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ABSTRACT

To address the growing energy demands of sustainable development, it is crucial to develop newmaterials
that can improve the e�ciency of energy storage systems. Hierarchically structured porous materials have
shown their great potential for energy storage applications owing to their large accessible space, high surface
area, low density, excellent accommodation capability with volume and thermal variation, variable chemical
compositions and well controlled and interconnected hierarchical porosity at di�erent length scales. Porous
hierarchy bene�ts electron and ion transport, and mass di�usion and exchange.�e electrochemical
behavior of hierarchically structured porous materials varies with di�erent pore parameters. Understanding
their relationship can lead to the de�ned and accurate design of highly e�cient hierarchically structured
porous materials to enhance further their energy storage performance. In this review, we take the
characteristic parameters of the hierarchical pores as the survey object to summarize the recent progress on
hierarchically structured porous materials for energy storage.�is is the �rst of this kind exclusively to
survey the performance of hierarchically structured porous materials from di�erent porous characteristics.
For those who are not familiar with hierarchically structured porous materials, a series of very signi�cant
synthesis strategies of hierarchically structured porous materials are �rstly and brie�y reviewed.�is will be
bene�cial for those who want to quickly obtain useful reference information about the synthesis strategies
of new hierarchically structured porous materials to improve their performance in energy storage.�e e�ect
of di�erent organizational, structural and geometric parameters of porous hierarchy on their
electrochemical behavior is then deeply discussed. We outline the existing problems and development
challenges of hierarchically structured porous materials that need to be addressed in renewable energy
applications. We hope that this review can stimulate strong intuition into the design and application of new
hierarchically structured porous materials in energy storage and other �elds.

Keywords: hierarchically structured porous materials, synthesis strategies, energy storage, porous
parameters, geometric con�guration

INTRODUCTION

�e highly evolving world economy has resulted
in a signi�cant increase in global energy require-
ment, leading to rising concerns of energy short-
age and global warming problems for society. As
a result, the development of highly e�cient, clean
and renewable energy sources such as wind, solar
and ocean energy has become increasingly impor-
tant and urgent [1,2]. However, the intermi�ence
is one of the serious drawbacks of these renewable
energy sources. One solution to the challenge of

these renewable intermi�ent energy sources is in-
vesting in energy storage [3,4]. Recently, a lot of
e�ort has been devoted to the research and devel-
opment of various rechargeable and reversible en-
ergy storage devices such as lithium-ion ba�eries
(LIBs) [5–7], sodium-ion ba�eries (SIBs) [8–10],
lithium-sulfur (Li-S) ba�eries [11–13] and super-
capacitors [14–16]. �e results demonstrate that
the achievement of electrochemical energy storage
devices with both high energy and power densi-
ties urgently requires the design and preparation
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of advanced high-performance electrode materials
[17–19].

According to the de�nition from the Inter-
national Union of Pure and Applied Chemistry
(IUPAC), porous materials are classi�ed into three
categories based on di�erent pore sizes: microp-
orous (<2 nm), mesoporous (2–50 nm) or macro-
porous (>50 nm) materials. Hierarchically struc-
tured porous materials exhibit a porous hierarchy
in which the porosity and structure span multiple
length scales frommicro- to meso- and macropores.
�ese unique structures have a�racted much
a�ention because of their diversity and good perfor-
mance, and are largely used as an important family of
functional materials in catalysis [20], photocatalysis
[21], adsorption [22], separation [23], energy
conversion and storage [24,25], sensing [26] to
biomedicine [27,28] in recent years.�esematerials
are generally characterized by multiple levels of
porosity, the pore regularity at each level, high in-
terconnection between each level of porosity, large
accessible space, high surface area, low density and
excellent volume change accommodation, which
facilitates the transport of electron/ion and the dif-
fusion of mass, showing great importance in energy
storage technology [29–31]. As far as we know,
the energy density, rate capacity and cycling life are
several practical issues that are critical for reversible
energy storage devices [32]. A hierarchically porous
structure with highly vascularized and intercon-
nected porosity at di�erent length scales can reduce
the ion di�usion pathway to enhance the depth of
the electrochemical reaction [33], which makes the
capacity of the electrode material fully play out and
increases the energy density. It is also bene�cial to
the charge transfer, which can speed up the quick
reversible de-intercalation of ions and improve the
rate performance [34]. Moreover, it can enhance
the structural stability of the electrode material for
increasing the cycle life of energy storage devices,
because the large porous space and the interconnec-
tion of pores at di�erent length scales can accom-
modate not only the volume variation [35] but also
heat absorption and dispersion [36] during cycling.

For decades, plenty ofmethods and technologies
have been utilized and developed to prepare hierar-
chically structured porous materials, including so�
templating methods and hard templating methods
[37–39]. Besides, the self-formation method based
on a spontaneous phenomenon, referring to the
chemistry of organic metal alkoxides and alkylmet-
als, has also been deeply studied and successfully ap-
plied to the synthesis of a large variety of singlemetal
oxides, binary oxides, ternary metal oxides, compos-
ites, silicoaluminates, and aluminophosphates with
hierarchically porous architectures [37,38,40–44].

�ese methods can produce hierarchically struc-
tured porous materials with di�erent number scale
levels, sizes, shapes and orientations of pores. As
mentioned above, since hierarchically structured
porous materials can provide an e�cient solution to
the practical problems of energy storage, such as ca-
pacity loss, poor rate capability, volume expansion
and limited cycle life, encountered in commercial
application of reversible ba�eries and supercapaci-
tors, their synthesis and energy storage applications
have been reported by a series of remarkable reviews
[28–31,37,38,45,46]. However, most of the reviews
have focused on the progress of hierarchically struc-
tured porous materials in the �eld of energy storage,
either fromthe chemical families ofmaterials or from
the application directions; there is no report summa-
rizing the relationship between hierarchically struc-
tured porous materials and electrochemical prop-
erties based on pore parameters control. �e pore
parameters are of primary importance in the per-
formance improvement of energy storage devices.
�e relationship between pore parameters and their
electrochemical behavior in energy storage is thus
essential.

From a structural and morphological point of
view, hierarchically structured porousmaterials with
vascularized branch systems have rich and diverse
architecture due to the combination of di�erent or-
ganizational, structural and geometric parameters
of pores at di�erent length scales. �e number of
scale levels in hierarchically structured porous ma-
terials is the �rst parameter to consider, which may
be two-stage or three-stage distributions of pore
sizes at a single scale level such as bimodal meso-
porous, or multiple levels of pore sizes spanning two
or three length scales such as micro-meso, meso-
macro, micro-macro, or even micro-meso-macro
levels. Secondly, it is known that there are larger
pores and smaller pores in hierarchically structured
porous materials, thus the respective sizes and ra-
tios of the big pore and small pore is another im-
portant design parameter. In addition, pore shape,
being also a key factor, can be columnar with the
same upper and lower pore diameters, or a funnel-
like pore with di�erent upper and lower pore di-
ameters. Moreover, these pores can be ordered or
disordered. Even the orientation of their channels
can be either centrally divergent or have parallel
and vertical alignment. �erefore, the discussion on
the application of hierarchically structured porous
materials in energy storage based on pore parame-
ters control is very meaningful, and important for
the scienti�c and accurate design of hierarchically
structured porous materials and the understanding
of the relationship between structure and proper-
ties. ‘Materials-Properties-By Design’ is the concept
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for future development. Is it possible to establish
materials design principles to achieve predictive and
optimized functions for energy storage applications?

�e present review aims at illustrating the bene-
�ts of hierarchically structured porous materials in
energy storage andwill be divided into four sections.
A�er the introduction, in the second section, a very
brief presentation on the synthesis of di�erent hier-
archically structured porous materials with various
porosities at di�erent length scales, di�erent mor-
phologies and di�erent chemical composition will
be given. In the third section, we will take the char-
acteristic parameters of the hierarchical pores as the
survey object to summarize the recent progress on
hierarchically structured porousmaterials for energy
storage applications. We will �rst discuss the hier-
archically structured porous materials with di�erent
numbers of scale levels applied in the �eld of en-
ergy storage. For each scale level, the e�ect of their
pore sizes on electrochemical performance will then
be illustrated.We highlight the key developments in
the quantitative matching of pore sizes range from
micro- to meso- and macro-scale for energy storage.
Next, we discuss hierarchically structured porous
materials with di�erent shapes and with either or-
dered or irregular porosity accompanied by com-
ments on the orientation e�ect of the pore channels,
because both are useful in energy applications. A
conclusion and prospect pointing out the future re-
search direction of hierarchically structured porous
materials in the�eldof energy storagewill be given in
the last section. �is is the �rst review summarizing
the relationship between the organizational, struc-
tural and geometric parameters of pores at di�erent
length scales in materials and their electrochemical
properties to try to set up some design and synthe-
sis rules and guidance to achieve predictive and op-
timized functions in energy storage applications that
can be extended to other �elds.

SYNTHESIS OF HIERARCHICALLY
STRUCTURED POROUS MATERIALS

A wide range of chemical methods [47–53],
physical-chemical methods [54–57] and chemically
related engineering techniques [58–60] can be
used to prepare hierarchically structured porous
materials. According to whether the template is
used and the type of template agents used, these
methods are divided into so� templating method,
hard templating method and template-free method.
Each type of synthesis technology contains a series
of exact synthesis routes. All these three synthesis
technologies with precise synthesis routes are sum-
marized in Fig. 1. �e templating methods are the

Soft templating Hard templating Template-free method

E
m

u
ls

io
n

te
m

p
la

tin
g

S
u
rf

a
c
ta

n
t 

te
m

p
la

ti
n
g

Breath fig
ure

templating

Colloidal crystal
templating

B
io

-

te
m

p
la

tin
g

P
o
ly

m
e
r

te
m

p
la

tin
g

Sele
ct

ive

le
ach

in
g

Sol-gel

controlling

Self-
form

ation

S
o

ft
 t
e
m

pl

at
ing Hard tem

p
la

tin
g

Hierarchically 

structured porous 

materials

Figure 1. Illustration of various technologies for the syn-

thesis of hierarchically structured porous materials: soft

templating (surfactant templating, emulsion templating and

breath �gure templating), hard templating (colloidal crys-

tal templating, bio-templating and polymer templating), and

template-free method (self-formation, sol-gel controlling

and selective leaching).

most commonly used strategies for the synthesis of
materials with porous hierarchy. �e hierarchically
structured porous materials prepared by templating
methods (including so� templating methods and
hard templating methods) have tunable pore sizes
and designable pore shapes. However, these meth-
ods involve a post template-removal process, which
needs complicated procedures and requires more
resources and energy. Template-free methods,
which mainly relate to the spontaneous formation
phenomenon and self-assembly process, are much
simpler methods, but they are di�cult to control
and it is di�cult to predict the size and shape of the
pores due to the spontaneous formation character of
the method. In the following parts, the synthesis of
di�erent hierarchically structured porous materials
will be discussed on the basis of so� templating,
hard templating and template-free technologies
(Fig. 1).

Soft templating

�e so� templates generally refer to the molecu-
lar systems which have variable organization struc-
tures and limited domain ability in a certain space
scope. In this part, wewill introduce threemajor so�
templating methods: surfactant templating, emul-
sion templating and breath �gure templating.
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Surfactant templating
Surfactant templating is a kind of method to syn-
thesize porous materials by using multi molecular
aggregates (micelles, liquid crystals, vesicles, etc.)
as the structure-directing agents that are assem-
bled by surfactant molecules. �is method allows
the creation of mesoporous materials with highly
ordered channels and uniform pore size. In this
sense, the combination of two kinds of surfactant
molecules with di�erent molecular sizes can pro-
duce hierarchically structured porous materials with
dual mesoporous distribution [61]. Furthermore,
hierarchically trimodal porous architectures were
preparedby introducing tertiarymacroscopical scale
templates into double surfactant systems [62–64].
For example, Sel et al. produced hierarchically tri-
modal macro-meso-mesoporous materials by using
polymer spheres as macro-template, block copoly-
mers with large molecular weight and ionic liquids
with small molecular weight as dual surfactant tem-
plates [65]. Recently, a surfactant-based dynamic
template method—polyelectrolyte-surfactant me-
somorphous complex templating method—has at-
tracted much a�ention for its potential applica-
tions in the preparation of hierarchically structured
porous materials [66]. In the synthesis process, the
dynamic self-assembly induced by in situ phase sep-
aration mechanism plays a key role (Fig. 2a). By
simply adjusting the types of surfactant and precur-
sors, this method can fabricate hierarchically struc-
tured porous materials with di�erent morphologies
and chemical compositions, showing the excellent
universality of the method.

