26-23% Stein
and Vul"®1%8] prepared three-dimensionally ordered macro-
porous and meso-/microporous (3DOM/m) LiFePO,/C com-
posite cathodes for lithium ion batteries by a multiconstituent,
dual templating method. Millimeter-sized monolithic com-
posite pieces were obtained in which LiFePO, was dispersed in
a carbon phase around an interconnected network of ordered
macropores. The composite walls themselves contained micro-
pores or small mesopores. The carbon phase enhanced the

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

co-workers synthesized dual porous LiFePO,/C composites. The
composite prepared at 700 °C shows a better performance at all
rates delivering discharge capacities of 156 and 56 mAh g
0.18 and 14.7 C rates, respectively, confirming the enhanced
rate capability and stable capacity retention upon cycling with
the bimodal porous LiFePO,/C composites.[??! Richardson and
co-workers obtained micrometer sized, 3D nanoporous spher-
ical LiFePO,/C composite by spray pyrolysis, which shows
excellent cyclability (100% capacity retention in 100 cycles) and
superior rate capability (106 mAh g! at 20 C).[230

LiMn,0, has also been extensively investigated for decades
because with a theoretical energy density (150 mAh g™') compa-
rable to that of LiCoO, (=140 mAh g™') used commercially.[220-231]
Most recently, mesoporous and hierarchically structured porous
LiMn,0, have been used for the lithium ion intercalation.?32-23!
Bruce and co-workers synthesized mesoporous LiMn,0,
through a similar route by employing KIT-6 mesoporous mate-
rial as template. The obtained mesoporous LiMn,0, nearly
doubled the capacity of bulk LiMn,0, and possessed a much
better cyclic stability than nanoparticulate LiMn,0,.23% Xia and
co-workers prepared well-ordered mesoporous spinel-structured
LiMn,0, by annealing the lithiated mesoporous MnO, at a
low temperature of 350 °C. The lithiated MnO, was obtained
by the chemical lithiation of Lil with mesoporous MnO,. It was
found that both low-temperature heat treatment and chemical
lithiation processes could preserve the mesoporous structure
of MnO,. The ordered mesoporous LiMn,0, showed high rate
capability and excellent cycling ability as a cathode for lithium-
ion batteries. It can maintain 94% of its initial capacity after
500 cycles and keeps 80% of its reversible capacity at 0.1 C rate,
even at 5 C rate.l?*} Tonti and co-workers prepared LiMn,O, hier-
archically macroporous inverse opal on conductive substrates
and used as electrodes, showing fast and reversible lithium
deinsertion over a large number of cycles without suffering
significant morphological or electrochemical degradation. The
original capacity is recovered if a lower rate is applied. Capacity
loss over 30 discharge cycles at a rate of 20 UA is observed.
Capacity stabilizes at 90% of the initial value, and no sign of
any deterioration comparing SEM images before and after the
electrochemical study. The open framework of an inverse opal
sustains the volume changes produced very well during the
insertion-deinsertion cycles.?*! Several other ordered macro-
mesoporous structures, including LiCo0,/2*¢237] and LiNiO,,12%!
have been prepared and explored for lithium ion batteries.

Spinel Li,TisO;, has been considered as a promising anode
material for LIB application, it has a good cyclic stability
due to zero strain or volume change during charging and
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discharging.?3>-2*!] Furthermore, the spinel Li TisO;, possesses
excellent reversibility, structural stability and excellent lithium ion
mobility in the charge-discharge process. Therefore, it exhibits
excellent cycling performance and great promise for high rate
LIB applications.?*>~2**l However, similarly to LiFePO,, it also
suffered from poor rate capability due to low electronic conduc-
tivity.2#] Hierarchically porous structures have been designed
to improve the performance of Li Ti5O;, at high powers.[246-248]
For instance, Zhang and co-workers synthesized hierarchi-
cally porous Li TisO;, microspheres. The obtained Li TisO;,
microspheres show outstanding rate and cycling perform-
ance. The specific discharge capacity is around 165.8 mAh g!
obtained at a rate of 0.5 C, which is very close to the rate of 0.2
C. The specific discharge capacity was slightly reduced to 162.4,
156.8, 143.9, 134.6 and 116 mAh g ' atrates of 1 C,2C,3 C,5 C
and 10 C, respectively. At the high rate of 20 C, the specific charge
capacity is still 92.3 mAh g~1. Above 40 cycles, the Li TisO;, elec-
trode was further charged-discharged at 2 C for another 200
cycles to investigate the cycling performance. The discharge
capacity in the first cycle was 154.5 mAh g7}, and after 200
charge-discharge cycles, the capacity remained at 147.4 mAh g7},
which was less than 4.8% discharge capacity loss. The large sur-
face area and rich and hierarchical diffusion channels ensure
enough lithium ions to rapidly contact the much larger surfaces
of the electroactive Li,TisO;, microspheres and provide an easy
and shorter diffusion pathway for ionic and electronic diffusion,
resulting in extremely good power performance.”*’] Chen and co-
workers prepared Li,TisO,, submicrospheres as anode materials
of rechargeable lithium-ion batteries. The as-prepared Li,TisO,
displayed excellent discharge/charge rate and cycling capability
based on galvanostatical discharge/charge test and cyclic vol-
tammetry (CV). A high discharge capacity of 174.3 mAh g! is
obtained in the first discharge at 1 C rate. Meanwhile, there is
only tiny capacity fading with nearly 100% columbic efficiency
in the sequential 5-50 cycles. Moreover, calculated lithium-ion
diffusion coefficient in Li,TisOy, is 1.03 x 107 cm? s7', indi-
cating that they are promising anode materials for rechargeable
lithium-ion batteries for high power applications.[?*?]

