
www.advenergymat.de

2002152 (1 of 14) © 2020 Wiley-VCH GmbH

Mesoporous Materials for Electrochemical Energy Storage 
and Conversion

Lianhai Zu, Wei Zhang, Longbing Qu, Liangliang Liu, Wei Li,* Aibing Yu,  
and Dongyuan Zhao*

DOI: 10.1002/aenm.202002152

electric grids, as well as biocompatible 
technologies, has attracted tremendous 
attention and is still a big challenge in 
the energy field.[1–4] The electrochemical 
energy storage and conversion devices, 
such as rechargeable batteries, super-
capacitors, fuel cells, and electrolyzers, 
have been extensively explored. It is 
well known that electrode materials, 
e.g., anodes, cathodes, and catalysts, are 
the heart components of these devices, 
which play a decisive role in determining 
performance.

Mesoporous materials, which have 
pore sizes ranging from 2 to 50  nm 
defined by the International Union of 
Pure and Applied Chemistry, possess 
exceptional features, including high spe-
cific surface areas, large pore volumes,  

tunable pore sizes, and controllable geometries (Figure 1a–c). 
These features enable mesoporous materials as ideal can-
didates for energy conversion and storage because of the 
increased active reaction sites and enhanced transport effi-
ciency of reactants.[3,5–7] Therefore, many precise manipula-
tions and structural engineering strategies have been applied 
to construct advanced mesoporous electrodes with excellent  
electrochemical performance. Besides, the achieved elec-
trodes with well-controlled mesoporous architectures could 
be used as platforms to study the fundamental research about 
the mass transport kinetics, charge transfer, and storage 
mechanism, as well as the interface electrochemical reac-
tions behavior under the mesoporous nanoconfined space 
(Figure 1d–g). These fundamental studies are of great impor-
tance for further guiding the design of high-performance 
mesoporous electrodes for electrochemical energy storage 
and conversion.[6,8,9]

In this Essay, we introduce the methods for synthesizing 
different types of mesoporous materials. Also, the key develop-
ments of applications of mesoporous materials in electrochem-
ical energy conversion and storage devices are highlighted. 
The synthesis–structure–property of mesoporous materials 
and their applications in rechargeable batteries, supercapaci-
tors, fuel cells, and electrolyzers have been detailed, providing 
creative insight and enlightening comments on the construc-
tion of high-performance mesoporous electrodes. Following 
these, we propose the research challenges and perspectives on 
mesoporous materials for the future development of energy 
conversion and storage devices.

Developing high-performance electrode materials is an urgent requirement 
for next-generation energy conversion and storage systems. Due to the 
exceptional features, mesoporous materials have shown great potential to 
achieve high-performance electrodes with high energy/power density, long 
lifetime, increased interfacial reaction activity, and enhanced kinetics. In 
this Essay, applications of mesoporous materials are reviewed in electro-
chemical energy conversion and storage devices. The synthesis, structure, 
and properties of mesoporous materials and their performance in recharge-
able batteries, supercapacitors, fuel cells, and electrolyzers are discussed, 
providing practical details and enlightening comments on the construction of 
high-performance mesoporous electrodes. Lastly, the research challenges and 
perspectives on mesoporous materials for the future development of energy 
conversion and storage devices are assessed.
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1. Introduction

To alleviate environmental pollution and energy crisis, the 
development of high-performance electrochemical energy 
storage and conversion devices driven by the needs of portable 
consumer electronics and medical devices, electric vehicles, 
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2. Synthesis of Mesoporous Materials

The rational design and controllable synthesis of mesoporous 
materials are key for their performance in electrochemical 
energy conversion and storage. Generally, there are three syn-
thetic strategies for mesoporous materials, including soft-
templating, hard-templating, and template-free methods.[3,7,9]

The soft-templating method is flexible and facile, which pos-
sesses great controllability in the mesostructures and pore struc-
tures as well as dimensions and morphologies of the resultant 
mesoporous materials. In this method, amphiphilic molecules 
(surfactant molecules or block copolymers), which act as the 
templates, are first self-assembled with precursors, including 
ions, molecules, or nanostructured units, into ordered meso-
structures. Subsequently, the amphiphilic molecules can be 
removed by heat-treatment or extraction, generating ordered 
mesopores. For this approach, the critical issue is the interac-
tion regulation between templates and precursors. Now, var-
ious formation mechanisms have been proposed.[9,10] Notably, 
our group recently proposed a monomicelle-induced assembly 
mechanism for the controllable synthesis of mesoporous mate-
rials.[9,11,12] In this mechanism, composite monomicelles com-
posed by precursors and amphiphilic molecules formed first, 
which can act as the building block for subsequent assembly 
of ordered mesostructures. Even still at its start-up stage, 

the monomicelle-induced assembly route has shown great 
potential.[9,11,12] Guiding by this mechanism, a wide range of 
mesoporous materials with various morphologies and composi-
tions have been fabricated.