�e surfactant templatingmethod has the advan-
tage of controllable pore size and adjustable pore
shape; it can synthesize a variety of hierarchically
structured porous materials, including silicon diox-
ides,metals andmetal oxides [48].Moreover, as sur-
factant molecules are generally organic molecules,
their in situ carbonization can enhance the conduc-
tivity of the materials without destroying the porous
hierarchy, making this method an important tool in
the �eld of energy storage.

Emulsion templating
Emulsion templating is based on the properties of
emulsion, through the solidi�cation or polymeriza-
tion of emulsion in continuous phase to form good
porosity inmaterials. It is a simple and relativelymild
preparation method, which can be used to prepare
hierarchically structured porous materials contain-
ing mesopores or macropores, because the size and
distribution of emulsion particles can be controlled
in the range of 10–1000 nm. �ere are three ba-
sic emulsion systems that are water-in-oil emulsion

(W/O), oil-in-water emulsion (O/W) and super-
critical CO2 emulsion (C/W). On this basis, more
complex emulsion systems are designed. For exam-
ple, Cooper et al. synthesized monodisperse porous
polymer beads by sedimentation polymerization of
oil-in-water-in-oil (O/W/O) emulsion [67]. Fur-
ther, a series of hierarchically porous inorganic ma-
terials such as TiO2, Al2O3, ZrO2 and SiO2 are
also prepared using the obtained porous polymer
beads as templates [68,69]. Similarly, Wang et al. re-
ported a water-in-oil-in-water (W/O/W) emulsion
through a two-step emulsi�cation method (Fig. 2b)
[70]. �ese complex double emulsions are partic-
ularly suitable for the protection of bioactive com-
pounds and widely used for medical applications.

Microemulsion and high internal phase emul-
sion are two common technologies for emulsion
templating [71–73]. �ey have widely been used
to prepare porous polymers, porous inorganic ma-
terials and porous inorganic-organic composites
[74,75]. Although the emulsion template method
has the advantages of strong adaptability and con-
venient implementation, there are still many prob-
lems tobe solved in synthesizinghierarchically struc-
tured porous materials, such as the stability of the
templated emulsion and the in�uence of template
removal on material structure.

Breath �gure templating
�e breath �gure (BF) method is named a�er
a phenomenon whereby water vapor condenses
on cold substrates to form ordered hexagonally
arranged water droplets [76]. In this method,
water droplets are used as templates; no special
equipment is needed. �e experimental conditions
are mild and the operation procedure is simple, so
it is one of the most e�ective methods for large-area
fabrication of two-dimensional ordered porous
structures [77–79]. Figure 2c shows themechanism
for the formation of the porous honeycomb �lms
[80]. �e interface of solution/water and other two
interfaces including solution/substrate interface
and �lm/air interface play an important role during
the BF process, which can determine the structures
of the �lms. Using this approach, star, block and
gra� copolymers as well as conjugated polymers or
even inorganic materials with rigid segments can
be used to prepare honeycomb-like ordered porous
membranes with pore sizes ranging from several
hundreds of nanometers to several hundreds of
micrometers. Furthermore, modi�ed breath �gure
techniques such as coupling with nanobuilding
blocks allow for the synthesis of hierarchically
macroporous membranes with mesoporous walls
[81]. �e experimental process of breath �gure
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REVIEW Wu et al. 1671

Figure 2. (a) Schematic illustration of the polyelectrolyte-assisted surfactant templating method for hierarchially porous silica (reproduced with per-

mission [66], Copyright 2020, American Chemical Society); (b) schematic demonstration of a two-step fabrication process of the W/O/W emulsions

(reproduced with permission [70], Copyright 2017, Royal Society of Chemistry); (c) schematic presentation of the formation of honeycomb �lms by the

breath �gure strategy (reproduced with permission [80], Copyright 2014, Royal Society of Chemistry).

templating is non-isothermal and non-equilibrium.
�ere are many variables a�ecting the structure in
the experiment, including ambient temperature and
humidity, air �ow rate and solution concentration.
In actual operations, this method is mostly based on
empirical knowledge, so it is hard to obtain the ex-
pected structures by adjusting the experimental con-
ditions. However, it is believed that with the further
accumulation and summary of experimental data,
the mechanism of breath �gure templating will be
more accurately and comprehensively understood.

Hard templating

Hard templates are usually materials with relatively
rigid structures to guide the growth of materials by
limiting space. Compared with the so� templating
approaches, the hard templating methods are more
e�ective in precisely controlling the pore sizes due
to their strong spatial con�nement e�ect, but the
hard templates are more di�cult to remove. In this
part, we will introduce three main hard templat-
ing technologies: colloidal crystal templating, bio-
templating and polymer templating.

Colloidal crystal templating
Colloidal crystals are formed by self-assembly of
monodispersemicrosphereswith three-dimensional
(3D)orderedopal structure.�e3Dorderedmacro-
porous (3DOM) structure prepared by colloidal
crystal templating method is the replication of this
opal structure. �e pores are periodically arranged,
and their size can be easily adjusted by tuning the
dimensions of the microspheres in the templates.
�is templating route comprises three basic steps
as shown in Fig. 3a [82]: (i) the formation of a
uniformly colloidal crystal template through various
chemical processes; (ii) the in�ltration of a �uid
precursor; and (iii) the removal of the template to
obtain a well-ordered porous replica.�e secondary
porosity such as mesopores can be obtained by
combining the colloidal crystal template with sur-
factant templating through a commonly used sol-gel
approach [83,84]. �erefore, the colloidal crystal
templating method can be developed to synthesize
hierarchically structured porous materials repre-
sented by 3DOM with mesoporous walls. �e in�l-
tration of precursors is a key step in the preparation
of hierarchically 3DOM/mesoporous materials. A
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variety of techniques such as atomic layer deposi-
tion (ALD), chemical vapor deposition (CVD) and
electrochemical deposition are o�en utilized for
in�ltration process [85,86].�e long-range ordered
structure in hierarchically structured porous materi-
als using colloidal crystals as templates makes these
materials have many unique and potential applica-
tions, such as various optical signal processors with
adjustable optical properties, and high performance
electrochemical energy storage materials and
devices with high mass transfer e�ciency.

Bio-templating
�ebio-templatingmethoduses the natural biomass
as template, through special treatment, retaining the
structure of biological heritage to obtain porousma-
terials with precise structure [87–95]. As a structural
factory, there are many natural templates with spe-
cial morphology and structure in nature. In partic-
ular, a�er billions of years of evolution and devel-
opment, a rich variety of biological organisms have
evolved to a natural hierarchical porous structure,
which cannot be synthesized even by sophisticated
modern technology, providing an ideal replication
platform for preparing complex hierarchically struc-
tured porous materials [89]. �e inherent hierar-
chically porous structure of biological materials en-
dows them with many characteristics such as large
speci�c surface area, light weight and high perme-
ability. Meanwhile, the chemical composition and
special microstructure of the organism can provide
a stable and controllable environment for the syn-
thesis of materials. �erefore, selecting suitable nat-
ural biological structures as templates can produce
high-performance materials for practical industrial
applications. For example,Cai et al. [96] synthesized
the meso/macroporous hierarchical porous silica
using diatoms as direct hard bio-templates (Fig.
3b). During the preparation process, techniques like
in�ltration and coating are utilized to immerse the
templates for complete replication of whole hierar-
chical levels of biological materials [97–99]. �e hi-
erarchically structured porousmaterials prepared by
bio-templating method o�en have abundant surface
functional groups and easily controllable pore struc-
tures, these functional materials have an a�ractive
application prospect in the �elds of energy, catalysis,
sensors and biomedicine.

Polymer templating
Porous polymeric materials with macroporous
or mesoporous structure, such as polymer foams,
polymer �bers and polymer gels, can be used as
templates to prepare hierarchically structured
porous materials [100,101]. Because of the charac-
teristic advantages of the porous polymers, such as

various preparation methods, adjustable pore size,
and controllable surface modi�cation and so on,
when used as a template it can provide a platform
where chemical reactions can take place, as well as
a sca�old for in�ltration of nanoparticles. Figure 3c
illustrates the synthesis protocol for the polymer
guided fabrication of porous silica [102]. Firstly,
the precursor solution is injected into the porous
polymer gel to form silica �lled composite. �rough
the removal of polymer template, the porous silica
retaining the structural properties of the initial
template with pore size ranging from tens to 100
nanometers is then generated. Sol-gel chemistry
and micro�uidic technology are commonly used
to prepare macroporous polymers [103,104]. �e
utilization of macroporous polymer templates
combining with surfactant templates can result in
hierarchically structured macro-mesoporous mate-
rials. Besides, additional microporous structures can
also be created by introducing the zeolite crystals.

Template-free methods

From the above presentation, it is clear that the
templatingmethods including so� templatingmeth-
ods and hard templating methods are very e�ec-
tive ways for the synthesis of hierarchically struc-
tured porousmaterials. However, drawbacks related
to high cost and tedious preparation procedure have
hampered mass production for large scale applica-
tions. Ideally, template-free methods for fabrication
of hierarchically structured porous materials with a
wide scale of pore sizes and variable shapes would
be preferred. In this part, three simpler and com-
monly used template-free synthetic strategies, in-
cluding self-formation, sol-gel controlling and selec-
tive leaching, will be surveyed.

Self-formation
�e self-formation method, based on a spontaneous
phenomenon, referring to the chemistry of organic
metal alkoxides and alkylmetals, has been deeply
studied and successfully applied to the synthesis
of hierarchically structured porous architectures of
a large family of materials [37–44,105–107].
�e concept of ‘poregene’ can be used to
describe the mechanism of this process. As a
poregene, the water and alcohol molecules quickly
released during the rapid hydrolysis and conden-
sation of metal alkoxides play a key factor, leading
to the formation of parallel macroporous channels
from the inside to the outside in the materials. �e
very uniform mesoporous structure formed by the
aggregation of particles of tens of nanometers in the
material constitutes the walls of macropores. In the
�nal materials, the particles of tens of nanometers
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(a)

(b)

(c)

Figure 3. (a) Schematic representation of the preparation process of colloidal crystal templating method (reproduced with permission [82], Copyright

2013, Royal Society of Chemistry); (b) schematic demonstration of the synthesis of hierarchical meso/macroporous silica using diatom as bio-template

(reproduced with permission [96], Copyright 2006, Wiley-VCH); (c) schematic illustration of the synthesis protocol for porous silica structure using

agarose gel as hard polymer template (reproduced with permission [102], Copyright 2011, American Chemical Society).

themselves also have a microporous structure by
the aggregation of smaller nanoparticles. On the
basis of such a self-formation procedure, a wide
range of hierarchically structured porous materials
(single metal oxides such as Y2O3, ZrO2, Ta2O5,
Al2O3 and Nb2O5; mixed metal oxides such as
Y2O3/ZrO2, TiO2/ZrO2, Al2O3/SiO2 and alumi-
nosilicates, aluminophosphates, etc.) have been
successfully synthesized [37,38,40–44,105–107].
In addition to metal alkoxides, alkylmetals can also
be used as starting reactants for the spontaneous
self-formation procedure. Li et al. [40], for example,
reported a simple one-pot template-free self-
formation route for synthesis of hierarchically
structured meso/macroporous alumina foams by
using trimethylaluminum as a generator of poregene
(Fig. 4a).�eunique advantageof the self-formation

process is the high purity of �nal materials obtained
with any post-treatment.�e preparation procedure
is very simple and quite mild at room temperature
and ambient conditions without the addition of
acid or base to control the reaction. �e drawback
is the cost of precursors such as metal alkoxides
and metal alkyls. �e spontaneously formed hier-
archically structured porous materials with multi-
scale interconnected micro-meso-macropores
possess highly e�cient di�usion and exchange
properties and have shown great potential in nan-
otechnology, energy conversion and cell therapy.

