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Abstract: Porous materials as electrode materials have demonstrated numerous benefits for high-
performance Zn-ion batteries in recent years. In brief, porous materials as positive electrodes provide
distinctive features such as faster electron transport, shorter ion diffusion distance, and richer
electroactive reaction sites, which improve the kinetics of positive electrode reactions and achieve
higher rate capacity. On the other hand, the porous structures as negative electrodes also exhibit
electrochemical properties possessing higher surface area and reducing local current density, which
favors the uniform Zn deposition and restrains the dendrite formation. In view of their advantages,
porous electrode materials for ZIB are expected to be extensively applied in electric and hybrid electric
vehicles and portable electronic devices. In this review, we highlight the methods of synthesizing
porous electrode materials and discuss the mechanism of action of porous structures as electrodes on
their electrochemical properties. At the end of this review, the perspectives on the future development
of porous materials in the field of electrochemical energy storage are also discussed.
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1. Introduction

Environment pollution and the energy crisis have emerged as two key issues owing
to the wide application of fossil energy at present [1,2]. Developing new energy devices
based on electrochemical energy storage plays a significant role in alleviating the sharply
rising environmental pollution issue and promoting the sustainable development of human
society [3,4]. Among them, lithium-ion batteries, dominating the market of rechargeable
Metal-ion batteries, are extensively applied as an important power supply component
for electronic devices in human life [1,5]. Although huge success has been achieved in
the commercial field, the issues of safety, toxicity, high cost and the uneven distribution
of lithium resources for LIBs still limit their development [6–8]. This is attributed to the
fact that LIBs possess an unsafety liquid organic electrolyte [9]. Lithium batteries are
very prone to explosion or fire when they are overcharged or continuously hot after a
long time of use [10]. And lithium batteries generally use organic electrolyte in order to
avoid contact with water and air, which not only increase the production cost and are
apt to trigger fire and explosion in case of thermal runaway [11]. Therefore, people are
actively looking for sustainable ways to produce new development chargeable batteries
with safe and inexpensive to replace LIBs [12–14]. In contrast, zinc-ion batteries (ZIB) have
natural advantages over lithium-ion batteries, including high safety and ionic conductivity
(~1 S cm−1 vs. 1 × 10−3 S cm−1 for ZIB), ease of handling, and the ability to be assembled
in atmospheric environment without glove box equipment [15–17]. Furthermore, ZIB also
exhibits features of environment-friendly and inexpensive. These merits give the ZIB great
promise for large-scale power grids [18–20].
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As a predominant component of ZIBs, electrode materials have a key role in deter-
mining the electrochemical stability potential window and influencing the Coulombic
efficiency of Zn2+ storage and storage behavior. Among these electrode materials, porous
materials have been widely concerned [21–24]. Generally speaking, the cathode materials
of ZIB are mainly vanadium-based materials, manganese-based materials and Prussian
blue. Prussian blue has a very high-voltage platform, but its capacity is too low. On the
contrary, vanadium-based materials have a very low discharge platform despite their high
specific capacity, which results in low power density and energy density of these two
materials [25,26]. Compared with the other two materials, manganese-based materials have
the moderate specific capacity and discharge platform advantages, but it is still difficult
to show outstanding electrochemical performance [25,27]. Similarly, zinc anode materials
are prone to produce zinc dendrites under non-uniform electric fields, leading to short
circuits and battery failure. Therefore, in order to solve the disadvantages of low specific
capacity and power density of energy storage devices and inhibit the growth of zinc anode
dendrites, scientists focused on porous materials [10,28]. This is due to the fact that porous
materials as positive/negative electrode materials possess significant advantages, such as
(1) the pores structure of porous materials as electrode materials offer favorable access for
the electrolyte to the electrode surface, (2) porous materials exhibit a relatively large surface
area, which facilitates the transmission of charge at the electrode/electrolyte interface,
(3) The active material wall around the pores is extremely thin, providing a short zinc ion
diffusion length, (4) The porous structure boosts the electrocatalytic activity and stability
of the electrode, due to the strengthened transportation of reactants to the nanoscale pore
surface, (5) The porous structure uniformizes the local current density and electrical filed,
stabilizing the zinc deposition [29–31].