Compared with the soft-templating approach, the hard-tem-
plating method is robust and straightforward for the synthesis 
of mesoporous materials, especially for these with highly crys-
talline frameworks. Also, this method can circumvent the need 
to control the hydrolysis and condensation of precursors and 
their assembly with soft templates. The mesostructures are cre-
ated by presynthesized mesoporous solid phases or colloidal 
crystals as sacrificial molds/templates. The critical challenge 
in this process is that the precursors are difficult to completely 
fill up the mesopores due to their strong tendency to precipi-
tate into bulks outside. Hence, many approaches are explored 
for modification of the surface properties of hard templates to 
intensify interactions between precursors and templates.

In addition to these templating routes, the template-free 
method is also widely used in the synthesis of mesoporous 
materials with randomly distributed pores which are more 
ubiquitous compared with ordered mesostructures. In this 
route, mesopore voids mainly stem from the structure 
defects,[13,14] aggregation of nanoparticles,[15] and self-assembly 
of nanoblocks.[16] However, in most cases, it is difficult to deter-
mine precise pore architectures of resultant materials.

Figure 1. The structural features and their main related properties of mesoporous materials. Mesoporous materials with the features of a) controllable 
pore sizes, b) tunable framework compositions, and c) diverse morphologies. Mesoporous materials with the mesostructured features can d) facili-
tate efficient mass transport and e) increase interface reaction sites, f) work as nanoreactor with nanoconfinement effect for catalysis, and g) provide 
enough space for accommodating volume change of an anode in the battery.
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Based on abovementioned methods, a wide range of 
mesoporous materials have been synthesized, ranging from 
silicas and carbons to metal oxides and metals. In the future, 
it is highly desired to develop more convenient and versatile 
synthetic methods for the large-scale and low-cost synthesis of 
mesoporous materials with well-designed compositions (e.g., 
polymers, metals, and semiconductors).

3. Electrochemical Energy Storage

Mesoporous materials have huge potential in high-performance 
electrochemical energy storage devices, such as rechargeable 
batteries and supercapacitors. Supercapacitors have high power 
density and long cycling lives explained by the surface charge 
storage mechanism, while rechargeable batteries deliver high 
energy density through the diffusion-limited, Faradaic charge 
storage throughout bulks of electrode materials.[17,18]

3.1. Rechargeable Batteries

In the past decades, rechargeable batteries, especially lithium-
ion batteries, have been widely used in consumer electronics 
and electric vehicles. So far, it is still challenging to fabri-
cate high-energy/power-density electrode materials in lith-
ium-ion batteries for meeting the requirements of practical 
applications.[1]

The characteristics of mesoporous architectures can largely 
affect charge transfer and mass transport/diffusion processes. 
Thus, elucidation of Li+ transport behaviors inside mesopores 
is essential for the rational design of mesoporous electrode 
materials with improved electrochemical performance. The 
diffusion efficiency of lithium ions in mesoporous materials 
(a crucial kinetic parameter for ion insertion/extraction) reflects 
the process of Li+ transport. The term of effective diffusion 
coefficient (Deff) in electrolytes depicts the kinetic behaviors 
in porous electrodes with diverse geometries, which can be 
expressed as Deff = Dɛ/τ. The D is the intrinsic diffusion coef-
ficient in electrolytes, ɛ is the porosity, and τ is the tortuosity 
factor, which depends on the channel lengths of the porous 
electrodes.[19] From the above formula, mesoporous electrodes, 
with high ɛ and low τ, are beneficial for the effective diffusion 
of molecules and ions because of the high specific surface 
areas, nanosized mesopore walls, and interconnected porous 
channels (Figure 2a). It has demonstrated that the power den-
sity of the energy storage devices is related to not only diffusion 
but also the internal resistance of electrodes. The term of bat-
tery power is expressed as P = U2/Rs. It is clear that the prom-
ising way to achieve high power is to minimize the internal 
resistance (Rs), which mainly includes electrode resistance 
(Re), electrolyte resistance (Rely), ion transport resistance (Rion), 
and charge transfer resistance (Rct)[20] (Figure  2b). In general, 
engineering of mesoporous architectures is an effective way to 
decrease Rs. For example, the Rct, which represents the resist-
ance of the Li+ across the electrolyte–anode and electrolyte–
cathode interfaces, is reduced in the mesoporous electrodes 
since high specific surface areas provide increased solid–liquid 
interfaces between electrodes and electrolyte. At the same time, 

the Rion can be reduced significantly, resulting from the fast ion 
transport in the interconnected mesoporous channel. There-
fore, mesoporous electrodes are ideal candidates for improving 
the performance of cathodes and anodes, which facilitate the 
diffusion of electrolytes/ions and enhance the kinetics of elec-
trochemical reactions upon lithiation/delithiation.