Sol-gel controlling
�e sol-gel method based on sol-gel chemistry is an
important strategy in synthesizing inorganic porous
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Al(CH3)3
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3CH4

CH4

CH4

+

+

CH4

Dense thin film

Drying

Dip, spin and

spray coating

Hydrolysis &
condensation

Powder

Grinding

Sintering

Solution of
precursors

Spinning

Bulk Aerogel

Sintering

Dense ceramic

Supercritical drying

Gel

Thin films on substrate

Fibers

Gelation

Sol (colloid)
Bulk

Ambient press

 & temp

Xerogel

Thermal
treatment

(a)

(c)

(b)

ZnSn(OH)
6

microboxes

Porous SnO
2

microboxes

I: Annealing

II: Selective

leaching

Figure 4. (a) The self-formation procedure for preparing hierarchically structured porous alumina foams on the basis of a

spontaneous phenomenon (reproduced with permission [40], Copyright 2010, American Chemical Society); (b) schematic dia-

gram of the synthesis process of the sol-gel method for the preparation of porous materials with various shapes (reproduced

with permission [109], Copyright 2008, IOP Publishing Ltd.); (c) schematic representation of the formation of porous hollow

SnO2 microboxes through selective leaching approach and their corresponding SEM images (reproduced with permission

[119], Copyright 2014, Royal Society of Chemistry).

materials under mild conditions [108]. �e raw
materials were �rstly dispersed in the solvent. �e
active monomers are formed through hydrolysis, al-
coholysis or coordination reactions, leading to the
formation of a sol. �e sol then transforms gradu-
ally to gel with a certain spatial structure. Finally, the
required solid materials are prepared by drying and
heat treatment [109]. Monoliths, �bers, �lms and
powder materials with various appearances can be
prepared (Fig. 4b). In the sol-gel process, the struc-
tures of the �nal products are closely related to the
gel structure, thus the properties of the sol. �ere-
fore, the quality of the sol is very important. Fac-
tors that a�ect the quality of the sol, such as the
amount of water, pH value, concentration and sol-
vent e�ect, should be strictly controlled [110–113].
�e sol-gel method facilitates the arrangement of in-
organic species on the molecular scale, which is very
important in controlling the physical and chemical
properties of materials. However, in the process of
preparation, the capillary shrinkage force caused by
the gelation will lead to the shrinkage of the pores
and the decrease of the porosity. �erefore, in the
actual operation process, the sol-gel method o�en
needs to be combined with template methods. �is
is due to the fact that a combination of appropriate
organic additives can reduce the liquid surface ten-
sion, so that the pore structures of the �nal products
can be improved. �is greatly expands the applica-

tions of the sol-gel method to the synthesis of hierar-
chically structured porous materials.

Selective leaching
�e immiscible two-phase composites with the
sacri�cial and desired phases can be used as pre-
cursors for selective leaching to prepare a variety of
hierarchically structured porousmaterials, including
metal oxides and metals. �e general process of
this template-free route is described as follow:
�rstly, an intimately mixed composite is obtained
by some physical or chemical techniques such as
evaporation, sintering and decomposition of mixing
precipitates; then, the sacri�cial phase is dissolved
through chemical reactions to leave a porous
skeleton of the desired phase [114–116]. Chemical
etching and electrochemical etching are the two
most common selective leaching methods, in which
chemical etching can be done by acid-washing or
selective reaction of gases [117–119]. For example,
Zhang et al. [119] reported the preparation of
porous hollow SnO2 microboxes through selec-
tive leaching of Zn(II) species from an Sn-based
mixed composite by a simple acid-washing process
(Fig. 4c).�e uniformity of pore structure is directly
a�ected by the homogeneity of phase distribution.
Metal-organic frameworks (MOFs) is a new family
of porous materials with regular pore structures
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Supercritical

fluid 

Ink-jet

printing

Freeze

drying

Chemical

vapor

deposition

3D printing

Technologies with the aid of instruments

Figure 5. Examples of some engineering techniques that rely on specialized equipment

for the synthesis of hierarchically structured porous materials.

formed by the connection of metal ions and organic
ligands [120–123]. Recently, high-orientation
etching ofMOF particles can be realized to fabricate
hollowMOFs throughprecise engravingby selective
leaching [124]. It can greatly improve the chemical
kinetics of these materials, which provides new
ideas to prepare the hierarchical MOFs with more
complex morphologies in the future. Such selective
leaching method enables the pore size and porous
hierarchy to be easily tuned by adjusting the starting
phase ratio, particle and available etching mediums.
However, the waste of sacri�ce phase consumption
is also a problem that cannot be ignored.

In addition to the above methods, some en-
gineering techniques that require specialized
equipment can also be used for the preparation of
hierarchically structured porous materials (Fig. 5),
such as freeze drying [125,126], supercritical �uid
[127,128], chemical vapor deposition [129], ink-jet
printing [58] and 3D printing [130], etc. In order to
obtain the ideal hierarchical porous structure, these
technical means o�en have high requirements on
operating experience and process parameters.

All the synthesis strategies described here, with
di�erent hierarchically structured porous materi-
als with de�ned morphologies, various chemical
compositions and diverse porous hierarchy, are
generally summarized in Table 1. For one desired
hierarchically structured porous material, di�erent
synthesis methods can be chosen and can be
combined. �is section of review can be helpful
for those who are not familiar with the synthesis
of hierarchically structured porous materials. In
the following section, some innovative and very
particular synthesis methods leading to speci�c hi-
erarchically structured porous materials for de�ned
energy storage application will also be introduced.

HIERARCHICALLY STRUCTURED POROUS
MATERIALS FOR ENERGY STORAGE

�eorganizational, structural and geometric param-
eters of pores can signi�cantly a�ect the electro-
chemical properties of the hierarchically structured
porous materials. In this section, we will discuss
the application of hierarchically structured porous
materials in energy storage based on pore param-
eter control. �ese parameters include number of
the scale levels, pore size and geometric con�gu-
ration (see Fig. 6). Discussing the correlation be-
tween organizational, structural and geometric pa-
rameters of pores at di�erent length scales and elec-
trochemical performance is of great signi�cance to
the design and application of hierarchically struc-
tured porous materials to realize the concept of
‘Materials-Properties-By Design’. It also helps to es-
tablish the design guidance to target predictive and
optimized functions in energy storage application.
Table 2 summarizes the detailed pore parameters,
chemical compositions, synthesis methods and per-
formance of the selected hierarchically structured
porous materials for various applications of energy
storage.

Number of scale levels

Hierarchical porosity within a single scale

level
In general, hierarchically structured porous materi-
als describe a family of materials containing porous
hierarchy with interconnected pores on multiple
length scales from micro-, meso- to macropores,
such as bimodal combination of micro-meso, meso-
macro and micro-macro or trimodal combination
of micro-meso-macro, or even presenting two-stage
and multi-stage pore diameter distribution within a
single scale level. �e larger the diameter of pores,
the smaller the in�uence of their size di�erence, so
the design of hierarchical character at only one sin-
gle macro-scale level is of li�le signi�cance. Bimodal
microporous and bimodal mesoporous are thus the
two most common examples for hierarchy design
within a single scale level. However, only a few ze-
olite materials have been found to have a unique bi-
modal microporous structure [131], which are not
used for electrochemical devices due to their elec-
trical insulating behavior. �erefore, in this part,
we will mainly focus on hierarchical bimodal meso-
porous structure for energy storage application.
Compared with single pore size mesoporous ma-
terials, hierarchical bimodal mesoporous materials
with a proper combination of characteristics of both
small and largemesopore size can provide higher ac-
cessibility for ions transport, be�er permeability for
electrolyte in�ltration and larger space for volume
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Table 1. Strategies employed for the synthesis of hierarchically structured porous materials and corresponding morphologies

and compositions.

Synthesis methods Porosities Morphologies Compositions Ref.

Surfactant templating Micro–mesopores;

meso–macropores;

dual mesopores;

dual meso–macropores

Powders; �lms; spheres;

monoliths

Oxides; carbon [61–66]

Emulsion templating Meso–macropores;

multiple macropores

Powders; spheres; �lms;

foams; monoliths

Oxides; polymers; carbon;

metals; composites

[67–75]

Polymer templating Micro–macropores;

meso–macropores

Powders; �bers; tubes;

spheres; �lms; membranes;

foams; monoliths

Oxides; carbon; metals;

composites

[76–81]

Colloidal crystal templating Micro–macropores;

meso–macropores;

dual meso–macropores;

dual macropores

Powders; �lms; monoliths Oxides; polymers; carbon;

metals; composites

[82–86]

Bio-templating Micro–macropores;

meso–macropores

Powders; �bers; tubes;

�lms; membranes;

monoliths

Oxides; carbon; composites [89,96–99]

Breath �gures templating Meso–macropores;

dual/multiple macropores

Powders; �lms Oxides; polymers;

composites

[100–104]

Self-formation Meso–macropores;

micro–meso–macropores

Powders; spheres;

monoliths

Oxides; composites [105–107]

Sol–gel controlling Micro–macropores;

dual mesopores;

micro–mesopores;

micro–meso–macropores;

meso–macropores

Powders; foams; �bers;

spheres; �lms; membranes;

monoliths

Oxides; polymers; carbon;

metals; composites

[108–113]

Selective leaching Meso–macropores;

multiple macropores

Powders; monoliths Oxides; composites [114–124]

expansion. �erefore, many e�orts have been made
to design and synthesize this kind of hierarchically
bimodal mesoporous structure for various energy
storage devices, including LIBs [132–136], Li-S bat-
teries [137–141], Li-O2 ba�eries [142,143], zinc-air
ba�eries [144] and supercapacitors [145,146].

�rough a simple precipitation-decomposition
method, the hierarchically porous Mn2O3 single
crystals with interconnected bimodal mesoporous
architecture (BHP-Mn2O3-SCs) has been prepared
and used as anode material for LIBs [132]. �ese
BHP-Mn2O3-SCs have a homogeneous paral-
lelepiped structure with a very developed porosity
a�er decomposition of MnCO3 precipitate by heat
treatment (Fig. 7a). �e pore size distribution plot
by N2 adsorption-desorption measurement displays
that they have a bimodal mesoporosity with large
mesopores mainly centered at 32.8 nm and small
mesopores narrowly centered at 6.2 nm (Fig. 7b).
As shown in Fig. 7c, the interconnected continuous
large mesopores and small mesopores can work
together to facilitate the transfer of electrons and

ions. In addition, owing to their speci�c hierarchical
bimodal mesoporosity, the volume change of
electrode materials is well accommodated by large
mesopores because of their abundant void space.
�e chemical kinetics are greatly elevated by small
mesopores due to their large speci�c surface areas.
Meanwhile, their combination is very favorable for
electron/ion transport at the interface between elec-
trode and electrolyte, leading to excellent cycling
performance. �e speci�c discharge capacity of the
BHP-Mn2O3-SCs can be maintained as high as
845 mAh g−1 a�er 50 cycles at a current density of
100 mA g−1, which is superior to most of the results
from Mn2O3-based bulk solids and nanostructures.
Even when the current density increases to 1 A g−1,
the BHP-Mn2O3-SCs still show a high speci�c
capacity of ∼600 mAh g−1 with ∼100% coulombic
e�ciency (Fig. 7d).

In addition to the anode material, the cathode
material is also an important active component
of the lithium-ion ba�eries. Generally, the energy
density of a rechargeable ba�ery is determined
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Figure 6. Schematic representaton of hierarchically structured porous materials for energy storage based on pore parameters control.

by the speci�c capacity and operating voltage of the
cathode. �is is because the charge and discharge
capacity of cathode materials are much lower than
those of anode materials; the energy density of the
ba�eries depends thus on that of cathode materials.
�e structural design to improve the performance of
positive electrode materials has thus been the main
focus of research in recent years [147–149]. Using a
solid-state reaction method assisted by ball milling
technology, Wang et al. prepared carbon-coated
LiFePO4/graphene nanocompsites (LFP@C/G)
with well-de�ned hierarchical bimodal meso-
porosity [134]. �e Barret-Jouner-Halenda (BJH)
pore size distribution curve of LFP@C/G shows
bimodal mesoporous distributions, centered at
∼3.8 and ∼9.5 nm, respectively. �is unique
‘sheets-in-pellets’ bimodal mesoporous structure
exhibits an outstanding rate capability with a high
initial discharge capacity of 164 and 147 mAh g−1

at 0.1 C and 1 C and good cycling stability with
a high capacity retention of 92% a�er 500 cycles
at 10 C. �e superior properties are a�ributed to
its abundant mesopores, which are bene�cial for
electrolyte ions transport and di�usion to improve

the cycling and rate performance of olivine-type
LiFePO4 electrode. A similar �nding has been found
in porous LixMnO2 cathode [135]. Its bimodal
mesoporous structure includes small primary meso-
pores within a narrow range of sizes (diameter
range: 2.0–4.0 nm, with a distribution centered at
∼2.5 nm) and larger secondary mesopores with
a diameter ranging from 4.0 to 30.0 nm centered
at 12.0 nm. �e hierarchical bimodal mesoporous
structure has a larger pore volume, which is able to
o�er the bu�ering spaces against the volume vari-
ation during the Li+ insertion/extraction process
and a high interfacial contact area between the elec-
trolyte and active material, resulting in excellent
electrochemical performance with high speci�c dis-
charge capacity of 283.0, 240.0, 191.0, 161.0 and
113.0 mAh g−1 at 0.1, 0.2, 1, 2 and 5 C, respectively.

In terms of cost and speci�c energies, Li-S
ba�eries have an advantage over LIBs, making
them greatly desirable for high-performance energy
storage systems [11–13,150–154]. So far, a variety
of porous carbon matrices have been developed
as composite cathodes of Li-S ba�eries for sulfur
loading [155–157]. In order to increase the sulfur
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Table 2. Summary of the representative hierarchically structured porous materials for energy storage.