Given these points, porous materials are among the most distinguished electrode mate-
rials, and they improve system performance very well while high current rates are required.
In this review, we will discuss the preparation method to build porous positive/negative
electrodes for ZIB. For example, common preparation methods for positive electrodes
include soft templates and template-free methods. And effective fabrication approaches
of negative electrodes contain hard templates, MOF templates and nice templates. Then,
we will investigate the relationship between the porous structure of positive/negative
electrodes and the electrochemical performance of ZIB by some examples. Finally, we will
provide a brief outlook of the potential prospective applications of porous electrodes for
the ZIB.

2. Fabrication of Porous Electrodes for ZIB

Porous materials are categorized according to their diameter of pores (micropores are
2 nm, mesopores are 2–50 nm, macropores are >50 nm), ordered or disordered morphology
and methods of synthesis (template-based and non-template-based). The pore size and
morphology of porous materials depend on their synthesis methods. In the following
discussion, we first discuss that the synthesis method of porous materials has an effect
on the size, structure and dimensions of the pores. Next, the effect of the porous ma-
terials as positive/negative electrodes on the electrochemical characteristics of ZIB was
investigated [32].

2.1. Soft Templating of Porous Electrodes for ZIB

In the synthesis of porous electrodes, soft templates (ST) with certain structural features
have received great attention, which is formed by inter- and intra-molecular interactions
(i.e., H-bonds, hydrophobic, hydrophilic interactions and electrostatic force) [33,34]. When
using these STs, the pore shape and size of the PEM are adjustable by the selection of
surfactant, solvent, and synthesis requirements, including nonordered mesopores and
well-ordered mesopores featuring hexagonal, cubic, lamellar, or other symmetries [35,36].
ST is eliminated by extracting or calcining to yield porous electrode materials (PEMs).
Commonly, STs like Pluronic P123 holds great promise for the construction of medium
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manganese oxides and metals appropriate for ZIB as positive electrode and are not widely
employed in negative electrodes. Therefore, we concentrate solely on the application of ST
in the positive electrode for ZIB.

Porous Materials as Positive Electrode Made by Soft Templates for ZIB

Feng D et al. [37] reported that the high rate ZIB performance was achieved by the
rational design of Mn2O3 Mesoporous structured cathodes, as shown in Figure 1a,b. Mn2O3,
as a positive electrode with interconnected porous structures and adjustable porosity size,
was synthesized utilizing Pluronic P123 as a soft template. Due to the presentation of
nanoporous architecture, the prepared ZIB devices demonstrated remarkably improved
rate capability and outstanding cycling durability.
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Although the flexible film plate method provides considerable advantages in con-
structing porous structures of positive electrode materials, however, it is difficult to extend
to the construction of a broad range of porous positive electrode materials. Therefore, the
present review only mentioned it and did not elaborate too much.

2.2. Hard Templating of Porous Electrodes for ZIB

During the fabrication of PEM featuring variable components and morphologies, ST
was a powerful method. Yet, it is very difficult sometimes that ordered PEMs, having a high
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degree of crystalline walls, to be obtained; this is due to the fact that the inorganic phase
crystallizes at a temperature higher than the temperature of ST removal [38]. More often,
the absence of supporting surfactants from the assembly and the crystallites sintering will
cause a broken ring in the porous structure. In contrast to soft templates, hard templates
(HTs) have received widespread attention because their rigid structure is not altered by
interacting with precursors. When a hard template is used, inorganic precursors enter the
pores or pore walls of the hard template by immersion, electrodeposition and other methods.
Subsequently, the hard template is removed by high temperature, organic solutions, etc.,
yielding a porous structure with an inorganic framework. Among HTs, Inverse opal (IO)
structures, including assemblies of colloidal particles and top-down lithography-based
technologies, have been extensively utilized as positive/negative electrodes for ZIBs due
to porous electrodes with well-ordered [39].