Porous metal oxides have also been designed and used for the
lithium ion batteries test. The mesoporous MnO, nanostructures
have already displayed high lithium electrochemical activity
because of the high surface area and larger pores compared to
the conventional MnO, that is typical of electrochemical lithium
inactivity.?*-°1 For example, Bruce and co-workers used the
mesoporous -MnO, with a pore size centered at 3.65 nm,
which exhibited a high capacity of 284 mAh g! and stabilized
at 200 mAh g! after initial degradation at a current density of
15 mA g1, while bulk S-MnO, was for a long time assumed to
be with extremely low intercalation capacity (below 60 mAh g!).
This mesoporous electrode also possessed good rate capability
by having 81% capacity remaining after the current density was
increased to 300 mAh g 1.12*1 Recently, Guo and co-workers
used hierarchically porous MnO, nanowall arrays on a platinum
substrate for a lithium ion intercalation test to try to again
improve the performance of mesoporous MnO,. The experi-
mental results revealed that both the discharge capacity and the
cycle stability had been enhanced. When the film thickness was
0.5 pm, the initial capacity was as high as 256 mAh g! and after
the thickness was increased to 2.5 um, the initial capacity was
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still as high as 230 mAh g™!. The cyclic stability improvement
could be attributed to the hierarchically structured mesoporous
MnO, nanowall arrays. As to the high discharge capacities at
large deposition thickness, the macrostructure should play the
key point. Besides the large surface area and shorter diffusion
path provided for lithium-ion reaction, this honeycomb macro-
porous structure facilitated the penetration of electrolyte to the
bottom of the array even when thickness was great, thus mini-
mizing the adverse effect of high deposition thickness, i.e., dif-
ficulty of electrolyte penetration.[>?

Chen and co-workers prepared a hierarchically organized
thin-film anode material composed of hollow porous spheres
with a mean diameter of 5 um. Each of the porous spheres
consists of a multideck-cage structure, where the thickness of
the “grids” ranges from around 60 to 100 nm (Figure 17a).2%

b) 1500 —v—SnOz
7| —o—Li0-cu0-sn0,
— 1| —2—Cu0-sn0,
D 12004 —e-Liy0-500, _—
; (4
<
g’ 900
2
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Figure 17. a) SEM image of the as-deposited thin film composed of a
multideck-cage structured Li,O-CuO-SnO,. b) Capacity retention of the
thin-film electrodes cycled between 0.01 and 3 V versus Li*/Li at 0.5 C.
Reproduced with permission. (23l
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The morphology of the films was controlled to consist of spe-
cial porous, spherical multideck-cage particles supported on
a copper foil substrate. The Li,O was introduced to suppress
the aggregation of the Li-Sn alloy. The CuO was introduced to
combine more Li per Sn metal and to improve the discharge
capacity by enlarging the voltage range. These novel compos-
ites display outstanding cyclability when tested for Li storage
in the voltage window 0.01-3.0 V. The ternary Li,O-CuO-SnO,
composite (molar ratio Li/Cu/Sn%41:1:1) thin-film electrode
shows a high reversible capacity of 1185.5 mAh g7, a low ini-
tial irreversible capacity loss of 17.6%, and nearly 100% capacity
retention after 100 cycles at 0.5C (Figure 17D). Excellent rate
capability is also demonstrated with an 8 C rate capacity of
525 mAh g!. The outstanding electrochemical performance of
the Li,O-CuO-SnO, electrode is attributed to its special hierar-
chically organized multideck-cage morphology and the ternary
composition. In addition, the nanostructured particles shorten
the transport lengths of Li ions, while the unique hierarchically
porous structure ensures a large electrode-electrolyte contact
area and confers the ability to accommodate the volume change
during charge/discharge processes.[*>?]

In addition to the porous materials mentioned above, sev-
eral ordered macro-mesoporous oxides or their based com-
posite oxides, including SnO,,2*2°¢ V,05,1257-2° Co,0,,1260
NiO,[261-264 and Ti0,,1265-2%8] have been used for LIBs applica-
tions. The important improvements using hierarchically struc-
tured porous materials in Li-ions batteries has been superbly
reviewed by several groups.[1922092701 However, a challenge for
future research as to its applicability in batteries is the improve-
ment of the reversibility capacity.

3.2. Hierarchically Structured Porous Materials
for Supercapacitors

Supercapacitors, also known as ultracapacitors, electronic, or
electrochemical double layer capacitors (EDLC), pseudocapaci-
tors, or supercondensers, are electrochemical capacitors with
relatively high energy density. Compared to conventional elec-
trolytic capacitors the energy density is typically on the order
of hundreds of times greater. EDLCs also have a much higher
power density over conventional batteries or fuel cells and do
not have a conventional dielectric. Rather than two plates sepa-
rated by an intervening substance, these capacitors use “plates”
that are in fact two layers of the same substrate, and their elec-
trical properties, the so-called “electrical double layer”, result
in the effective separation of charge despite the vanishingly
thin (on the order of nanometers) physical separation of the
layers. The lack of need for a bulky layer of dielectric permits
the packing of plates with much larger surface area into a given
size, resulting in high capacitances in practical-sized packages.
In an electrical double layer, each layer by itself is quite con-
ductive, but the physics at the interface where the layers are
effectively in contact means that no significant current can
flow between the layers. However, the double layer can with-
stand only a low voltage, which means that electric double-layer
capacitors rated for higher voltages must be made of matched
series-connected individual EDLCs, much like series-connected
cells in higher-voltage batteries.
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Research on supercapacitors is presently divided into two
main areas that are based primarily on their mode of energy
storage, namely: i) the electrochemical double layer capacitor
(EDLC) and ii) the redox supercapacitor. The EDLC stores
energy in much the same way as a traditional capacitor, by
means of charge separation. By comparison, in redox super-
capacitors (also referred to as pseudocapacitors), a reversible
Faradaic-type charge transfer occurs and the resulting capaci-
tance, while often large, is not electrostatic in origin (hence
the pseudo prefix to provide differentiation from electrostatic
capacitance).

The double layer capacitance can be described by Helmholtz
equation:

C =g,6A/d (7)

where €, is the dielectric constant of the electrolyte double-
layer region, g, is the dielectric constant of the vacuum,
A is the surface area of the electrode, and d is the effective
thickness of the electrical double layer (charge separation
distance).’’!! In double-layer capacitors, it is the combina-
tion of high surface-area with extremely small charge separa-
tion (Angstroms) that is responsible for their extremely high
capacitance.l?’?l For a given EDLC, highly reversible charging/
discharging and hundreds of thousands of cycles are typically
attainable. However, as a consequence of electrostatic surface
charging mechanism, these devices suffer from a limited
energy density.[?7?]