Pore parameters Materials Methods Applications Performance Ref.

Bimodal mesopores Mn2O3 Precipitation-

decomposition

Li-ion ba�ery 845 mAh g−1 a�er 50

cycles at 100 mAh g−1 ,

600 mAh g−1 a�er 100

cycles at 1000 mAh g−1

[132]

Bimodal mesopores TiO2 Solvothermal process Li-ion ba�ery 188 mAh g−1 a�er 100

cycles at 1 C

[133]

Bimodal mesopores LiFePO4/C/G Solid-state reaction Li-ion ba�ery 103 mAh g−1 a�er 500

cycles at 10 C

[134]

Bimodal mesopores LixMnO2 Electrodeposition Li-ion ba�ery 260 mAh g−1 a�er 50

cycles at 0.1 C

[135]

Bimodal mesopores CMK-5 carbon Replication Li-S ba�ery 419 mAh g−1 a�er 100

cycles at 0.3 C

[137]

Bimodal mesopores CNT/Graphene−

Li2S

Solvothermal reaction Li-S ba�ery 958 mAh g−1 a�er 300

cycles at 0.2 C

[138]

Bimodal mesopores CNT/graphene–

sulfur

Solvothermal reaction Li-S ba�ery 975 mAh g−1 a�er 200

cycles at 0.2 C

[139]

Bimodal mesopores Carbon nano�bers Two-step casting

process

Li-S ba�ery 550 mAh g−1 a�er 150

cycles at 1 C

[140]

Bimodal mesopores CoO@BMC Wet-chemistry

impregnation approach

Li-O2 ba�ery Initial capacity of

4033 mAh g−1

[142]

Bimodal mesopores TiN/Carbon Molecular cooperative

assembly

Li-O2 ba�ery Onset potential of OER

is at 3.0 V

[143]

Bimodal mesopores A-Co@CMK-3-D Templating Zn–air ba�ery A half-wave potential

of 0.835 V vs. RHE

[144]

Bimodal mesopores NiO Hydrothermal method Supercapacitor 112 F g−1 at 2 A g−1 ,

3.2% decrease a�er 500

cycles

[145]

Micro–mesopores Carbon nanocages Co-precipitation Li-S ba�ery 780 mAh g−1 a�er 60

cycles at 0.2 C

[158]

Micro–mesopores Carbon Self-assembly Supercapacitor 160 F g−1 in ionic liquid

electrolyte and

210 F g−1 in 1MH2SO4

aqueous electrolyte

at 0.25 A g−1

[159]

Micro–mesopores Carbon Nanopore lithography Supercapacitor 246 F g−1 in 1MH2SO4

electrolyte at 2 mV s−1

[160]

Micro–mesopores MOFs/graphene/

CNT

Micro�uidic method Supercapacitor Volumetric capacitance

of 472 F cm−3 at

0.1 A cm−3 , 94.2% of

retention a�er 10 000

cycles

[161]

Micro–mesopores N-doped carbon Sol-gel process and

CVD

Supercapacitor 790 F g−1 in 0.5 M

H2SO4 electrolyte

at 1 A g−1

[162]

Micro–mesopores N-doped carbon Supramolecular

assembly

Supercapacitor 537 F g−1 in 0.5 M

H2SO4 electrolyte

at 0.5 A g−1 , 98.8% of

retention a�er 10 000

cycles at 5 A g−1

[163]
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Table 2. Continued.

Pore parameters Materials Methods Applications Performance Ref.

Micro–mesopores PANI/carbon CVD Supercapacitor 136 F g−1 in 1MH2SO4

electrolyte at 10 mV s−1 ,

100 F g−1 a�er 10 000

cycles at 20 mV s−1

with 90% of retention

[164]

Micro–mesopores Carbon nano�bers Electrospinning

method

Li-S ba�ery 700 mAh g−1 a�er

300 cycles at 0.5 C

[165]

Micro–mesopores N-doped carbon Bio-templating Li-S ba�ery 971 mAh g−1 a�er

100 cycles at 0.1 C,

578 mAh g−1 a�er

500 cycles at 1 C

[166]

Micro–mesopores Graphene and

carbon

�ermolysis process Li-S ba�ery 916 mAh g−1 a�er

100 cycles at 0.2 C,

550 mAh g−1 a�er

450 cycles at 2 C

[167]

Micro–mesopores CeO2/carbon Etching Li-S ba�ery 1066 mAh g−1 a�er

200 cycles at 0.2 C,

721 mAh g−1 a�er

1000 cycles at 2 C

[168]

Micro–mesopores Graphene KOH activation process Li-S ba�ery 502 mAh g−1 a�er

100 cycles at 0.15 C

[169]

Micro–mesopores Carbon Bio-templating Li-S ba�ery 586 mAh g−1 a�er

200 cycles at 1 C

[170]

Micro–mesopores Carbon Selective leaching Li-Se ba�ery 420 mAh g−1 a�er

150 cycles at 0.2 C

[171]

Micro–mesopores N-doped carbon Pyrolysis of MOFs Li-Se ba�ery 555 mAh g−1 a�er

150 cycles at 0.2 C,

462 mAh g−1 a�er

200 cycles at 0.5 C

[173]

Micro–mesopores N-doped carbon Pyrolysis and etching Na-Se ba�ery 612 mAh g−1 a�er

200 cycles at 0.2 C

[174]

Micro–mesopores Carbon/P

composite

Pyrolysis and etching Na-ion ba�ery 1675 mAh g−1 a�er

100 cycles at 0.5 A g−1 ,

1269 mAh g−1 a�er

1000 cycles at 2 A g−1

[177]

Micro–mesopores Carbon-silica

composite

Self-assembly and

etching

Li-ion ba�ery 611 mAh g−1 a�er

200 cycles at 0.2 A g−1 ,

313 mAh g−1 a�er

1500 cycles at 3 A g−1

[178]

Micro–mesopores Sulfur-doped

carbon

Sol-gel method with

co-assembly

Na-ion ba�ery 443 mAh g−1 a�er

50 cycles at 50 mA g−1 ,

238 mAh g−1 a�er

600 cycles at 1 A g−1

[179]

Meso–macropores TiO2 Colloidal crystal

templating

Li-ion ba�ery 144 mAh g−1 a�er

200 cycles at 1 C,

106 mAh g−1 a�er

200 cycles at 4 C

[181]

Meso–macropores TiO2 Biomolecular

self-assembly

Li-ion ba�ery 186 mAh g−1 a�er

200 cycles at 1 C, 161,

145, 127 and

97 mAh g−1 a�er 1000

cycles at 2, 5, 10 and

20 C

[182]
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Table 2. Continued.

Pore parameters Materials Methods Applications Performance Ref.

Meso–macropores TiO2/C Sol-gel method and

carbonization

Li-ion ba�ery 188 mAh g−1 a�er

200 cycles at 0.5 C

[183]

Meso–macropores LiFePO4/C Microwave assisted

solvothermal process

Li-ion ba�ery 166 mAh g−1 a�er

200 cycles at 0.2 C,

87.2% of retention a�er

1000 cycles at 2 C

[184]

Meso–macropores NiO Self-assembly Li-ion ba�ery 710 mAh g−1 a�er

1000 cycles at 1 A g−1

[185]

Meso–macropores ZnCo2O4/MnO2 Hydrothermal method Supercapacitor 2339 F g−1 at 1 A g−1 ,

retention of 95.9% a�er

3000 cycles at 2 A g−1

and 94.5% a�er

8000 cycles at 10 A g−1

[186]

Meso–macropores CuCo2O4/NiO Hydrothermal method Supercapacitor 2219 F g−1 at 1 A g−1 ,

retention of 95.3% a�er

10 000 cycles at 20 A g−1

[187]

Meso–macropores Nitrogen-enriched

carbon

Co-electrospinning

followed by pyrolysis

and etching

Supercapacitor 242 F g−1 at 0.2 A g−1 ,

retention of 99% a�er

5000 cycles at 1 A g−1

[188]

Meso–macropores TiO2 Hydrolysis and

pyrolysis of MOFs

Li-ion ba�ery 145 mAh g−1 a�er

200 cycles at 5 C

[193]

Micro–macropores Carbonaceous

monoliths

Hard templating Li-ion ba�ery 200 mAh g−1 a�er

50 cycles at 0.1 C

[195]

Micro–macropores Carbon Bio-templating Li-S ba�ery 760 mAh g−1 a�er

200 cycles at 0.2 C

[196]

Micro–macropores Carbon Bio-templating Li-S ba�ery 877 mAh g−1 a�er

50 cycles at 0.1 C

[197]

Micro–meso–

macropores

Carbon Bio-templating Li-O2 ba�ery 18 114 mAh g−1 with

a discharge plateau

of 2.80 V at 100 mA g−1

[198]

Micro–meso–

macropores

Carbon Bio-templating Supercapacitor/

Li-ion ba�ery

474 F g−1 with

capacitance retention

of 95.6% over 20 000

cycles (for

supercapacitor);

266 mAh g−1 a�er

800 cycles at 1 A g−1

(for Li-ion ba�ery)

[199]

Micro–meso–

macropores

Carbon Bio-templating and

etching

Supercapacitor 326 and F g−1 in 1.0-V

and 1.8-V

[200]

Micro–meso–

macropores

Carbon Salt template-assisted

chemical activation

Supercapacitor 260 F g−1 in 1MH2SO4

electrolyte at 0.1 A g−1 ,

retention of 90% a�er

10 000 cycles at 5 A g−1

[201]

Micro–meso–

macropores

N/P co-doped

carbon

Polymerization and

co-assembly

Supercapacitor 200 F g−1 at 0.5 A g−1

and 132 F g−1 at

20 A g−1 in 6MKOH

electrolyte

[202]

Micro–meso–

macropores

Spheres-in-tube

carbon

Con�ned assembly

followed by

carbonization and

etching

Supercapacitor 235 F g−1 at 0.2 A g−1

and 156 F g−1 at

20 A g−1 in 6MKOH

electrolyte

[203]

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
s
r/a

rtic
le

/7
/1

1
/1

6
6
7
/5

8
9
6
4
7
7
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



REVIEW Wu et al. 1681

Table 2. Continued.

Pore parameters Materials Methods Applications Performance Ref.

Micro–meso–

macropores

FeCo-N-C MOFs and polystyrene

sphere (PS) templating

Li-O2 ba�ery 18 750 mAh g−1 at

0.1 A g−1 , 7900 mAh g−1

at 0.5 A g−1

[204]

Micro–meso–

macropores

N-doped carbon CaCO3 spheres

template-induced

self-activation

Electric double

layer capacitors

6.2 and 14.4Wh kg−1

in 6MKOH and 5M

LiTFSI electrolyte,

respectively

[205]

Micro–meso–

macropores

Graphene Templating and CVD Li-S ba�ery 434 mAh g−1 a�er

150 cycles at 0.5 C

[206]

Micro–meso–

macropores

TiO2@carbon-

rGO

Electrospinning and

etching

Li-ion ba�ery 250.1 mAh g−1 at

0.1 A g−1 and remains a

capacity of

117.9 mAh g−1 at

2 A g−1

[207]

De�ned pore sizes

obeyedMurray’s law

ZnO Self-assembly Li-ion ba�ery 1260 mAh g−1 a�er

5000 cycles at 2.5 A g−1

[217]

Single gyroidal

shape

Carbon Co-assembly of block

copolymers

Li-S ba�ery 380 mAh g−1 a�er

100 cycles at 0.1 C

[218]

Double gyroidal

shape

Carbon Co-assembly of block

copolymers

Li-S ba�ery 400 mAh g−1 a�er

100 cycles at 0.1 C

[218]

Hexagonally packed

cylindrical shape

Carbon Co-assembly of block

copolymers

Li-S ba�ery 380 mAh g−1 a�er

100 cycles at 0.1 C

[218]

Cage-like shape Graphitic-carbon Self-assembly Li-S ba�ery 950 mAh g−1 a�er

100 cycles at 0.5 C,

729 mAh g−1 a�er

400 cycles at 1 C

[219]

Micro-mesopores

with ordered

mesopores

Carbon Self-assembly Supercapacitor 160 F g−1 in ionic liquid

electrolyte and 210 F g−1

in 1MH2SO4 aqueous

electrolyte at 0.25 A g−1

[159]

Meso-macropores

with ordered

macropores

TiO2 Colloidal crystal

templating

Li-ion ba�ery 144 mAh g−1 a�er

200 cycles at 1 C,

106 mAh g−1 a�er

200 cycles at 4 C

[181]