Developing of high-performance cathodes (layered, spinel, 
and polyanion oxides) is a tremendous challenge for opti-
mizing the overall performance of batteries. Now, a variety of 
mesoporous materials, such as ordered mesoporous (OM) 
layered LiCoO2

[21] and Li1.12Mn1.88O4 spinel[22] structures, have 
been synthesized by a hard-templating route with postlithium 
treatment, showing the higher power density and more durable 
cyclability compared with corresponding bulk solids. In such 
cases, the large surface area creates enormous sites for redox 
reactions and the mesoporous structure accelerates the Li+ dif-
fusion, leading to the increased capacity and rate capability.[23] 
The polyanion oxides,[24,25] for instance, LiFePO4, are consid-
ered to be the most likely promising alternative for commer-
cial LiCoO2 because of their safety, low cost, long-life stability, 
and environmental benignancy.[25,26] However, the poor rate 
performance resulted from intrinsic low conductivity severely 
constrains their commercialization applications. For that, the 
ordered mesoporous LiFePO4 electrodes with high conductive 
carbon coating have been fabricated. It has been shown that 
nanosized frameworks with the mesopore size around 4.3 nm 
give a decent capacity of 166 mAh g−1 (approaching its theoret-
ical capacity of 170 mAh g−1) due to the decreased Li+ diffusion 
length and low charge-transfer resistance (Rct).[26]

Similarly, engineering of the mesoporous structures has 
also been demonstrated as a powerful strategy to increase the 
performance of anodes. The insertion-type (e.g., carbons,[27] 
TiO2,[11,28,29] Nb2O5,[30] and Li4Ti5O12

[31]) anodes with mesostruc-
tures present higher power density and better cycling stability  
compared with their bulk counterparts. Recently, Wang 
and co-workers have synthesized OM Ti3+ doped Li4Ti5O12 
(OM-Ti3+-Li4Ti5O12) composites electrodes by the stoichio-
metric cationic coordination assembly (Figure  2c,d).[31] The 
resultant OM-Ti3+-Li4Ti5O12 shows an excellent rate perfor-
mance (143  mAh  g−1 at 30  C) (Figure  2e), attributed to the 
unique mesostructures. The mesoporous structures with high 
surface areas facilitate the transports of electrolyte in the electrode 
and provide sufficient contact areas, thus greatly improving the 
electrochemical reaction rate. Also, nanosized Li4Ti5O12 domains 
largely shorten the effective diffusion length of Li+ within the 
nanocrystals, enabling the fast Li+ insertion/extraction.[31]

Due to the low energy density of insertion-type anodes, 
tremendous attention has been paid to design anodes with 
high energy density. Silicon (Si), a representative alloy-type mate-
rial with exceptionally high specific capacity (4200  mAh  g−1), 
holds huge potential as the anode for LIBs.[32–34] However, Si 
undergoes a massive volume expansion (≈400%) during the 
alloying reaction (Si + 4.4Li → Li4.4Si), which leads to the pulver-
ization of Si anodes and the subsequent fast fading of capacity. 
The shortcoming could be overcome using mesoporous struc-
tured Si anodes. It has been shown that mesopores in Si 
sponges could effectively accommodate the volume expansion 
of Si during lithiation. As a result, the mesoporous Si sponge 
anode delivers a capacity of up to ≈750 mAh g−1 based on the  
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total electrode weight with >80%  capacity retention over  
1000 cycles, demonstrating good durable cyclability.[35]

In the meantime, mesoporous carbons have been studied as 
inactive host materials for increasing the performance of alloy-
type and conversion-type materials.[3,29,34,36,37] Because of the 
good conductivity, large pore volumes, and mechanical stability, 
mesoporous carbons could not only provide buffer space to 
accommodate the volume expansion of active materials but also 
enhance the ion diffusion inside electrodes. Also, mesoporous 
carbons with high conductive walls and specific areas could 
accelerate electrons transport of electrodes and ensure the high 
dispersion of guest materials without agglomeration.[33,38] It can 
be exampled that mesoporous carbons with embedded Si nano-
particles have demonstrated excellent performance as anodes 
for LIBs. High reversibility and excellent rate capability as well 
as structural stability are shown at various current density from 
0.2 to 10  A  g−1.[38] Further, it has been found that mesoporous 
carbons are easy to be modified with functional groups to  
enhance the wettability of guest materials. For instance, 