In general, the use of a nanoporous material, typically acti-
vated charcoal, in place of the conventional insulating barrier
can improve storage density of EDLCs. Activated charcoal is a
powder made up of extremely small and very rough particles,
which, in bulk, form a low-density heap with many holes that
resembles a sponge. The overall surface area of even a thin
layer of such a material is many times greater than a traditional
material like aluminum, allowing many more charge carriers
(ions or radicals from the electrolyte) to be stored in any given
volume. The charcoal, which is not a good insulator, replaces
the excellent insulators used in conventional devices, so in
general EDLCs can only use low potentials at the order of 2 to
3 V. Activated charcoal is not the perfect material for this appli-
cation. The charge carriers are actually (in effect) quite large
especially when surrounded by molecules and are often larger
than the holes left in the charcoal, which are too small to accept
them, limiting the storage.

Research in EDLCs focuses on improved materials that offer
higher usable surface areas. For this purpose, porous carbon
materials are the first choice. A number of reviews have dis-
cussed the science and technology of surpercapacitors using
carbon based materials, such as graphene, carbon nanotubes,
carbon aerogel, solid activated carbon, and carbide-derived
carbons. 274279

Applications in electrochemical capacitors of hierarchically
structured porous carbon based composites such as ordered
mesoporous carbon composites have recently been reviewed. 28!
Previous studies provide some guidance to develop porous
materials with controlled macro- and mesopores and to match
the pore size with the ion size of electrolyte.?81:282] Today’s
EDLC research is largely focused on the increasing their energy
performance and temperature limit. Here, we focus on how
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to enhance the energy performance of the
supercapacitors by using hierarchically struc-
tured porous materials.

HPCs are the most investigated materials.
In fact, it has been predicted theoretically
that hierarchically porous structures may
lead to a better rate performance of superca-
pacitors compared to other kinds of porous
carbons.283284 Considerable progress has
been made to design and construct such
HPCs and characterize their promising elec-
trochemical capacitive properties. This high
performance can be attributed to the gener-
ated pore surfaces that play a very important
role in the formation of double-layer capacitance and to their
unique hierarchical porous structures that favors the fast diffu-
sion of electrolyte ions into the pores.?8>2%l The hierarchical
porous structure design is based on the different behaviors of
electrolyte in pores with different sizes. Electrolyte in macro-
pores, which maintains its bulk phase behavior, can reduce
the transport length of ions inside a porous particle. Electro-
lyte ions have a smaller probability to crash against pore walls
of large mesopores and hence reduce ion transport resistance.
Macropores and mesopores can synergistically minimize the
pore aspect ratio, while the strong electric potential in micro-
pores can effectively trap ions and enhance the charge storage
density. Therefore, a combination of macro-, meso-, micropores
can result in high-performance electrode materials with short
ion transport distance, low resistance, and large charge storage
density. The use of hierarchically porous carbons in the design
of supercapacitors was demonstrated and reviewed by Cheng
and co-workers.?70)

Cheng and co-workers synthesized a 3D aperiodic hierarchi-
cally porous carbon. Different pore structures with macropores,
mesoporous walls and micropores integrated in one carbon
material as can be viewed in Figure 18 and Figure 19.1%% This
structure showed fast electron and ion transport and small
equivalent series resistance (80 mQ). The power density can
be as high as 25 kW kg™! and the energy density can even be

A) Micraporoys C) Hierarchical Porous
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Figure 18. lllustration of the pore structures of a) AC, b) mesoporous
carbon, and c) HPC. Reproduced with permission. (238l
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1.1288,289]

increased as high voltage electrolytes were used to, for example,
10 Wh kg™ for 1 V electrolyst, 18 Wh kg™! for 2.3 electrolyte,
and 69 Wh kg™! for a 4 V electrolyte (Figure 19b).128]

Gao and co-workers reported an interesting hierarchical
porous carbon with controlled micropores and mesopores. As
supercapacitor electrode materials, they found the best electro-
chemical behavior with a specific gravimetric capacitance of
223 F g'! and volumetric capacitance of 54 F cm™ at a scan rate
of 2mV s7!and 73% retained ratio at 50 mV s~1. The good capac-
itive behavior may be attributed to the hierarchical pore struc-
ture (abundant micropores and interconnected mesopores with
the size of 3—4 nm), high surface area (2749 m? g1, large pore
volume (2.09 cm? g1, as well as well balanced micro- and mes-
oporosity.?*l In another study, Gao and co-workers confirmed
the high performance of hierarchically porous carbons that the
abondance of micropores and small mesopores increases the
capacitance and make the electrolyte ions diffuse faster into the
pores. These hierarchical porous carbons show high perform-
ance for supercapacitors possessing the optimized capacitance
of 234 F g”! in aqueous electrolyte and 137 F g in organic elec-
trolyte with high capacitive retention.?”!l Further, they prepared
hierarchical porous carbons taking alkaline-treated f-zeolite as
the template by a two-step casting process. The carbon samples
starting from alkaline-treated f-zeolite exhibit higher capaci-
tance retentions than the sample started from f-zeolite due to
the different pore structures. In aqueous electrolyte, the carbon
sample replicated from alkaline treated B-zeolite presents the
best electrochemical performance which could be attributed
to the highest accessible specific surface area. In organic elec-
trolyte, however, carbon samples replicated from pure f-zeolite
showed the highest capacitance at low scan rate (or current
load) consistant with the highest pseudocapacitance.l??

As mentioned above, some electrochemical capacitors use
fast reversible redox reaction at the surface of active materials,
thus defining what is called the pseudocapacitors. The specific
pseudo-capacitance exceeds that of carbon materials using
double layer charge storage, justifying interest in these systems.
But because redox reactions are used, pseudocapacitors, such
as batteries, often suffer from a lack of stability during cycling.
Ruthenium oxide or hydroxide,?**-3%2l is a typical classic metal
oxide for pseudocapacitors due to highly conductivity and pos-
sesses three distinct oxidation states accessible within 1.2 V.
A ruthenium hydroxide in aqueous H,SO, possesses a high
specific capacitance of 760 F g! and an excellent cycle-life
stability.3%] However, ruthenium oxide is too expensive for
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commercialization. Most of the attention is, therefore, focused
on alternative electrode materials that are inexpensive and
exhibit capacitive behavior similar to that of ruthenium oxide.