Bimodal mesopores

with disordered

pores

Mn2O3 Precipitation-

decomposition

Li-ion ba�ery 845 mAh g−1 a�er

50 cycles at

100 mAh g−1 ,

600 mAh g−1

a�er 100 cycles at

1000 mAh g−1

[132]

Meso–macropores

with disordered

pores

TiO2 Biomolecular

self-assembly

Li-ion ba�ery 186 mAh g−1 a�er

200 cycles at 1 C, 161,

145, 127 and 97mAh g−1

a�er 1000 cycles

at 2, 5, 10 and 20 C

[182]

Radially oriented

pores

TiO2 Solvothermal

alcoholysis route

Li-ion ba�ery 216 mAh g−1 a�er

100 cycles at 1 C,

112 mAh g−1 a�er

100 cycles at 10 C

[222]

Parallel pores Carbon Electrospinning Li-S ba�ery 950 mAh g−1 a�er

200 cycles at 0.2 C

[224]
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Figure 7. (a) SEM image, (b) N2 adsorption-desorption isotherms, the inset in (b) is the pore size distribution, (c) illustration of the mechanism of fast

electron transportation in the 3D bicontinuous hierarchically bimodal mesoporous Mn2O3 single crystals (BHP-Mn2O3-SCs) and (d) cycling performance

of BHP-Mn2O3-SCs (reproduced with permission [132], Copyright 2015, Macmillan Publishers Ltd.); (e) schematic diagram of synthesis route for the

incorporation of sulfur in bimodal mesoporous CMK-5 carbon, and (f) N2 adsorption-desorption isotherms and BJH pore size distribution plots of the

bimodal mesoporous CMK-5@SBA-15 host materials with different sulfur contents (reproduced with permission [137], Copyright 2018, American Chem-

ical Society); (g) TEM image of BMC, (h) pore size distribution of BMC and CoO@BMC, and (i) voltage pro�le of the �rst cycle for BMC, CoO, CoO@CMK-3

and CoO@BMC under a current density of 0.075 mA cm−2 (reproduced with permission [142], Copyright 2016, Elsevier Ltd.).

loading and suppress the shu�le e�ect, the structure
of porous carbon materials needs to be carefully de-
signed. Recently, bimodal mesoporous CMK-5 car-
bon [137] has been prepared as the conducting host
for active cathodes of sulfur. �eir small mesopores
con�ne polysul�des, reducing the shu�le e�ect,
while their larger mesopores facilitate the electro-
chemical kinetics (Fig. 7e and f). �is CMK-5 car-
bon with 53 wt% sulfur delivered an initial discharge
capacity as high as 1107 mAh g−1 because of its hi-
erarchical bimodal mesoporosity. Similar improve-
ments in performance were obtained from bimodal
mesoporous carbon foam and bimodal mesoporous
carbon nano�bers by introducing hierarchical
porous networks in the carbon matrix [138,141].

Moreover, the con�nement of various metal ox-
ides [142], metal nitrides [143], metal atoms [144]
and perovskites into bimodal mesoporous carbon
can be an e�ective strategy in producing stable cath-
ode electrocatalysts for Li-O2 ba�eries and zinc-air
ba�eries. For example, CoO has been con�ned into
two types of carbon materials with di�erent porous
structures [142], which are bimodal mesoporous
carbon (CoO@BMC) with hierarchical porosity
and CMK-3 carbon (CoO@CMK-3) with single
mesoporosity (Fig. 7g and h). Due to the larger spe-
ci�c surface areas o�ered by the unique hierarchical
bimodal mesoporous structure, the CoO@BMC
nanocomposite can e�ciently catalyze the de-
composition of Li2O2 and even some carbonates
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generated in the discharging process, presenting a
much higher initial capacity over 4000 mAh g−1

compared with pure BMC, pure CoO and
CoO@CMK-3 (3359 mAh g−1) (Fig. 7i). Lyu
et al. produced atomic Co catalysts stably implanted
in defective bimodal mesoporous CMK-3 carbon
(A-Co@CMK-3-D) for zinc-air ba�eries [144]. Its
hierarchically porous structure o�ers more bimodal
mesoporous channels with a speci�c surface area
as high as 1447 m2 g−1 guaranteeing the facile
in�ltration of the electrolyte and the di�usion of
oxygen bubbles for durable oxygen reduction re-
action (ORR), leading to e�cient electrochemical
performance on ORR in an alkaline electrolyte
with a half-wave potential (0.835 V vs. reversible
hydrogen electrode (RHE)), which is comparable
to that of Pt/C (0.839 V vs. RHE). In addition
to carbon-based materials, bimodal mesoporous
NiO [145] and silica [146] were also successfully
synthesized and used as active electrodes for high
performance supercapacitors due to the synergy ef-
fect of the di�erent mesopore sizes on the capacitive
properties.

Hierarchical porosity spanning two scale

levels
Pores with di�erent size range at di�erent scale
levels have di�erent functions. Micropores provide
the shape and size selectivity for guest ions and
molecules, mesopores o�er a large pore volume and
a high special surface area for enhancing the inter-
actions between host and guest, and macropores
can considerably improve the di�usion to, and the
accessibility of, the active sites for guest ions and
molecules. Although the hierarchy design within
a single scale level represented by bimodal meso-
porous structure can improve the electrochemical
performance of the materials to some extent, the
intrinsic properties of their large mesopores and
small mesopores are similar due to the fact that they
are at the same scale range. �erefore, it is more
desirable to fabricate porous materials with hier-
archical porosity spanning two scale levels, which
can combine the advantages of two di�erent types
of pores.

Hierarchically micro-mesoporous level. Due to the ex-
tremely slow mass transfer through micropores, it
is a promising way to introduce a mesoporous net-
work into microporous materials by using the prin-
ciple of hierarchical structure design, which can
eliminate the transport limitation [33] and thus
enhance their performance of energy storage. �e
synergistic e�ect of bimodal pore systems at dif-
ferent length scales is particularly bene�cial for su-
percapacitors, because the size of the micropores is

close to the diameter of ions resulting in optimum
energy storage performance, and the mesopores can
be used as quick ion channels to promote the ions
di�usion into the small micropores, thus achieving
high rate and power performance. Moreover, hier-
archical micro-mesoporous structures are also desir-
able in lithium-sulfur ba�eries [158], as the unique
porous structure can help to suppress the escape of
lithium polysul�des by micropores as well as facil-
itate the transport of Li+ ions and increase sulfur
loading via mesopores.

�rough a co-assembly method based on
the chemistry of polyhedral oligosilsesquioxanes
(POSS), the hierarchically micro-/mesoporous
carbons with quite uniform micropores and highly
ordered mesopores have been synthesized [159]
(Fig. 8a), and have a high speci�c surface area of
more than 2000 m2 g−1 with pore volume up to
1.19 cm3 g−1. �e micropores are narrowly cen-
tered at 1.1 nmand the high-quality honeycomb-like
hexagonal mesopores centered at 4 nm (Fig. 8b).
Bene�ting from the abundant microporosity and
mesoporosity, the materials can provide more
charge storage interfaces and shorter ion di�usion
paths, displaying excellent rate capability with
97% capacitance retention in 1 M H2SO4 at a
wide range current density from 0.25 to 10 A g−1

(Fig. 8c). MOFs derived carbon materials tend
to be mostly microporous; combining them with
carbon materials with rich mesoporous structure
such as graphene oxide (GO) nanosheets and
carbon nanotubes (CNTs) is an e�ective strategy
in constructing hierarchically micro-/mesoporous
materials for high performance supercapacitors
[160,161]. In such structures, the large mesopores
will serve as highways for the electrolyte to pene-
trate and evenly cover the electrode material, and
contact quickly with the micropores, enhancing the
power density and rate performance. It is worth
noting that the capacitance of such hierarchically
micro-mesoporous material is not always satisfying
owing to their relatively low surface area compared
to highly microporous material. In addition to
keeping the micro-mesoporous structure, material
modi�cation such as heteroatom doping [162,163]
and surface coating of conductive polymers [164],
which can generate additional pseudocapacitance
for enhancing the performance, can improve the
capacitance performance.

�e important role of micro-mesoporous hi-
erarchy is also widely revealed in lithium-sulfur
ba�eries [165–170] and lithium-selenium bat-
teries [171,172]. Zhao et al. [165] fabricated
root-like porous carbon nano�bers with bimodal
size distributions of meso- andmicropores narrowly
centered at 4.1 and 1.8 nm, respectively (Fig. 8d
and e).�emulti-scaled pores act as an e�cient host
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Figure 8. (a) Schematic diagram, (b) pore size distribution and (c) CV curves under different scan rates of the fabricated hierarchically micro-/mesoporous

carbons fabricated by co-assembly method (reproduced with permission [159], Copyright 2016, Elsevier Ltd.); (d) SEM image and cross-section (in-

set) of the hierarchically structured porous carbon nano�ber (HPCNF) prepared by a facile electrospinning method, (e) pore size distribution of

HPCNF, (f) rate performance of Li-S cells with S/HPCNF at different sulfur loading (reproduced with permission [165], Copyright 2018, Elsevier Ltd.);
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Figure 8. Continued. (g) schematic illustration of the synthesis process for the honeycomb-like hierarchical micro-mesoporous carbon nanospheres and

red P composite (HHPCNSs/P), (h) schematic illustration of the advantages of the HHPCNSs as the host of red P, and (i) long-term cyclic stability of the

HHPCNSs/P composite electrode for 1000 cycles at 2 and 5 A g−1 for SIBs, respectively (reproduced with permission [177], Copyright 2019, American

Chemical Society).

for the con�nement of large amounts of sulfur, and
accommodate the associated volume change and
reduce the escape of polysul�des during electro-
chemical cycling. �ese �nely fabricated root-like
micro-mesoporous carbon nano�bers allowed the
highest loading amount of sulfur so far reported,
up to 12.1 mg cm−2, and exhibited a high sulfur
utilization of >80% with a real capacity reaching to
11.3 mAh cm−2. Moreover, by rationally tuning the
ratio of micropores to mesopores, an optimum ca-
pability among Li-S ba�ery systems can be a�ained.
Because mesopores are more important for a high
cyclic retention, materials with a higher proportion
of mesoporous volume thus displayed a capacity up
to 1032 mAh g−1 and a high retention with decay
rate of 0.055% per cycle at a current density of 0.1 C
(Fig. 8f). In addition to the electrode material, the
modi�cationon separator is also an e�ectivemethod
in restraining the shu�le e�ect of polysul�de. Re-
cently, Shao et al. prepared a modi�ed separator
coated with a micro-/mesoporous nitrogen-doped
carbon layer (N-MIMEC) for Li-S ba�eries [166],
exhibiting excellent electrochemical behavior of
a high initial discharge capacity of 1301 mAh g−1

with 75% capacity retention a�er 100 cycles at
0.1 C. Because a N-MIMEC coated separator can
e�ectively suppress the shu�le e�ect of lithium
polysul�de (LiPS) during a long-cycle deeply
charging/discharging process, the ba�ery exhibited
a high capacity of 578mAh g−1 a�er 500 cycles with
a ultralow decay rate of only 0.029% per cycle even
at a high current density of 1 C. Li-Se systems and
Li-S systems have similar electrochemical processes,
which also face the challenges of polyselenide
dissolution during the cell operation.�e success of
the hierarchical porosity concept in lithium-sulfur
ba�eries highlights the advantage of using a micro-
/mesoporous hierarchy to overcome the problems
troubling to lithium-selenium ba�eries [173].

Recently, research on sodium-ion ba�eries is
booming because of their low cost due to the abun-
dant sodium resource. �e radius of sodium-ion
(1.02 Å) is 55% larger than that of lithium-ion
(0.76 Å); the graphite anode commonly applied in
commercial LIBs is thus not appropriate for SIBs.
Carbon materials with microporosity have been re-
ported to be promising anodes for sodium ion bat-
teries due to their relatively good electrical conduc-
tivity, chemical stability and low cost. However, the
capacity of these electrode materials needs to be

improved, since their microporous structures can-
not be fully utilized leading to slow ion transporta-
tion. It has been suggested that hierarchically micro-
/mesoporous structures can greatly enhance the
electrochemical properties of carbonaceous mate-
rials in SIBs or Na-Se ba�eries [174–176], mainly
due to the obtained abundant active sites and trans-
port channels and to the fact thatmicro-mesoporous
structures can store more sodium ions, provide fast
di�usion channels for ion transfer, and bu�er the
volume change during the repeated sodium-ion
storage process. �e hierarchical characteristic ad-
vantage of micro-mesoporous structures can also
be evidenced for loading active materials with high
theoretical capacity such as phosphorus and silicon
for sodium-ion ba�eries [177–179]. For example,
porous carbon nanospheres with hierarchical poros-
ity (HHPCNSs)ofmicro-mesopores andultra-large
pore volume of 3.258 cm3 g−1 have been synthe-
sized and used for encapsulation of red phospho-
rus to prepare HHPCNSs/P composite by a facile
vaporization-condensation method [177] (Fig. 8g
and h). �e obtained composite electrode deliv-
ers a capacity reaching up to 1674.8 mAh g−1 af-
ter 100 cycles at 0.5 A g−1 and an excellent long
cycling stability with a low capacity decay rate of
0.02% per cycle a�er 1000 cycles at 5 A g−1 for
SIBs (Fig. 8i). �e unique honeycomb-like hierar-
chically micro-mesoporous nanostructure possess-
ing ultra-large pore volume can not only increase
electrode-electrolyte contact areas, but also accel-
erate Na+ migration to improve capacity and rate
performance. �ere is also a large space to accom-
modate the huge volume variation of red P during
charge-discharge process, which exhibits excellent
electrochemical properties. As shown in Fig. 8h, the
mesopores provide ultra-large pore volume for ac-
commodating red P volume change, while the mi-
cropores o�er abundant void space for electrolyte
ions di�usion and accessibility to red P.