Allowing kinds of preparing methods of IO structure, colloidal crystal templating
(CCT) has been received attention due to relatively simple and inexpensive [40–42]. During
this methodology, mono-dispersed polymer spheres (PS, PMMA) or silicon spheres have
been assembled into periodic arrays under the action of hydrogen bonding, capillary
attraction, shear force and gravity. The targeted PEM precursor solution has been injected
into the void between the spheres. Thermal processing then transforms the precursor into
a skeleton of solids that surrounds the template sphere. Finally, in order to remove the
polymer or silica template to obtain the IO structure, two methods can be used: (1) The
removal of polymer sphere templates, such as PS or PMMA spheres, was also accomplished
by calcination in the air above 350 ◦C. (2) The silicon sphere would be removed by etching,
for example, employing a hydrofluoric acid solution. Based on the above methods, the
prepared IO structures as PEM exhibit two characteristics. One is that the pore size can
be adjusted by resizing the colloidal polymer or silica spheres to variable the pore size.
Secondly, the wall morphology, the degree of crystallinity and the skin texture could be
controlled by altering the removal requirement of the template. The following section
reviews the application of inverse opal (IO) structures of materials as positive/negative
electrodes in the construction of ZIBs for the fabrication of porous electrodes.

2.2.1. Inverse Opal (IO) Structures of Materials as Positive Electrode for ZIB

By using excellent features of IO structures as positive electrodes, efforts have been
made to explore various interesting ZIBs with superior electrochemical performance for
years. For example, H Ren et al. [29] reported the synthesis of MnO2 with IO structure
as a positive electrode using PS as a template by solution method. This IO structure al-
lows effective separation of nanosheets in the presence of aggregation, forming several
layers of MnO2·0.44 H2O and even ultrathin nanosheets having thicknesses down to 1 nm.
In addition, Zinc-ion aqueous batteries constructed from the IO structure of manganese
dioxide have excellent properties, which include a very high-level comparative discharge
capacity of up to 300 mA g−1 current density, maintaining a high-power discharge ca-
pacity of 262.9 mAh g−1 over 100 cycles, and even achieving a higher current density of
2000 mA g−1 after 5000 cycles at 121 mAh g−1 high power discharge capacity.

Based on the above discussion, the IO structure as the positive electrodes has the
potential of separating the nanosheets effectively in the presence of nanosheet aggregation,
increasing and expanding the interlayer space of positive electrode nanosheets, which
further ensures excellent high-rate performance [6].

2.2.2. Inverse Opal (IO) Structures of Materials as Negative Electrode for ZIB

Moreover, the IO structures as negative electrode guests uniformize local current
density and electrical field and stabilize zinc deposition. PX Sun et al. [38] have developed
a TZNC IO mainframe that modulates the deposition of zinc by CCT (use of PS spheres as
templates) and through topochemical reactions (Figure 2a–d). It is worth noting that the
3D microporous framework with IO structure can inhibit the growth of Zn dendrites. In
addition, TZNC IO has adequate voids to provide effective adjustments of zinc ion fluxes
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and to relieve volume expansion Thanks to spatial tuning and optimized combination; the
TZNC IO host can achieve uniform Zn deposition at lower nucleation potentials with a
lifetime of more than 450 h (Figure 2b). Moreover, the water-based ZIB, which is assembled
from a TZNC@Zn anode and the commercial V2O5 cathode, shows exceptional reversible
properties and favorable cycling stability of over 2000 cycles (Figure 2c,d).

Apart from CCT, top-down lithography-based technologies (LT) also is a good method
for preparing IO structure as prepared IO structure has a damage-free structure and a
controllable structure with a through-hole structure. In this method, the metal element
is deposited in the void of the conductive opal structure by way of electrodeposition,
which is prepared by LT [43,44]. Finally, in order to obtain an electrode material with
an IO metal structure, the opal structure can be removed by an organic solution [26].
Concerning these advantages, a number of higher performances of ZIBs were developed.
Liu H et al. [45] reported the fabrication of ZIB having high specific energy through a
combination of photolithography and electrochemical processing techniques (Figure 2e,f).
Compared with most investigated structurally engineered Zn anodes, the IO structures
prepared by LT accurately governed the actual dimension of the 3D network and efficiently
tuned the micro/nanostructures, taking full advantage of the 3D structures. And the
unique microporous engineered Zn-based IO structures displayed favorable flexibility
and improved mechanical strength. In addition, the Zn-based IO structures have a lower
overpotential and higher cyclic stability than the planar Zn films. Importantly, it is notable
that the collector-free ultralight Zn microgrids have great potential in high-specificity
energy batteries.
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Figure 2. (a) Schematic illustration of the procedure for the TZNC IO and Zn deposition on the TZNC
host Reproduced with permission from reference [31]. (b) Voltage profiles of Zn plating/stripping in
symmetric batteries with a capacity of 1 mAh cm−2 at 1 mA cm−2 Reproduced with permission from
reference [31]. (c) Rate performances and (d) cycling performance at 5 A g−1 for TZNC@Zn||V2O5