In the alternative metal oxides, manganese, cobalt, nickel and
iron oxides are the promising candidate transition metal oxides
being studied for pseudocapacitor applications. In fact, cobalt
oxide or hydroxide,?%*31% manganese oxide or hydroxide,311-316]
nickel oxide or hydroxidel3'7-32°] have been extensively studied.
Among such oxides and hydroxides, nickel oxide is of partic-
ular interest owing to its high theoretical specific capacitance of
2573 F g71,326327] high chemical/thermal stability, ready avail-
ability, environmentally benign nature, and lower cost as com-
pared to the state-of-the-art supercapacitor material RuO,.
However, the specific capacitances reported are still much lower
than the corresponding theoretical value, which limited electro-
chemical utilization of nickel hydroxide/oxide. Improvement
on its specific capacitance is becoming a challenge. Hierarchi-
cally porous nickel oxide film is a promising potential candi-
date to solve such a problem owing to its high surface area and
easy ion infiltration. However, the report on the hierarchically
porous nickel film for pseudocapacitor is limited partly due to
the difficult preparation. Tu and co-workers prepared hierarchi-
cally porous NiO film by chemical bath deposition through a
monolayer polystyrene sphere template. The film possesses
a substructure of NiO monolayer hollow-sphere array and a
superstructure of porous net-like NiO nanoflakes. The pseudo-
capacitive behavior of the NiO film is investigated by CV and
galvanostatic charge-discharge tests in 1 M KOH. The hierar-
chically porous NiO film exhibits weaker polarization, better
cycling performance and higher specific capacitance in com-
parison with the dense NiO film. The specific capacitance of
the hierarchically porous NiO film is 309 F g' at 1 A g”! and
221 F gt at 40 A g}, respectively, much higher than that of the
dense NiO film (121 Fglat1Agland 99 F gl at 40 A g}).
The hierarchically porous architecture is responsible for the
enhancement of electrochemical properties.[328l

Many kinds of electronically conducting polymers, such as
polyaniline, polypyrrole, polythiophene and their derivatives,
have also been used for pseudocapacitor applications in the
past decades.’?9331 They have shown high gravimetric and
volumetric pseudocapacitance in various non-aqueous electro-
lytes at operating voltages of about 3 V. However, conducting
polymers suffer from a limited stability during cycling that
reduces the initial performance.?’>?”>l Currently, research
efforts with conducting polymers for supercapacitor applica-
tions are directed towards hybrid systems. For instance, Fu and
co-workers prepared a polyacrylonitrile-based carbon material
with a 3D continuous mesopore structure by using silica gel as
a template. When used for a pseudocapacitor test, the sample
carbonized at 800 °C demonstrated the highest specific capaci-
tance of 210 F g! at the current density of 0.1 A g}, which
could still stay over 90% when the current density increased
by ten-fold. The combination of nitrogen functionalities, 3D
continuous pore structure and the enhanced wettability should
contribute to the good electrochemical properties.>*?! Zhang
and co-workers synthesized a porous and mat-like polyaniline/
sodium alginate (PANI/SA) composite in an aqueous solution
with sodium sulfate as a template. Cyclic voltammetry and gal-
vanostatic charge/discharge tests were carried out to investigate
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the electrochemical properties. The PANI/SA nanostructure
electrode exhibits an excellent specific capacitance as high as
2093 F g}, long cycle life, and fast reflect of oxidation/reduc-
tion on high current changes. The remarkable electrochemical
characteristic is attributed to the hierarchically nanostructured
porous electrode materials, which generates a high electrode/
electrolyte contact area and short path lengths for electronic
transport and electrolyte ion.13*3! Fan and co-workers prepared a
high-performance polyaniline electrode by potentiostatic depo-
sition of aniline on a hierarchically porous carbon monolith,
which was carbonized from the mesophase pitch. The obtained
material demonstrated high pseudocapacitance values and high
stability. A capacitance value as high as 2200 F g™! (per weight
of polyaniline) is obtained at a power density of 0.47 kW kg~!
and an energy density of 300 Wh kg~!. These properties can be
essentially attributed to the backbone role of HPCM, which has
the advantage for the increase of ionic conductivity and power
density.?3

A hybrid surpercapacitor, combination of both Faradaic and
non-Faradaic, offers an attractive alternative to EDLCs or con-
ventional pseudocapacitors by combining a battery-like elec-
trode (energy source) with a capacitor-like electrode (power
source) in the same cell. Currently, two different approaches to
hybrid systems have emerged: i) pseudo-capacitive metal oxides
with a capacitive carbon electrode and ii) lithium-insertion elec-
trodes with a capacitive carbon electrode. The improvement
and development on the performance of supercapacitor has
been reviewed in detail by Simon and Gogotsi.l’”’! Although
most work has been done on the porous metal oxides/carbon
electrode and lithium-insertion/carbon electrode,**-33! the uti-
lization of hierarchically structured porous materials for such
a supercapacitor is still rare.?**34% Cheng and co-workers pre-
pared hierarchical porous nickel oxide and carbon as electrode
materials for the construction of asymmetric supercapacitors.
It was found that the capacitance, energy density, and power
density of the asymmetric supercapacitor can be improved by
elevating the supercapacitor voltage, and its cycling stability
decays at high voltage, but the columbic efficiency stays close
to 100%.3%1 Kong and co-workers synthesized hierarchically
porous composite materials consisting of nanoflake-like nickel
hydroxide and mesoporous carbon, which shows the highest
specific capacitance of 2570 F g owing to the unique structure
design in nickel hydroxide/mesoporous carbon composite in
terms of its nanostructure, large specific surface area and good
electrical conductance.?* For automobile applications, the
faradiac electrode led to an increase in the energy density at the
cost of cyclability (for balanced positive and negative electrode
capacities). This is the main drawback of the hybride devices,
compared with EDLCs, and it is important to avoid trans-
forming a good surpercapacitor into a mediocre battery.?7>3#1]

3.3. Hierarchically Structured Porous Materials for Hydrogen
Storage

Hydrogen is considered the cleanest energy in the world and
has great potential as an energy source, which makes hydrogen
storage crucial for hydrogen cells or hydrogen-driven combus-
tion engines. The research on hydrogen storage is focused on