Hierarchically meso-macroporous level. Generally,
mesoporous materials having a pore structure
of thin pore walls (<20 nm) and short channels
(<100 nm), are very suitable for energy storage
systems due to the shortened transport length of
ions and electrons. However, mesoporous materials
su�er from the limited di�usibility due to con�ned
nano-channels. Incorporation of macropores in
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mesoporous materials can combine merits from
both the mesoporous and macroporous structures.
Compared with mesoporous materials with single-
sized porosity, hierarchically meso-macroporous
structures with interconnected channels have
enhanced properties because of the increased mass
transport through the material and the maintenance
of a speci�c surface area on the level of �ne pore
systems [38,180], making them ideal candidates for
energy storage [181–184].

Nickel foam (NF) has a 3D interconnected
macroporous network with good electrical con-
ductivity. Growing mesoporous materials on nickel
foam is very promising for the synthesis of hierar-
chically meso-macroporous materials [185–187].
�rough the self-assembly of nanosized NiO on a
macroporous conductive network of nickel foam, a
binder-free hierarchically meso-macroporous elec-
trode has been prepared, as anode for lithium-ion
ba�ery, showing supercapacitor-like electro-
chemical behavior and high performance [185]
(Fig. 9a). �e mesopores with a narrow mean size
of 7 nm can favor the quick di�usion of ions and
enhance the reaction kinetics, while the macropores
of NF interconnecting with mesopores provide fast
channels for the in�ltration of active electrodes by
electrolyte (Fig. 9b). Such hierarchically intercon-
nected meso-macroporous electrode architecture
has an electrolyte-�lled conductive network, which
facilitates rapid ion transfer at electrode/electrolyte
interface and fast ion di�usion in solid phase. Taking
advantage of this structure, the hierarchically meso-
macroporous NiO/NF electrode displays high
rate performance similar to that of supercapacitor
while maintaining the high energy density of a
lithium-ion ba�ery during charge/discharge pro-
cess. Remarkably, at a very high current density of
50 A g−1, it still delivers a high reversible capacity of
more than 500 mAh g−1, showing superior cycling
stability and excellent rate capability. Similarly,
Qiu et al. prepared mesoporous nanocone forests
of ZnCo2O4/MnO2 [186] (Fig. 9c–e) and nan-
otrees constructed by CuCo2O4 trunks and NiO
branches on macroporous substrate of 3D nickel
foam [187]. Due to the unique 3D hierarchical
meso-macroporous networks, these two compos-
ite electrodes exhibit excellent performance as
supercapacitors.

Metal oxides etching method is also a common
approach for preparing macroporous materials
as described in the second section [188–191].
�rough co-electrospinning of polymer/SiO2

blended solution followed by pyrolysis and SiO2

removal processes (Fig. 9f), Fan et al. [188]
synthesized hierarchically meso-macroporous
nitrogen-enriched carbon �ber (NCF). Such NCF

exhibits a thin carbon layer morphology and in-
terconnected meso-macroporous nanostructure
(Fig. 9g). Bene�ting from the shortened ion dif-
fusion path, it displays high pseudocapacitance
(242 F g−1), fast rate-responses and stable cycling
lifetime(99%of initial capacitance a�er5000cycles)
coupled with purely capacitive behaviors (Fig. 9h).

Metal-organic frameworks formed by self-
assembly of organic ligands and metal ions or
clusters via coordination bonds are a new type of
functional inorganic-organic hybrid material with
high intramolecular porosity, large surface area and
tunable pore structure, and can be used as templates
to fabricate hierarchically meso-macroporous
materials [192,193]. Xiu et al. reported a facile
and mild approach to fabricate anatase TiO2 with
hierarchically bimodalmeso-macroporous structure
via the hydrolysis of Ti-based MOF of MIL-125
followed by a heat treatment process in air [193]
(Fig. 9i). �e obtained material presented excellent
rate capability (Fig. 9j) and good long-term cycling
stability with a low capacity loss of only 6.5% at a
high current density of 5 C a�er 200 cycles. �is
result can be a�ributed to its special hierarchically
structured porous nanoarchitecture, which provides
shorter di�usion lengths for both electron and Li+

transport and larger electrode-electrolyte contact
areas.

Hierarchically micro-macroporous level. Microporous
structure generally provides active reaction centers,
whereas macroporous structure o�ers a fast path-
way for mass transportation, making hierarchically
micro-macroporous material a popular kind of
bimodal porous structured material [194], for
example, microporous zeolite materials containing
additional macroporosity, which increases the
transport e�ciency of reactants, intermediates
and products in the application of heterogeneous
catalysis. �is leads to a superior selectivity and
activity as well as an increased stability of these
catalysts compared to conventional systems [28].
Besides the catalysis application, the matching of
these two porosities can also bring advantage for
energy storage application. Recently, by using silica
high-internal-phase emulsion (Si(HIPEs)) foams as
hard exotemplatingmatrices, carbonmonolithswith
interconnected micro-macroporosity are prepared,
showing a high speci�c surface area of∼600m2 g−1

[195] (Fig. 10a and b). �e large macropores
allow electrolyte to easily di�use into the depths of
the electrode material, facilitating the fast transport
of conductive ions, while their abundantmicropores
contribute to a large speci�c surface area and a high
reaction activity. As anode for lithium-ion ba�eries,
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Figure 9. (a) SEM image, TEM image and cycling performance of the hierarchically meso-macroporous NiO/NF electrode, and (b) illustration of the

Li-ion transfer in the electrolyte/electrode and electron conduction in the electrode (reproduced with permission [185], Copyright 2015, Elsevier Ltd.);

(c) schematic diagram and (d) SEM image of the ZnCo2O4/MnO2 composite nanocone forests (NCFs) with a hierarchical core/shell structure, and (e)

schematic representation of rechargeable supercapacitor based on ZnCo2O4/MnO2 NCFs on Ni foam (reproduced with permission [186], Copyright 2014,

Elsevier Ltd.); (f) fabrication schematic presentation, (g) TEM image and (h) cycling performance of meso-macroporous nitrogen-enriched carbon �ber

(reproduced with permission [188], Copyright 2016, Elsevier Ltd.); (i) schematic illustration of the formation mechanism and (j) rate performance of the

hierarchically meso-/macroporous TiO2 (HPT) (reproduced with permission [193], Copyright 2015, Royal Society of Chemistry).

it shows a good cyclability, in spite of initial irre-
versibility. At a current density of 0.1 C, a stable
capacity of 200 mAh g−1 is obtained during the �rst
50 cycles.

�e small pore size of the microporous mate-
rials has a strong physical con�nement e�ect to
reduce the shu�le e�ect of polysul�de, however,
they su�er from an extremely slow mass transfer
process. Hierarchically micro-macroporous materi-
als can e�ectively suppress the shu�le e�ect while
greatly enhancing the electrochemical properties of
lithium-sulfur ba�eries. Wang et al. [196] prepared
hierarchically micro-macroporous carbon materials

with large speci�c surface areas from co�on
(Fig. 10c and d). �e macroporous structure of
this carbon o�ers plenty of accessible channels
which facilitates the sulfur loading into micro-
pores and enhances fast transport of electrolyte
and electrons/ions. Micropores in the structure
trap polysul�des to suppress the shu�le e�ect
during cycling. �erefore, the carbon/S composite
electrode presents a high reversible capacity of
760 mAh g−1 a�er 200 cycles at 0.2 C as well as
an excellent rate performance (Fig. 10e). Another
activated hierarchically porous carbon has been
obtained by means of chemical activation of waste
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Figure 10. (a) Schematic illustration of the hard templating process for hierarchically micro-/macroporous carbonaceous

monolith and (b) SEM micrograph of the resulting carbon material (reproduced with permission [195], Copyright 2009, Wiley-

VCH); (c) SEM images of raw cotton, (d) SEM image of KOH treated hierarchically micro-/macroporous carbon (PC-K) from

cotton and (e) cycling performance of the fabricated hierarchically porous carbon at 0.2 C for Li-S battery (reproduced with

permission [196], Copyright 2014, Royal Society of Chemistry).

mandarin peels with potassium carbonate [197].
�e unique sponge-like micro-macroporous struc-
ture can be traced back to the original �brous
structure of the biomass sample. �e material
appeared to be very e�ective as a conducting com-
ponent of the sulfur cathode, enabling the trapping
of sulfur and intermediate polysul�des within the
carbon network, thus contributing to a very high
initial capacity and good cycling stability.

Hierarchical porosity spanning three

scale levels
Given the short iondi�usiondistances to the interior
surfaces of macroporous materials, the low resistant
pathways for the ions through the porous particles
of mesoporous ones and the high electrochemical
activity of microporous ones, hierarchically micro-
meso-macroporous materials spanning three scale
levels are regarded as being highly suited for electro-
chemical energy storage application, owing to their
triple overlap advantages.

Recently, economical, green and abundant
biomass precursors have been widely utilized as
resources to fabricate hierarchically micro-meso-
macroporous electrode materials, due to their
natural and rich porous structure [198–201].
Shen et al. [198] prepared a hierarchically porous
carbon skeleton (HPCS) by using water-soluble
starch as carbon source (Fig. 11a and b). As a
novel cathode nanostructure for Li-O2 ba�eries
(LOBs), the air electrode consisting of HPCS can
not only provide multiple interconnected channels
(micro-, meso- and macroporous channels) for

rapid electrolyte penetration and mass transfer
(O2 and Li+) as well as abundant active sites for
tri-phase interface reactions, but also o�er su�cient
storage space for insoluble discharge products.
�us, LOBs with HPCS catalysts exhibited high
discharge capacities and good rate performance
(Fig. 11c). Employing a KOH activation process
to a bio-templating method, the hierarchically
porous carbons (HPCs) were also fabricated, in
which crab shells and rice husks were selected as
carbon source [199] (Fig. 11d). �e as-fabricated
HPCs exhibit highly interconnected hierarchical
micro-meso-macroporosity. �is unique archi-
tecture gives them a large speci�c surface area,
which facilitates electrode/ion transport and o�ers
abundant active reaction sites. Using 6 M KOH
as electrolyte, the resulting HPCs show superior
performance for supercapacitors with a high ca-
pacitance (474 F g−1) and excellent cyclic stability
(retention of 95.6% a�er 20 000 cycles) (Fig. 11e).
Additionally, used as anode materials for LIBs,
a high speci�c capacity and good cyclic stability
are also obtained from HPCs. Similarly, Huang
et al. [200] reported a hierarchically porous carbon
prepared by using natural Indicalamus leaves and
polytetra�uoroethylene as carbon precursor and
silica as hard template, respectively. �e size of
micropores is mainly centered at ∼0.7 and 1.3 nm.
Mesopores show a maximum pore size distribution
peak at 34 nm, and macropores range from 50 to
100 nm. �e unique 3D interconnected porous
networks guarantee rapid ion transfer/di�usion and
provide highly e�ective electrochemically accessible
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Figure 11. (a) Schematic illustration of the fabrication process of hierarchically porous carbon skeleton (HPCS) by using water-soluble starch as carbon

source, (b) SEM image of HPCS and (c) rate capability of IrCo@HPCS cathodes (reproduced with permission [198], Copyright 2019, Royal Society of

Chemistry); (d) schematic diagram of the fabrication process for hierarchically structured porous carbons (HPCs) derived from mixed biowastes of crab

shells and rice husks and (e) rate dependent CV curves of the as-resulted porous carbons in three-electrode system (reproduced with permission [199],

Copyright 2019, American Chemical Society); (f) scheme of the charge process of HPC-based aqueous symmetrical supercapacitor (reproduced with

permission [200], Copyright 2017, Elsevier Ltd.); (g) TEM image of hollow carbon spheres encapsulated in one carbonaceous nanotube (HCSs@CT),

(h) transport mechanism of electrons and ions and (i) cycling life test of HCSs@CT (reproduced with permission [203], Copyright 2018, Wiley-VCH);

(j) illustration of the hierarchically micro-meso-macro porous graphene material used as the cathode scaffolds of Li-S battery (reproduced with permis-

sion [206], Copyright 2016, Wiley-VCH).

surface areas for formation of electric double layer
(Fig. 11f). Bene�ting from this valuable hierarchical
porous structure, the obtained HPC demonstrates
exceptional a�ractive electrochemical performances
when used as the electrode of aqueous symmetrical
supercapacitors.