and Zn||V2O5 full cells Reproduced with permission from reference [38]. (e) Schematic illustration
of the fabrication process of Zn-based IO structure Reproduced with permission from reference [32].
Reproduced with permission from reference. (f) Long-term cycling test of ZM//PVO and ZF//PVO
pouch batteries at the current density of 10 A g−1 Reproduced with permission from reference [45].
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In view, the negative electrode exhibits IO structures, prepared by assemblies of
colloidal particles and top-down lithography-based technologies, which can boast a greater
surface area and lower local current density, which facilitates homogeneous zinc deposition
and the formation of restrained dendrites.

2.3. Metal-Organic Framework (MOF) Derived Porous Electrodes for ZIB

As an alternative to synthetic templates, MOF-derived porous materials as ideal
electrodes for ZIB, exhibiting the advantages of controllable porous structures without
the need for additional templates or cumbersome procedures, have been investigated in
recent years. This is owing to their persistent inherent porosity and metal species [43,46].
As organic-inorganic hybrid materials with intramolecular pores, MOFs consist of the
self-assembly of organic ligands and coordination bonds of metal ions or clusters [47]. In
the preparation process, the use of suitable manipulation approaches is crucial for the
conversion of MOF precursors into functionally derived compounds. They are due to that
these techniques significantly affect the micro/nanostructure and composition of the end
products. Depending on the reaction mechanism, the subsequent conversion methodology
is divided into the following four categories: (a) self-pyrolysis in an inert/air environment,
(b) chemical reactions with relevant gas/vapor ligands, (c) chemical reactions with liquid
ligands, and (d) chemical reactions with a solid ligand. However, the porous electrodes
based on MOF prepared by the second method are rarely used in ZIB. Here, this following
discussion highlights three methods except the second method on the fabrication of MOFs
and the investigation of their derived porous positive electrode on the electrochemical
performance of ZIB.

2.3.1. Porous Materials as Negative Electrode Made by MOF for ZIB

Self-pyrolysis template technique is an active technique for the construction of porous
materials derived from MOFs under inert/air conditions. In this process, MOFs with
good confinement may be created by using raw materials as templates and sacrificing
them throughout the development process. The obtained MOFs exhibit some advantages
providing suitable building blocks after calcination, heterojunction structure, high porosity
and different dimensions. They can further boost the electrical conductivity and enhance
the active sites as well as preserve their advantages, which lead to rapid mass/charge
transfer and strengthened electrochemical properties. Of great importance is that MOF-
based anodes have shown great efficiency during zinc plate stripping and have protected
against the formation of dendrites. For example, Yuksel R et al. [48] have reported designing
and constructing novel MOF-based zinc anodes for dendritic-free, higher-performance ZIBs.
As shown in Figure 3a,b, the intimate contact between the zinc anode and the electrolyte
prevents any gaps or spaces from forming, which prevents dendrite formation and permits
a single type of charge distribution during the zinc plating-stripping process. Ions can
move through the top layer during cycling, but dendrite development in the pores of the
redesigned zinc anode surface is almost impossible. Based on these excellent properties,
the manufactured ZIBs have an extremely long cycle life.
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2.3.2. Porous Materials as Positive Electrode Made by MOF for ZIB

One of the most promising materials for ZIB is MOF-derived homogeneous hetero-
materials, which are produced by the reaction of liquid organic ligands with metal ions
from MOF templates/precursors [50]. In particular, the production of MOF derivatives
with manageability is more feasible due to the orientation guidance of the MOF precur-
sor/template and the high fluidity of the variable liquid organic ligands in solution or
molten state. Production of MOF derivatives with manageability is a more feasible structure
and composition [51]. For example, Sheng Z et al. [49] create N-doped 1T MoS2 porous
nanoflowers by hydrothermally sulfurizing the Mo-MOF used as the nitrogen supply in
a single step (Figure 3c,d). The performance of N-doped 1T MoS2 porous nanoflowers is
better than that of pure porous 1 T MoS2 and 2 H MoS2 made by using molybdenum source
MoO3. After 1000 cycles, ZIB maintained 89.1% of its capacity at 3000 mA g−1 as provided,
demonstrating high cycling stability.