Adv. Funct. Mater. 2012, 22, 4634-4667



.“\5
Mo View'S
www.MaterialsViews.com

the development of a safe, cheap, simple, and
efficient storage method for practical utiliza-
tion, such as mobile applications. To date,
typical methods of storing hydrogen have
involved storage of compressed gas, lique-
fied hydrogen, chemisorptions in the form
of metal hydrides or physisorption using
high surface adsorbents. Metal hydrides are
the typical media for hydrogen storage. This
method uses an alloy that can absorb and
hold large amounts of hydrogen by bonding
with hydrogen and forming hydrides. There
are several problems regarding the metal
hybrids for hydrogen storage. For example,
the commercialized ABs type alloys, such as
LaNis, can release hydrogen at room temperature, but have low
gravimetric storage density.**”! High capacity metal hydrides,
such as magnesium-based alloy and intermetallic compound
Li;Be, (theoretically ca. 7 wt% and 9 wt% of hydrogen storage
capacity, respectively), cannot release hydrogen completely
unless they are heated to a moderately high temperature.’3*’!

As compared to conventional low temperature-high pressure
hydrogen storage technology, electrochemical hydrogen storage
has been proved as elegant and more efficient at ambient
pressure and temperature. Recently, lots of research has been
conducted on electrochemical hydrogen storage in nanostruc-
tured materials, such as MoS, nanotubes,?*! Cu(OH), nano-
ribbon,**! and single walled carbon nanotubes (SWNTs).3#¢l In
particular, nanostructured porous carbon materials with high
specific surface area and highly developed micro-mesoporosity,
such as activated carbon*#7-3*8l and ordered mesoporous carbon
(OMC),B*-352] have shown relatively high hydrogen storage
capacities.

Recently, the hierarchically nanostructured porous materials
have gradually attracted attention for hydrogen storage appli-
cations.l?>373%] Ye and co-workers reported an electrochemical
hydrogen uptake of 375 mAh g! at 50 mA g! for MoS, hier-
archical hollow cubic cages,*3 which is ca. 44% larger than
that (ca. 260 mAh g!) of MoS, nanotubes,?* implying that
the hierarchical nanostructure favors electrochemical hydrogen
storage. Liang and co-workers reported that the hierarchically
hollow palladium nanostructures exhibit enhanced activity for
proton/hydrogen sensing compared to solid palladium nanopar-
ticles, palladium microparticles, and bulk palladium electrode,
indicating that the hierarchical structures have more advan-
tages for hydrogen storage.’® Yu and co-workers fabricated
hierarchically nanostructured hollow macroporous core/meso-
microporous shell carbons (HN-HCMSCs) with various core
sizes or shell thicknesses and explored this for the first time for
electrochemical hydrogen storage (Figure 20a).13>! After the sub-
traction of the contributions of the electrical double layer (EDL)
and the Ni current collector, a hydrogen desorption capacity
of 586 mAh g (corresponding to 2.17 wt% hydrogen uptake)
has been achieved for the HN-HCMSCjgo49 at a discharge
rate of 25 mA g, which is larger than that (ca. 527 mAh g
reported for the OMC,? strongly suggesting the advantage
of hierarchically nanostructured porous networks over ordered
mesoporous structure for electrochemical hydrogen storage.
It is also found that the influence from the mass transport
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Figure 20. a) Representative TEM images for the HN-HCMSC Cyg0/49 and b) the first galvano-
static discharge curves at 25 and 1000 mA g™' for the HN-HCMS Cyg9,49 electrode in 6 m KOH.
Reproduced with permission.>! Copyright 2008, American Chemical Society.

is smaller as compared to the contribution from the ohmic
drop. Hydrogen desorption capacity of the HN-HCMSCygg,49
at 1000 mA g decreased slightly by ca. 65 mAh g7,
confirming that the HN-HCMSCygy49 has an excellent rate
capability, delivering the adsorbed hydrogen quickly at a high
discharge rate. The hydrogen uptake (521 mAh g7!) of the
HN-HCMSCjg49 at a discharge rate of 1000 mA g™! is much
larger than that (380 mAh g!) of purified multiwall nanotubes
(MWNTs) at 100 mA g~'B35%] (Figure 20b).

Large hydrogen storage capacity, excellent capacity retain-
ability, and rate capability are mainly attributable to the superb
structural characteristics of the HN-HCMSCs including large
specific surface area and micropore volume, and a particularly
well-developed three-dimensionally interconnected hierar-
chical nanostructure. A large surface area and a large quantity
of micropores are desirable for efficient hydrogen storage due
to the enhanced electrochemical catalytic activity of the highly
developed nanoporous structure. The macroporous hollow core
can be used as an electrolyte solution buffering reservoir to
minimize the diffusion distance to the interior surface of the
mesoporous shell, while the mesoporous channels open to the
macroporous core in the shell form fast mass transport net-
works around the micropores in the shell, which provides sites
for the generation of hydrogen through electrochemical decom-
position of water and the subsequent diffusion and adsorption
of hydrogen. With this hierarchical nanostructure design, three
electrochemical processes (i.e., buffering electrolyte species in
the macroporous core, transporting electrolyte species through
the mesoporous shell, and adsorptive hydrogen species in the
micropores) involved in electrochemical hydrogen storage can
take place very quickly and efficiently even at a high charging-
discharging rate.l3>]

More recently, the preparation of nanoporous carbon and
of nanoporous carbon based hierarchical porous structures
for hydrogen storage has been reported.**’=3%% Vajo and co-
workers found that the hierarchical structures formed by
incorporating LiBH, within nanoporous carbon scaffolds can
enhance hydrogen storage kinetics of LiBH,. Their dehydrogen-
ation rates up to 50 times faster than those in the bulk mate-
rial are found at 300 °C. Furthermore, the activation energy
for hydrogen desorption is reduced from 146 k] mol™ for
bulk LiBH, to 103 k] mol™' for hierarchically nanostructured
LiBH,, and the faster kinetics result in desorption tempera-
ture reduction by up to 75 °C. In addition, the hierarchically
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nanostructured hydrides exhibit increased cycling capacity over
multiple sorption cycles.’® Gao and co-workers synthesized
nanoporous carbon materials with the presence of large pores
and interparticulate pores by a two-steps casting process using
zeolite 13X as template, which has an excellent performance on
hydrogen storage at low temperature. A large hydrogen uptake
capacity of 6.30 wt% has been achieved at 77 K and 20 bar. This
good performance is because of the high surface area and high
pore volume.®% This demonstrated that the nanoporous car-
bons were a potential basic material for hydrogen storage.