�rough carbonization of organic compounds
and metal organic frameworks, it can be easy to
produce hierarchically micro-/mesoporous materi-
als. Combined with the hard templating method, a
macroporous network can be introduced into the

materials [202–205]. Zhang et al. designed a porous
carbon microsphere with hollow cores and hierar-
chically micro-meso-macroporous shells through
co-assembly of melamine-formaldehyde resin (MF)
and colloidal SiO2 spheres followed by a two-step
carbonization and template-removal process [202].
Due to the synergistic e�ect of the interconnected
micro-, meso- and macropore structure, the ob-
tained electrode materials could e�ectively improve
the electro-active surface area and enhance the
ion di�usion as well as electron transport. As ideal
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electrodematerials for supercapacitors, they showed
a high speci�c capacitance (200 F g−1 at 0.5 A g−1)
as well as enhanced rate performance (132 F g−1 at
20Ag−1). Encapsulatinghollowcarbon spheres into
one-dimensional nanotube (HCSs@CT), a novel
spheres-in-tube hierarchical architecture has been
constructed by Chen et al. [203] (Fig. 11g). In their
design, the SiO2@ anodic aluminum oxide (AAO)
dual template was prepared by assembling SiO2

nanoparticles inAAOchannels used to coat polypyr-
role (PPy) which was then carbonized and �nally
removed to form HCSs@CT.�e pyrolysis process
of PPy was studied, and the micro/mesopores
with a size from 0.81 to 15 nm were obtained. In
addition, meso/macropores from 20 to 100 nm
were obtained mainly due to the removal of SiO2

templates. �is interesting nanostructure combines
the advantages of large speci�c surface area and
good hierarchically micro-meso-macro porosity.
�eir synergy facilitates the di�usion of electrons
and ions (Fig. 11h). �erefore, the resulting
HCSs@CTs exhibit remarkable properties as active
electrodes for supercapacitors (Fig. 11i). Chao et al.
[204] prepared Fe/Co nanoparticles decorated 3D
hierarchically micro-meso-macroporous carbon
composites (M-FeCo-N-C-X) derived from FeCo
bimetallic MOF as precursor and polystyrene
microspheres (PS) as template. As cathode catalysts
for Li-O2 ba�eries, the micropores in M-FeCo-
N-C-X have strong capability in O2 capture and
dictate the nucleation and early-stage deposition
of Li2O2. �e mesopores provide channels for
the electrolyte penetration, and the macroporous
structure promotes more accessible active sites.
�us, the obtained cathode exhibits a high initial
capacity (18 750 mAh g−1@0.1 A g−1), good rate
capability (7900 mAh g−1@0.5 A g−1) and a long
cycling life of 192 cycles.

Besides hierarchically porous carbon spheres,
hierarchically porous graphenes are also promis-
ing candidates for various energy storage systems
[206,207]. Adopting porous CaO particles as both
the catalyst and template for the CVD growth of
graphene, a hierarchically porous graphene mate-
rial was simply prepared [206]. �e obtained mate-
rial has hierarchicalmicro-meso-macroporositywith
in-plane micropores, wrinkled mesopores and strut-
ted macropores, thereby resulting in rapid mass
transport and short ion di�usion distance due to
the synergistic e�ect of pores at di�erent length
scales (Fig. 11j). As cathode material for Li-S bat-
tery, it delivers a reversible capacity of more than
650 mAh g−1 at a high current density of 5 C, which
accounts for 74% of the capacity at 0.1 C, showing
excellent rate capability. Also, this material displays
high coulombic e�ciency and exceptional cycling

stability, it is thus proved to be a favorable host ma-
terial for lithium-sulfur ba�eries.

Size scale of the pores

For hierarchically structured porous materials, pore
size is a very important parameter. �e pore size af-
fects the speci�c surface area and the e�ciencyof ion
and electron transport, thus ultimately determining
the electrochemical properties of thematerial. Espe-
cially for Li-S ba�eries, the pore size is of great sig-
ni�cance in suppressing shu�le e�ect and increasing
sulfur loading. In addition, the pore size, especially
the size ofmicropores, plays an important role in im-
proving the performance of supercapacitors. �ere
are pores within di�erent scale levels in hierarchi-
cally structured porous materials, so when consider-
ing the size of pores, we should not only look at the
size of pores within a certain size range, but also con-
sider thematching problemof the size of pores range
fromdi�erent scale levels. It is still a big challenge for
materials to achieve high performance by accurately
matching the aperture sizes of pores among di�erent
size ranges. Most of the researches on size matching
of pores within di�erent scale levels are still in the
stageof qualitative description,while the researchon
quantitativematchingof pore sizes range frommicro
to macro of hierarchically structured porous materi-
als is just beginning.

Individual effects of pore size at different

single length scales
�e pores in materials are the channels for mass
transfer, providing the sites where the reaction takes
place. Depending on pore size, the con�nement
e�ect could be variable. As one of the key param-
eters, the size of the pores signi�cantly a�ects the
materials’ properties. For hierarchically porous ma-
terials, the synergy e�ect between pores at di�erent
size-scale levels is crucial in in�uencing the perfor-
mance. However, this requires a prerequisite of an
understanding of the ‘size-performance relation-
ship’ within a single scale. Generally, the micropore
is the terminal of substance transport and the active
center of reaction, and thus its size e�ect a�racts
large a�ention. With carbide-derived carbons as the
object of research, Chmiola et al. investigated the
e�ect of pore size of micropores on the capacitance
of supercapacitors [208]. �ey prepared a series of
micropores with di�erent average sizes ranging from
0.6 to 2 nm. In order to eliminate the in�uence of a
speci�c surface area, the capacitance is normalized.
�e results show that the capacitance increases with
thedecrease ofmicropore sizewhen it is smaller than
1 nm due to the squeezed distortion of the solvated
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REVIEW Wu et al. 1691

Figure 12. (a) Diagram of the relationship between the size of micropores and the capacitive performance (reproduced with permission [208], Copyright

2006, American Association for the Advancement of Science); (b) pore size distribution of hierarchically micro-mesoporous carbon materials prepared

under different temperatures and (c) their rate capacitive performance at different current density (reproduced with permission [209], Copyright 2017,

Elsevier Ltd.).

ions in the process of passing through narrow pores
(Fig. 12a). �ese �ndings provide a new theoretical
guidance to the pore structure design for porous
carbon materials. Indeed, reducing the micropore
sizewill appropriately be bene�cial for the electronic
devices seeking high energy density. In particular,
micropores as reservoirs for active materials in Li-S
andLi-Se ba�eries determine the phasemorphology
of sulfur or selenium and the atom numbers of their
molecular chain, which will a�ect the electrochem-
ical behavior of electrode materials. Meanwhile,
by reducing the size of micropores, a be�er e�ect
of inhibiting the shu�le of polysul�des will be
achieved. In hierarchically micro-mesoporous
materials, the outlets of micropores lead to meso-
pores. �erefore, the size of mesopores also has an
important in�uence on the properties of materials.
Hierarchically micro-mesoporous carbons with
di�erent mesoporous sizes were prepared by Yang
et al. through tuning the synthesis temperature
[209]. Compared with the materials prepared
at 600◦C, which have an average pore size of
2.2 nm, porous carbons prepared at 800◦C have a
larger mesoporous size of 3.2 nm (Fig. 12b) that
is bene�cial to the penetration of electrolyte and
the migration of ions. �is �nally leads to be�er

capacitive rate performance (Fig. 12c). In this sense,
it is highly desirable to design materials with nar-
row micropores and relatively large mesopores for
improving both energy and power properties. With
similar mesopore size among di�erent materials, the
in�uence of mesoporous proportion becomes obvi-
ous; materials with a high ratio of mesopores exhibit
be�er power characteristics due to their fast ion mi-
gration rate. In electrodematerials,macropores have
similar functions with mesopores, which also facili-
tate electrolyte in�ltration andmass transfer, but rel-
atively speaking, the change of macropore size has
li�le e�ect on the properties ofmaterials. Namely, in
most of the research of hierarchically macroporous
materials, not the size e�ect but the synergy e�ect is
the main concern.

Hierarchy principle on quantitative matching

pore sizes across multiple length scales
A variety of organisms in nature have naturally
evolved into special formswith hierarchically porous
architectures in order to achieve e�ciency and
exchange, in which the pore sizes are regularly
organized across multiple scales [210,211]. By
studying the mass transfer behavior of living
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organisms, a principle named as Murray’s law
has been proposed, which describes a condition
under which an entire natural porous network
connected within a �nite volume can minimize
the transport resistance of all pores and ensure
�uent transfer throughout the whole network
[212–215]. For example, in order to optimize
the transfer and exchange of nutrients and wa-
ter to enhance photosynthesis, the quantitative
matching of stem diameters of a plant from
macro to micro levels is strictly governed by
Murray’s law [216]. �e applications of inorganic
materials are o�en restricted by their lowmass trans-
fer e�ciency. How to design and develop materials
with high transport rate has always been a problem.
Although Murray’s law was discovered practically
one hundred years ago to reveal e�cient di�usion in
nature, noonehas yet used it to design advancedma-
terials to maximize mass transfer for improving the
performance and process e�ciency of materials. By
introducing the law of mass conservation into Mur-
ray’s principle, our group [217] creatively deduced
the generalized Murray’s law involving mass varia-

tion: r α
0 = 1

1−X

∑
N

i = 1 r
α
i
(r0 is the radius of parent

pore, ri is the radius of child pore, N is the numbers
of pores, X is the ratio of mass variation during mass
transfer, and the exponent α (2 or 3) is dependent
on the types of the transfer). �is law gives a strict
mathematical relationship for the aperturematching
of pore sizes between di�erent scale levels. Follow-
ing this generalized Murray principle and using a
bo�om-up approach, a novel hierarchical porous
ZnO Murray material has been designed and syn-
thesized (Fig. 13a and b). �eir hierarchical macro-
meso-microporosity as the system observed in nat-
ural vascularized materials is topographically highly
interconnected, with the diameter of micropores,
mesopores andmacropores around∼1nm,∼18nm
and ∼1000 nm, respectively (Fig. 13c–f). Because
their pore sizes, ranging frommicro to macro levels,
�t the generalized Murray law, in the process that
depends heavily on mass di�usion or ion transport
the hierarchically porous ZnOMurray materials are
considered as potential medium for various applica-
tions. Indeed, this kind of hierarchical ZnOMurray
material with three-level porosity exhibits a high
reversible capacity of 870 mAh g−1, even at the ex-
tremely high current density of 20 A g−1 (Fig. 13g).
Moreover, excellent long-life cycling stability is
also gained from these hierarchical ZnO Murray
materials with a reversible capacity of 1260mAh g−1

at a current density of 2.5 A g−1 over 5000 cycles
(Fig. 13h), which is more than 25 times higher
than that of state-of-the-art graphite. Although few
new Murray materials have been reported, accurate
design and quantitative matching of pore size for

hierarchically structured porous materials will
greatly improve their electrochemical properties. It
can be predicted that this strategy can be applied to
various porous materials and has broad prospects
for energy, environment and medicine applications.

Geometric con�guration of the pores

�e geometric con�guration of pores is also a key
factor that a�ects the properties of hierarchically
structured porous materials.�e geometric con�gu-
ration of pores involves a wide range of areas, mainly
including the shape of pores, the arrangement of
pores and the orientation of pores, and so on. �e
shapes of the pores are various, the arrangement of
the pores can be divided into ordered pores and
disordered pores, and the orientation of the pores
can be centrally divergent or have parallel/vertical
alignment. In this part, since there is not enough re-
search that can lead to ade�ned conclusiononwhich
geometric con�guration of hierarchically structured
porousmaterials can performbe�er electrochemical
properties, we will thus evaluate the electrochemi-
cal behavior of hierarchically structured porous ma-
terials with di�erent geometries to provide guidance
and also to draw more research a�ention for the
structural design of hierarchically structured porous
materials used in energy storage applications.