Another efficient technique for the synthesis of MOF-derived functional materials
is the interfacial coordination reaction between solid organic ligands and MOF precur-
sors/templates without the use of solvents [52]. This procedure involves the release of
metal ions from MOF templates or precursors, which are then used to form homogeneous
mixtures through a precise coordination reaction with solid organic ligands. Similar to
how old bonds in mixtures break and new forms in metal-based precursors, this reac-
tion is accompanied by both. For example, Wang X et al. [53] illustrated how straight
conversion and impregnation of Cu-doped V2O5 with layered porous carbon composite
(Cu0.26V2O5@C) was used as a cathode for ZIB (Figure 3e,f). The hierarchical pores in this
protocol can be used to boost contact of the dynamic material with the electrolyte and
attain the electrolyte’s effectual penetration into the material, whereas the carbon host can
make the electronic conductivity easier. Cu doping can advance zinc ions’ immigration
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by widening and balancing V2O5’s layered structure. The prepared ZIB exhibits brilliant
electrochemical properties, which include as an effect of extremely precise capacity com-
bination (328.8 mAh g−1 at 200 mA g−1), favorable rate performance (163.8 mAh g−1 at
2000 mA g−1), and noteworthy cycling stability (93.5% capability retention after 500 cycles).

2.4. Ice Templating Porous Materials for ZIB

As a non-polluting and sustainable template, ice templates, also known as cryocasting,
are a particularly universal technology that has been widely used to fabricate controllable
bionanoporous materials based on metals, polymers, biomolecules and carbon nanoma-
terials, endowing them with new characteristics and expanding their range of applica-
tions [54–57] (Figure 4). In this process, the ice templating method can be divided into
three steps: (1) The preparation of frozen precursors such as solutions, suspensions or gels,
providing the fundamental basis for obtaining ideal three-dimensional structures, (2) the
controlled solidification (freezing) of the above-mentioned precursors such as solutions,
suspensions or gels, (3) Solvents (usually water) under reduced pressure sublimation,
(4) other subsequent treatments.
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When constructing three-dimensional porous materials by the ice template method, the
regulation of the solvent solidification (freezing) process is the key to the modification of the
microstructure of the materials to produce materials with different properties. For example,
the pore size of the materials and their morphology is determined by the temperature,
speed and other factors during the freezing process [58–60]. Based on the advantage of
these features, ice-templated derived porous materials as negative electrodes for ZIB have
been discussed in the following review.

Porous Materials as Negative Electrode Made by Ice Templating for ZIB

For example, Zhou J et al. [61] have invented a three-dimensional elastic MXene/
graphene scaffold through a directed freezing procedure. Owing to the microporosity and
plentiful zinc-loving characteristics in the structure, zinc is densely implanted in the host
throughout the electrodeposition method. Over cycling, the composite anode imparts an
in situ solid electrolyte interface of fluorinated zinc at the electrode/electrolyte interface
thanks to the intrinsic fluorine termination in MXene, which restrains dendritic growth
effectively. Hence, the electrode achieved a prolonged cycle life of more than 1000 h at
10 mA cm−2 in symmetric ZIB tests. Ling W et al. [62] have reported a three-dimensional
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lightweight silver nanowire aerogel (AgNWA) through a directed freezing process to direct
a homogeneous Zn plating/stripping process within confined conditions. Compared to
the planar structure of the electrode, the three-dimensional cross-linked fiber structure
provides a uniformly distributed electric field for homogeneous Zn deposition/exfoliation.

Ice-templated porous negative materials not only efficiently introduce the consistent
nucleation of Zn but likewise provide foldable strength for an elastic 3D host to construct
corresponding wearable energy storage systems.

2.5. Non-Templated Porous Materials for ZIB

This review’s principal focal point has been porous ZIB materials that possess structure
or favorable pore size, and this is considerably accessed by applying templating approaches.
However, there are also many template-free methods to fabricate porous electrodes, which
include ultrasonic methods [63–65], intercalation [66,67], electrodeposition [39,68,69], aque-
ous or solvothermal synthesis [70,71] and others. While these techniques have the incli-
nation to produce materials that exhibit a wider pore size distribution, several of these
approaches furnish more fantastic simplicity than those that require templates, and ma-
terials of crucial and distinctive dimensions facilitating electrode characteristics can be
produced. However, here we only discuss hydrothermal synthesis as a method and the
effect of the porous materials as a positive electrode on the electrochemical properties of
ZIB [47].