Ordered porous carbons with tailored pore size, having
ordered interconnected meso- and micropores for fast trans-
portation of mass and highly developed ultramicropores for
efficient adsorption of hydrogen, are expected to have higher
hydrogen storage capacity than other nanostructured materials.
Furthermore, for electrochemical hydrogen storage applica-
tions, in addition to interconnected macro- and mesopores as
fast mass transportation pathways, highly developed micropores
(<2 nm), especially ultramicropores (<0.7 nm), are mandatory
for efficient hydrogen storage.350361-3641 Since hierarchically
carbonaceous materials offer benefits of low mass density and
easy integration with hydrogen-active metals, investigations on
hydrogen storage in hierarchically structured porous carbons
are worth continuing unless a practical solution for large scale
hydrogen storage comes out elsewhere. In these cases, the pres-
ence of macro-, meso-, and micropores in one porous carbon
would be advantageous.

3.4. Hierarchically Structured Porous Materials for Solar
Thermal Storage

New and renewable energy sources are being investigated
all over the world. Nowadays, CO,, produced mainly by the
burning of fossil fuels, is considered to be responsible for more
than 50% of the man-made greenhouse effect. Solar thermal
power involves hardly any of the polluting emissions or envi-
ronmental safety concerns associated with conventional, fossil
or nuclear-based power generation. Utilization of solar thermal
power offers a lot of benefits for both human life and the envi-
ronment owing to very little pollution in the form of exhaust
gases, dust, or fumes. Most importantly, in terms of the global
environment, there are no emissions of carbon dioxide. In solar
thermal generation, for practical reasons and ease of utiliza-
tion, the storage of this kind of energy is indispensable since
it can balance the energy demand between day and night.
There are three methods to storage thermal energy: sensible
heat, latent thermal energy, and chemical reactions. Among
them, latent heat storage systems have the potential of storing
a large amount of energy per unit mass. At present, the sub-
stances used for latent heat storage system are called phase
change materials (PCMs). The PCM is solidified when cooling
and melted when heating. PCMs can store a large amount of
thermal energy with a constant temperature due to their high
fusion heat (latent heat) during the phase transition, which
offers a useful method for the appropriate utilization of solar
energy.?%°] PCMs allow large amounts of energy to be stored in
relatively small volume, resulting in some of the lowest storage
media costs. Unfortunately, most of the PCMs possess a low
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Figure 21. Typical cellular morphology open-celled metal foam. The inset
is a representative unit cell. Reproduced with permission.*3”] Copyright
2008, Elsevier B. V.

thermal conductivity (around 1 W mK™), which limits their
deployment in large scale applications such as thermal solar
power plants.36]

To enhance the heat transfer for PCMs, several techniques
have been used including adding high-conductivity parti-
cles, 3973681 carbon-fiber brushes,?*? finned tubes,?7°374 and
metal matrix structure.’”>-3#3 These techniques indeed have
a great effect on increasing the PCMs' thermal conductivi-
ties. Among these techniques, the use of porous materials to
enhance the heat transfer rates has been investigated.?33%1 A
3D porous network based PCM also offers a large heat storage
density. Zhao and co-workers have extensively studied the
porous metal foams with hierarchical structure for improving
the thermal energy storage systems at high temperature
(Figure 21).3843%1 They studied the effect of the copper and
steel alloy based porous cellular foams with open cells with the
addition of the NaNOj; to the PCMs. All the data showed that
the heat transfer was enhanced due to the high thermal conduc-
tivity of metal struts. The steel alloy demonstrated even better
performance than that of copper. The heat transfer can also be
enhanced by reducing the cell size because of the high contact
surface area. However, the main problem of metal foam at high
temperature is the corrosion in salty environments, which will
reduce the positive effect of the metal foam.3%!

Another typical utilization of hierarchically structured porous
material in solar thermal storage is the utilization of natural
stone. The objective is to increase energy savings potentials and
energy storage capacity of natural stone by improving its thermal
properties by means of latent heat storage materials (PCMs).
The treatment of natural stone with PCMs can supply the adjust-
ment of porous systems and provides innovative products with
thermal energy storage properties. This allows the storage and
release of thermal energy during day/night cycles, contributing
to reduced energy demands in buildings, and consequently to
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CO, emission reduction. Additionally, health and human comfort
indoors can be improved by the reduction of day/night tempera-
ture fluctuations. Therefore, treated natural stone can be used
as construction materials to be able to store thermal energy and
have materials with higher thermal inertia. Energy consumption
in buildings (cooling/heating systems) is decreased and negative
effects and damage to the environment are reduced. Hierarchi-
cally structured granular phase change composites (PCCs) have
been prepared by the incorporation of PCM in porous mate-
rials. Nomura et al.?*! have prepared a series of PCCs by using
expanded perlite (EP, a lightweight material with a high surface
area and largely dispersed porosity due to the escape of trapped
water), hierarchically bimodal porous diatoms (HPD), and
monomodal mesoporous yAl,03 (PA) using erythritol as PCM.
It was found that both EP and HPD have much better latent heat
performance than monomodal PA. In the cyclic test of heating
and cooling, the EP based PCCs maintained 75 mass% of the
initial latent heat after the test was repeated four times. This
study demonstrated clearly that hierarchically packed granular
PCCs prepared using porous natural stones are promising for
conserving latent heat with high thermal density and provide
no corrosion, enable quick heat transfer and offer a larger heat
storage density if porous media with high porosity is selected.
Results have shown that these new products based on natural
stone have the ability to store energy.3923%3] Several good reviews
have summarized the development of the PCMs for thermal
storage.?**3%7] The same strategy has been applied in a patent3%l
for PCMs with hierarchically porous structures for construc-
tion material design. The macoporous pellets with porosity to
account for volumic expansion have been prepared by a finely
spreading by impregnation method of the PCM onto the sur-
face of the porous materials. After which the porous materials
are exposed to microwave energy to melt the PCM. The melted
material is spontaneously absorbed into the pores generating a
porous hierarchical structure with a layer of PCM on the surface
of pores. The obtained construction materials with porous hier-
archical structures are better able to absorb thermal energy and
exhibit increased heat storage capacity.