Shape of the pores
In the �eld of energy storage, the structural char-
acteristics and the shapes of pores have an im-
portant in�uence on the performance of hierarchi-
cally structured porous materials. To understand
these correlations, precise and smart synthetic con-
trol over the morphology of the pores is urgently
required. �rough a templating method with sim-
ply changing the ratios of copolymers to precursors,
Werner et al. [218] synthesized a series of hierarchi-
cally micro/mesoporous carbon materials with sin-
gle gyroidal mesopores, double gyroidal mesopores
and hexagonally packed cylindrical mesopores, re-
spectively (Fig. 14a). At a charge-discharge rate
of 0.1 C, micro/mesoporous carbon hosts for sul-
fur with the above three structures were tested
to evaluate their ability to trap polysul�des. De-
spite obvious di�erences in pore shape and vol-
ume between the hexagonally packed cylindrical
carbon and the gyroidal carbons, all carbon hosts
show very similar and poor performance over cy-
cling with a relatively low initial capacity and rapid
capacity fade. �is is mainly due to the fact that
these three kinds of carbon hosts, although they
have di�erent pore shapes, contain open pore chan-
nels, which is not conducive to restricting the
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REVIEW Wu et al. 1693

Figure 13. (a) Hierarchically structured porous network model abstracted from hierarchically macro-meso-microporous materials; (b) schematic diagram

of the macro-meso-microporous ZnO Murray materials with de�ned pore size following the generalized Murray’s law; (c) HRTEM image of microporous

ZnO NPs, (d) SEM image, (e) TEM image and (f) pore size distribution curves for macropres, mesopores and micropores; (g) rate performance and (h)

cycling performance of the fabricated ZnO Murray material (reproduced with permission [217], Copyright 2017, Macmillan Publishers Ltd.).
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shu�le e�ect of polysul�des. �erefore, some
hierarchically structured porous materials with
speci�c closed or partially closed pore shapes could
be advantageous, such as funnel-like pores, cage-like
pores and bo�leneck pores [219,220]. For example,
Yu et al. prepared porous graphitic-carbon
frameworks (MGFs) with hierarchical micro-
mesoporosity derived from ordered superla�ices
by the self-assembly of Fe3O4 nanoparticles, which
have half-closed cage-like mesoporous architectures
interconnected by microporous openings on their
pore walls [219] (Fig. 14b).With special pore shape
and advantageous structural features, the cage-like
mesoporous ‘houses’ e�ciently trap sulfur and sup-
press the di�usion of polysul�des while the microp-
orous ‘windows’ ensure rapid electron and lithium-
ion transport.�us the as-fabricated S@MGFs show
excellent electrochemical properties in discharge
capacity, rate performance and cycle stability for
Li-S ba�eries.�e structure also demonstrates good
performance for LIBs owing to the opened pore
shape. By template-assisted one-pot spray pyrolysis,
Ko et al. [221] preparedMoO2-C porousmicroballs
with ant-cave-shaped macroporosity. Macroporous
channels this shape are well interconnected and pro-
vide plenty of accessible pathways, facilitating the
penetration of electrolyte and allowing an e�cient
electron/ion transport. As anode for LIBs, it thus
exhibits superior electrochemical performances.

�e shape of the pores not only a�ects the
performance of the electrode material, but also
can provide ideas for the design of the pore
structure of the separator in the ba�eries. At
present, the modi�cation of separators is mainly by
surface coating methods. We believe that the per-
formance of lithium-sulfur ba�eries can be greatly
improved by preparing separators with wedge-
shaped or funnel-shaped pores based on the design
of the pore structure; because the pore sizes of the
two sides of the separators are not the same, the side
with the smaller pore size can e�ectively inhibit the
polysul�de transport to the lithium anode without
a�ecting the normal transport of lithium ions.

Arrangement of the pores
�e arrangement of the pores can be divided into
ordered pores and disordered pores. �ese two ar-
rangement forms are both useful in energy appli-
cations. Recently, a block copolymers-assisted self-
assembly method has been reported to synthesize
hierarchically micro-mesoporous carbons, in which
the hybrid molecule of polyhedral oligosilsesquiox-
anes (POSS) uses as self-template and the triblock
copolymers of PEO-PPO-PEO act as so� templates
[159]. �e obtained carbon materials have uniform

micropores and highly orderedmesopores (Fig. 14c
and d). �eir highly ordered mesoporous structure
facilitates the rapid transport of ions into tiny mi-
cropores, resulting in superior power properties. It
is con�rmed by experimental data that the hierarchi-
cally porous carbon sample with an ordered hexag-
onal mesostructure displays a high rate capability
with 94% of capacitance retention in ionic liquid
electrolyte when the current density changes from
0.25 to 10 A g−1 (Fig. 14e). 3D hierarchically bi-
modal mesoporous Mn2O3 single crystals (Mn2O3

SCs) with highly interconnected porosity via the
thermal decomposition of MnCO3 precursors have
been successfully synthesized [132]. Although the
arrangement of mesopores is disordered (Fig. 14f
and g), they exhibit a bicontinuous and intercon-
nected framework, thus also resulting in enhanced
electrochemical properties for LIBs because this ar-
chitecture can o�er abundant active sites for the
lithiation/delithiation reaction and facilitate lithium
ion di�usion.

Orientation of the pores
�e orientation of the pores determines the path
of mass transport and electrons/ions di�usion.
�e radially oriented pore channels can e�ectively
facilitate ions and electrolyte molecular transport
from the surface of thematerial to the interior, which
has a good prospect in the �eld of energy stor-
age. �e hierarchically porous TiO2 hollow micro-
spheres were one-pot facilely prepared by a �uorine-
free solvothermal method [222]. �e shells of the
hollow spheres are formed by the radial assembly of
nanorod chains, resulting in a large series of straight
centrally divergent channels along nanorod chains
(Fig. 14h). Such straight radially orientednanochan-
nels are highly desirable for lithium ion ba�eries
because such orientation of the pores can facilitate
the di�usion of electron/ion and bu�er the vol-
ume change during the change/discharge process
(Fig. 14i). �e obtained TiO2 anode materials with
such orientation of the pores demonstrates excellent
Li+ storage capacity with exceptional cycle perfor-
mance (a high reversible capacity of 216 mAh g−1

a�er 100 cycles at 1 C) and superior rate capa-
bility (a reversible capacity of 112 mAh g−1 a�er
100 cycles at 10 C). In addition, the hierarchically
meso-macroporous carbon materials with parallel
macrochannels were prepared [223]. Such channel-
oriented structure is very suitable for separation and
puri�cation processes. Learning from this, parallel-
oriented pore structures also have potential advan-
tage in energy storage applications. Li et al. de-
signed and developed a ‘pie’ structured electrode
constructed by 3D interconnected lotus root-like
multichannel carbon (LRC)nano�bers [224]; there

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
s
r/a

rtic
le

/7
/1

1
/1

6
6
7
/5

8
9
6
4
7
7
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



REVIEW Wu et al. 1695

(a)

(e)

(h) (j)

(l)

(k)

(i)

(b) (c) (d)

5 mV s-1

20 mV s-1

100 mV s-1

200 mV s-1

HMC

200

150
100

50

0

-50
-100

-150

-200S
pe

ci
fic

 c
ap

ac
ita

nc
e 

(F
 g

-1
)

-2        -1         0         1          2

Voltage

(f) (g)

1500

1200

900

600

300

0

S
p

e
c
if
ic

 c
a

p
a

c
it
y

(m
A

h
 g

–
1
)

0 50

S loading: 3.6 mg cm–2

100

Charge

Discharge

Cycle number

150 200

LRC/S

500 nm 200 nm

Figure 14. (a) Schematic diagram of carbon-sulfur composites from cylindrical, sin-

gle gyroidal and double gyroidal porous carbon network (reproduced with permission

[218], Copyright 2015, American Chemical Society); (b) TEM image of graphitic-carbon

frameworks with cage-like mesoporosity (reproducedwith permission [219], Copyright

2017, Springer); (c) TEM image, (d) high-resolution TEM images of hierarchically struc-

tured porous carbons with ordered mesoporosity and (e) CV curves of the fabricated

carbon materials in neat ionic liquid EMIMBF4 electrolyte with a two-electrode sys-

tem (reproduced with permission [159], Copyright 2016, Elsevier Ltd.); (f) low mag-

ni�cation SEM image and (g) high magni�cation SEM image of hierarchical porous

Mn2O3 with disordered porosity (reproduced with permission [132], Copyright 2015,

Macmillan Publishers Ltd.); (h) SEM image and (i) Li+ transport mechanism of hier-

archically porous TiO2 hollow microspheres with radially oriented nanochannels (re-

produced with permission [222], Copyright 2015, Elsevier Ltd.); (j) SEM image and (k)

TEM image of the hierarchical porous carbon nano�bers with parallel channels, and (l)

cycling performance of the fabricated carbon nano�bers (reproduced with permission

[224], Copyright 2015, Macmillan Publishers Ltd.).

are many highly parallel channels in each nano�ber
(Fig. 14j and k). Compared to disordered porous
structures, the highly parallel channels form excel-
lent conductive skeletons at the nanoscale, provid-
ing e�ective electron/ion accessibility. Each channel
within the LRC nano�bers acts as a nanoscale elec-
trochemical reaction chamber, resulting in a more
complete redox of the active materials, due to the
close contact between restricted sulfur and interme-
diate lithium sul�de, delivering a high speci�c capac-
ity of 1314 mAh g−1 (equivalent to areal capacity of
4.7 mAh cm−2) at 0.1 C (equivalent to areal current
density of 0.6 mA cm−2) as well as excellent cycling
stability (Fig. 14l).

In this section, the e�ect of organizational, struc-
tural and geometric parameters of a pore in hier-
archically structured porous materials on their en-
ergy storage performance has been discussed and
is clearly evidenced. For the sake of clarity, a large
series of hierarchically structured porous materials
with di�erent porous hierarchy, di�erent pore pa-
rameters and di�erent chemical compositions are
compared in Table 2 in energy storage application.
�eir performance andpreparationmethods are also
given. �is table can give a �rst guide to readers
when selectingmaterials for a speci�c energy storage
application.

SUMMARY AND PROSPECTS

�e progress and successes in synthesis of hierar-
chically structured porous materials have rendered
it possible to tune their di�usion behavior and
chemical kinetics. �ese superiorities in turn have
stimulated the exploitation of various energy storage
materials and devices. With the development of
economy and society, high-performance energy
storage materials and devices with high energy and
power densities, long lifetime and excellent stability
are signi�cantly required. As a kind of biomimetic
material, the hierarchically structured porous ma-
terials possess inherent structural advantages that
follow the laws of nature, showing extraordinary
potential in the �eld of energy storage. In particular,
by adjusting and designing the parameters of pores,
such as number of the scale levels, size of the pores
and geometric con�guration of the pores, the trans-
fer e�ciency of materials and ions/electrons can
be maximized, and the electrochemical properties
of the materials can be brought into the optimal
status. Synergy e�ect from hierarchical porosity
across multi-length scales, quantitative matching of
pore sizes ranging from micro- to macro-levels and
the �ne control of the geometric con�guration of
the pores, have proven to be e�ective and versatile
strategies for designing advanced electrode materi-
als. With this in mind, it is crucial to accurately tune
the pore parameters by the use of multidisciplinary
knowledge frommaterial science, chemistry, physics
and biology for energy storage applications.

Despite substantial progress in the development
of hierarchically structured porous materials for
electrochemical energy storage, some critical draw-
backs still exist and impede their commercial appli-
cations. Generally, hierarchically porous structures
endowmaterials with high surface area and fastmass
transport.�is however increases the chance of side
reactions in another way. In particular, these un-
desired side reactions will lead to the consumption
of electrolyte, irreversible capacity loss and the de-
crease of the utilization of active materials, which is
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detrimental to the ba�ery properties. �e other ob-
stacle is the low volumetric energy density due to the
highporosity of hierarchically structuredporousma-
terials. Integration andminiaturization are the trend
of electronic products, which heavily depends on
novel electrode materials with high volume energy
density.�is poses a great challenge to the hierarchi-
cal porousmaterials for energy storage application in
the near future.

Solutions to the challenges faced by hierar-
chically structured porous materials require new
discoveries and new thoughts, which render stim-
ulating opportunities for those entering this �eld.
Functional modi�cation of pore channels to reduce
the occurrence of side reactions, controlling pore
crystallinity to improve thermal stability and quanti-
tative matching of pore sizes across multiple length
scales to optimize mass transfer, are some exciting
and intriguing research directions in the future.With
the knowledge on hand on the relationship between
theorganizational, structural and geometric parame-
ters of pores at di�erent length scales and the electro-
chemical performance drawn from this review, it is
possible to establish a series of material design rules
to synthesize hierarchically structured porous mate-
rials via di�erent synthesis technologies presented in
this reviewwith predictive and optimized properties
from porous hierarchy for high performance energy
storage applications.
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