Porous Materials as Positive Electrode Made by Non-Templated for ZIB

Solvothermal syntheses are well suited to produce PEM. For example, Chen L et al. [71]
reported that hollow V2O5 nanospheres that had a shell thickness of 50 nm and a diameter
of approximately 450 nm were synthesized through a template-free solvothermal technique
in combination with the calcination remedy (Figure 5a,b). This nano-sized hollow structure
can control the volume expansion under the charging/discharging process, which gives
it excellent cycling stability. At the same time, the majority of hollow structures can
maintain their pristine structure during long-term cycling. Besides, the excellent surface
area’s presence makes hollow structures dominate impenetrable electrochemically active
sites, where the unusual effectual contact region between electrode and electrolyte permits
expeditious diffusion of electrons and ions. Ameliorated electrochemical performance is
promoted by these unusual properties of the nanoscale hollow structure, including more
unusual cycling stability and rate capability, reaching 147 mAh g−1 after 6000 cycles at
10 A g−1 and an outstanding reversible capacity of 327 mAh g−1 at 100 mA g−1. Yet at
15 A g−1, the specific capacity can still reach 122 mAh g−1 after 10,000 cycles. Moreover,
Hu P et al. [72] synthesized an anhydrous V2O5 yolk-shell cathode (V2O5-YS) with high
performance by an uncomplicated template-free solvothermal procedure (Figure 5c). By
reason of the porous yolk-shell structure, the V2O5-YS could advance rapid electrolyte
transport for the most part and, in a similar way, keep structural collapse over cycling. In
consequence, 410 mA h g−1’s brilliant reversible capacities are exhibited by prepared ZIB
at 100 mA g−1 and 182 mA h g−1 at 20 A g−1, and a capacity retention of 80% is obtainable
above 1000 cycles at 5.0 A g−1 (Figure 5d).
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3. Conclusions and Perspective

These positive/negative electrodes can provide excellent zinc flux throughout the in-
terface, brief diffusion pathways for zinc insertion/extraction and electrons, extra dynamic
sites at the electrolyte-electrode interface, and freedom for volume expansion/contraction
throughout charge/discharge cycles. In this review, porous motor materials preparation
by the template approach is summarized, and pore size’s influence and morphology of
porous materials on ZIBs’ electrochemical characteristics are similar way concisely touched
upon. It, nevertheless, is not explicit morphology or which pore size accomplishes the
most excellent performance. In addition to soft templating, hard templating, metal-organic
framework, ice templating and non-templated, vacuum deposition technologies, such
as Chemical Vapor Deposition (CVD), Atomic layer deposition (ALD), and Physical Va-
por Deposition (PVD) can also be used for the preparation of porous materials, which
have great application prospects in the field of energy storage. In the future, the more
necessary study is consequently wanted to complete organic compatibility between the
electrochemical performance and porous structure of the material and to accomplish the
most wonderful electrochemical performance. (1) experimental and theoretical studies to
correlate the dependence of porosity, morphology and pore size on cycling performance
(2) should improve Coulombic efficiency by optimizing SEI’s formation on porous struc-
tures (3) volume capacity needs to be attached importance, which is a vital parameter for
high power applications, and (4) simple, scalable and low-cost fabrication processes need
be developed.

Although porous materials have gained great application space in the field of energy
storage, there is still a long way to go before they can be industrialized. This is not
only because the relationship and mechanism between porous materials and outstanding
electrochemical properties have not been fully studied but also because the development
of porous materials requires relatively high costs. Porous materials can endow electrode
materials with higher specific surface area and increase reaction sites, but their synthesis
steps are very complex, and it is difficult to produce and prepare them on a large scale. At
the same time, their morphology observation and characterization schemes are expensive,
so they are still mainly in the laboratory synthesis and testing stage. Not only that, up to
now, there are few actual cases of directly using porous materials in the industrial and
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commercial energy storage field. Therefore, we should speed up the batch preparation of
porous materials, reduce the preparation cost, and optimize the preparation process and
flow so as to accelerate the industrialization process of porous materials.
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