One of the difficulties in the development of the highly effi-
cient thermal storage materials containing PCMs is the incor-
poration in an efficient way and in a sufficient quantity of
PCMs in matrix materials. A hierarchically porous media will
be the best candidate to overcome this issue since large pores
can ensure the heat transfer rates, large heat storage density
and enough quantity of the PCMs whereas the small pores
can lower the melting point of PCMs owing to the nanosize
effect.?*! Another challenge to develop efficient thermal energy
storage systems is low conductivity. Since porous materials can
offer high thermal conductivity and high surface area, they can
be used to form composites with PCMs to significantly enhance
heat transfer. The light harvestor properties described in Sec-
tion 2.1.1 could also provide an important guideline to design
effecient solar thermal energy storage materials.

4, Conclusion and Outlook

Hierarchically structured porous materials prepared using
natural materials as biotemplates to take advantage of their

Adv. Funct. Mater. 2012, 22, 4634-4667
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structures related to light harvesting and energy functions can
be a good inspiration to develop new highly efficient mate-
rials. These materials have shown high potential in the devel-
opment of highly efficient photocatalysts for photochemical
H, production and are good models for the design of highly
efficient DSSCs, FCs, light harvesters, LIBs, and supercapac-
itors. The immobilization of photosynthetic species holds great
promise in future development of sunlight to chemical energy
conversion by photosynthesis. The newly synthesized hierarchi-
cally structured porous materials open an exciting avenue to
reduce the cost by greatly improving the performance of cur-
rent DSSCs, FCs, photocatalysts, Li-ion batteries, and superca-
pacitors. Table 1 summarizes the materials and their potential
applications in energy conversion and storage. This review
shows that important achievements can be made by using hier-
archically structured porous materials.

However, present biotemplating methods are far from indus-
trial being industrial processes. The scaling-up of biotemplating
methods is still a wide gap to overcome. The lack of a sufficient
number of biotemplates, in some case, renders the idea unreal-
izable. Nevertheless, materials obtained by biotemplates can be
used as models due to their high efficiency. The leaf-like mate-
rials show a bright future while the extension of photosynthetic
production for up to 6 months longer will be the key point for
their industrialization. Rational design is still a heavy task if
we want to reduce the current costs and to improve the per-
formance of DSSCs, FCs, LIBs, and supercapacitors and render
production processes more environmentally friendly with less
waste by using more “green” materials.

Applications of hierarchically structured porous materials
in CO, photoreduction will be a new and emerging research
field considering their special optical properties and the ben-
efits of a porous hierarchy. The foreseen improvements in CO,
photoconversion efficiency, the selection of desired chemicals,
and process cost will make the CO, photoreduction by water a
reliable and sustainable energy technology that which not only
mitigates CO, emission but also provides an efficient route of
solar energy utilization.

The slow-photon effect found in hierarchically organized
porous opaline photonic structures will also be an important
phenomenon to explore, in spite of the few, but quite relevant,
results demonstrating the enhancement in photocatalysis by
using this kind of structure. The application of photonic struc-
tures holds important promise in all the fields relating to light,
for examples photocatalysis, DSSCs, artificial photosynthesis,
solar thermal storage, etc.

Although first studies using hierarchically structured porous
materials in Li-ions batteries demonstrated great successes, a
challenge for future research as to its applicability in batteries is
the improvement of the reversibility capacity and their mechan-
ical strength. The utilization of hierarchically structured porous
materials in supercapacitor design is still rare. We are con-
vinced that with the particular characteristics of hierarchically
structured porous materials, the performance of supercapac-
itors can be further improved as described here. This domain
still remains vierge. In the field of hydrogen storage, hierarchi-
cally structured porous materials have not been well explored.
This could be another new research direction for scientists in

this field.
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Table 1. Summary of the hierarchically structured porous materials (HSPM) and their applications in energy conversion and storage.

Structures Preparation method Materials Properties and applications References
Hierarchical macro-mesopores Biotemplates, such as leaves Pt-/N-TiO, Enhanced light harvesting [4,5]
Brij56 TiO,, Enhanced light harvesting and ethylene photodegra- [43]
dation in gas-phase medium
Biotemplates, polystyrene (PS), TiO, Enhanced photodegradation dyes [50,52-56]
P123, etc.
Metal doping, such as Au, Ag, Metal/TiO, Enhanced photodegradation dyes [10,66-72]
Pt, etc.
Element doping, such as B, C, Elements/TiO, Enhanced photocatalysis [5,78,81,82]
N, etc.
Carbon nanotubes, grapheme CNTs/TiO,, Graphene/TiO, Enhanced photocatalysis [79]
doping
Semiconductors doping, suchas  TiO,/SiO,, TiO,/ZrO,, etc. Enhanced light harvesting and photodegradation [44,88]
ZrO,, TeO,, etc.
Soft templates, hard templates ZnO, W03, CeO,, In,03, Enhanced photocatalysis [82,89-95]
Bi,WOg, etc.
Hierarchical meso-micropores Electro-hydrodynamic TiO, Enhanced photocatalysis [51]
Hierarchical macro- PS sphere, P123, F127 TiO, Enhanced light harvesting and photodegradation dyes [45]
meso-micropores
Hierarchical macro-mesopores Biotemplates, such as leaves Pt-/N-TiO,, Fe;C Enhanced photochemical H, production [4,5,7]
Without template ZnlIn,S,,TiO, Enhanced photocatalytic H, production [100,101]
Hierarchical macro-mesopores Biotemplates, such as butterfly TiO, Enhanced light harvesting and DSSCs property [31-33,109]
wings, diatoms
Hard templates, such as silica, TiO, Enhanced power conversion efficiency for DSSCs [111-114]
PS, PMMA, etc.
Atomic layer decomposition TiO, low power conversion efficiency for DSSCs [115]
(ALD)
Hard template combining with TiO, Enhanced power conversion efficiency for DSSCs M7
lithography
Self-assembly of nanoparticles TiO, Improved photovoltaic efficiency for DSSCs [121,122]
Aggregation of nanocrystals ZnO Improved power conversion efficiency or photovoltaic [124—
efficiency for DSSCs 126,128-132]
Hard templates, soft templates WO;3, FTO, etc. Improved power conversion efficiency for DSSCs [135-137]
Hard templates, such as silica, Porous carbon (PC) Improved power conversion efficiency or photovoltaic  [144,145]
etc. efficiency for DSSCs
Hierarchical macro-mesopores  Silica sol-gel immobilization cells ~ Whole cells or part of cell’s Photosynthesis for CO, capture or potential for [14-30]
biofuel cells
Mesopores Sol-gel TIO,/SBA-15, Cu/TiO,/SBA-15 Enhanced photoreduction of CO, to methanol [153,154]
and/or methane
Sol-gel Cu/TiO,, Cu/TiO,-SiO, Enhanced photoreduction of CO, to methane and CO [155]
Micropores Sol-gel TiO,/Y-Zeolites, TiO,/B-Zeolites Enhanced photoreduction of CO, to methanol [156,157]
Sol-gel Ti silicate molecular sieve Enhanced photoreduction of CO, to formic acid [158]
Sol-gel ZrCu(l)-MCM-41 silicate sieve Enhanced photoreduction of CO, to CO [159]
Hierarchical macro-mesopores Hard template and sol-gel Pt-Ru/Carbon Enhanced performances with power densities for FCs  [184-187]
Hierarchical mesopores Hard templates Y,03-ZrO,, (Pt, Ni)- Y,03 -ZrO, Enhanced performances of oxygen ions and electron  [188-190]
charges transport for FCs
Hierarchical macro-mesopores Hard template, such as silica, Porous carbon (PC) Cathode for LIBs with enhanced capacity [196-202]
PS, etc. and recycles
Silica template SnO,/PC, Fe;0,/PC Anode for LIBs with enhanced capacity and recycles [196,202,204]
Silica template V,05/PC Cathode for LIBs with enhanced capacity [203]
Silica template S/PC Cathode for LIBs with high energy and high power  [215-217]
PMMA colloid crystal LiFePO, Cathode for LIBs with high capacity [224]
and high discharge rate
Silica template LiFePO,/PC Cathode for LIBs with high capacity and high [225-230]
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Structures Preparation method Materials Properties and applications References
Mesopores KIT-6 template, Annealing LiMn,O, Cathode for LIBs with enhanced capacity [232,233]
MnO, as template and cycling stability
Hierarchical macro-mesopores PS-MAA template LiMn, 0O, Cathode for LIBs with enhanced capacity [234]
and cycling stability
Hard template LiCoO, Cathode for LIBs with enhanced capacity [236,237]
Hard template LiNiO, Cathode for LIBs with enhanced capacity [238]
Self assembly method LisTisO4, Anode for LIBs with enhanced power and cycling [207-248]
performance
Mesopores Hard templates MnO, Anode for LIBs with high lithium [249-251]
electrochemical activity
Hierarchical macro-mesopores  Potentiostatic deposition method MnO, Anode for LIBs with high capacity and cyclic stability [252]
Electrostatic spray deposition Li,O-Cu0O-Sn0O, Anode for LIBs with high capacity, reversibility [253]
and cyclic stability
Hard template SnO, Anode for LIBs with enhanced capacity [254-256]
Hard template V,05 Anode for LIBs with enhanced capacity [257-259]
Hard template Co30, Anode for LIBs with enhanced capacity [260]
and cyclic stability
Hard template NiO Anode for LIBs with enhanced capacity [261-264]
and cyclic stability
Hard template TiO, Anode for LIBs with enhanced capacity [265-268]
and cyclic stability
Hierarchical macro- Phenolic resin and NiO as Porous carbon (PC) Enhanced energy density for EDLCs [288,289]
meso-micropores template
Hierarchical meso-micropores CMK-1 and CMK-3 as template PC Enhanced capacitance for EDLCs [290,297]
Hard templates PC Enhanced capacitance for EDLCs [293-298]
alkaline-treated f-zeolite as PC Enhanced capacitance for pseudocapacitors [292]
template
PS template NiO Enhanced capacitance for pseudocapacitors [328]
Silica nanoparticles template PAN/PC Enhanced capacitance for pseudocapacitors [332]
Sodium sulfate template PANI/SA Excellent capacitance for pseudocapacitors [333]
Potentiostatic deposition method PANI/PC Enhanced capacitance for pseudocapacitors [334]
P123 and Phenolic resin as NiO and PC Enhanced capacitance for asymmetric capacitors [339]
template
CMK-3 NiO/PC Enhanced capacitance for asymmetric capacitors [340]
Hierarchical nanostructured pores Sol-gel MoS, Enhanced hydrogen uptake for H, storage [353]
Sol-gel Pd Enhanced activity for H, storage [354]
Silica template PC Enhanced capacity and discharge rate for H, storage [355]
Silica template LiBH4/PC Enhanced low temperature storage for H, storage [359]
Zeolite 13X template PC Enhanced low temperature storage for H, storage [360]
Mesopores N/A Copper, steel alloy in NaNOj3, etc.  Enhanced heat transfer rate for thermal storage [384-390]
Hierarchical macro-mesopores N/A Nature stone Construction materials for thermal storage [392,393]

Research on hierarchically structured porous materials
becomes a rapidly evolving field of current interest owing to
their practical potential in different areas from nanoscience to
catalysis, separation, electronics, optics, optoelectronics, energy,
environmental, and life science.3*! This article illustrates only
some examples of their application in energy storage and con-
version. In spite of the great challenges in the fabrication of
such materials, the recent important discovery of the self-forma-
tion phenomenon of porous hierarchyl*339°4%] provides foresee-
able promise in their intelligent use and ease of synthesis of

Adv. Funct. Mater. 2012, 22, 4634-4667

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

new advanced materials with tunable chemical compositions,
excellent mechanical and chemical resistance, controllable
micro-, meso-, and macroporosities at different length scales,
and desired multifunctionalities for a determined application.
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