amine-functionalized mesoporous carbon nanofibers were 
applied as a host to stabilize Li anode for high energy Li metal 
battery (Figure  2f,g).[39] The excellent performance is attributed 
to amine-functionalized groups, which effectively change the 
Li wettability of the host from nonwetting to super wetting. The 
mesopore channels or cavities on the surface are the preferred ini-
tial nucleation sites for Li plating. During cycling, Li is deposited 
uniformly along the surface of the carbon fibers to form a smooth 
and stable Li layer with the solid electrolyte interface (SEI).[37]

Furthermore, mesoporous materials, with nanosized channels, 
exhibiting a nanoconfinement effect, have made a significant con-
tribution to the development of lithium–sulfur (Li–S) batteries. 
Currently, practical applications of Li–S batteries are greatly 
hindered by their low sulfur utilization, poor lifespan, low Cou-
lombic efficiency, and inferior rate capability.[40] These problems 
are mainly put down to the insulating nature of sulfur and Li2S, 
the large volume change of the sulfur, the sluggish ion diffusion/
reaction kinetics. Meanwhile, a series of side effects regarding the 
dissolution and the shuttle effect also happens during the charge/

Figure 2. Mesoporous materials for rechargeable batteries. a) Schematic illustration of Li+ diffusion in the mesoporous electrode. b) Schematic illustra-
tion of various internal resistances in the mesoporous electrode. c) Illustration of the construction and d) Scanning transmission electron microscope 
(STEM) image of OM-Ti3+-Li4Ti5O12. e) Rate performance at various rates from 0.2 to 30 C of the OM-Ti3+-Li4Ti5O12. c–e) Reproduced with permission.[31] 
Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA. f) Schematic illustration and g) corresponding STEM images of self-smoothing behavior in the 
mesoporous Li–C anode. The strong interaction between Li metal and the amine (NH) functional groups on the surface of mesoporous carbon fibers 
(left). Spontaneous infiltration of Li, which fills the mesopores and coats the surface of the NH functional carbon host due to the improved wettability 
(middle). After cycling, the rough Li–C surface is gradually smoothed out on the stable 3D architecture with stable SEI (right). f,g) Reproduced with 
permission.[39] Copyright 2019, Nature Publishing Group.
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discharge due to the migration of lithium polysulfide intermedi-
ates (Li2Sx, 2 ≤ x ≤ 8) in electrolytes. An effective approach is to 
utilize ordered mesoporous carbon (OMC) as a sulfur host to pro-
vide a reservoir that traps polysulfides, to suppress the dissolution 
of active materials into the electrolyte and to facilitate the Li-ion 
diffusion.[41,42] Based on this principle, a number of mesoporous 
carbons have been fabricated to promote the electrochemical 
performance of sulfur cathodes.[43] Ordered mesoporous car-
bons (carbons mesostructured from Korea, CMK-3) with con-
ductive polymers coating have been used as the conducting host 
for sulfur.[44] The voltage profiles of polymer-coated CMK-3/
sulfur composites show excellent Coulombic efficiency and high 
reversible capacity at different current rates. It is suggested that 
the micropores provide a reservoir for polysulfides and restrict 
their dissolution, and the large interconnected pores afford path-
ways for electrolyte and Li+ diffusion. To increase the affinity 
of carbon hosts on polysulfide species, a class of guest species, 
such as single atoms, metal clusters, or metal compounds, are 
introduced into the mesoporous carbon materials, which can pro-
vide chemisorption interaction and then can further reduce the 
shuttle effect of polysulfides.[41,45]

The lithium–air batteries (LABs) provide a higher theoret-
ical energy density up to ≈3460 Wh  kg−1 compared with other 
rechargeable energy storage devices.[46,47] The main challenges 
associated with LABs are to accommodate the deposition insu-
lating Li2O2 particles generated during discharge and to accel-
erate the formation of original reagents (Li  +  O2) from the 
sluggish backreaction during charge. These drawbacks result 
in low energy efficiency, a short lifetime, and poor charging 
rates of LABs.[46] Thus, extensive research has been con-
ducted to use mesoporous materials to promote the kinetics 
of oxygen evolution reaction (OER, Li2O2  →  2Li+  +  O2  +  2e−) 
and its backreaction—the oxygen reduction reaction (ORR, 
2Li+ + O2 + 2e− → Li2O2). The rational design and controllable 
synthesis of mesoporous carbons with hierarchical porous 
structures, large pore sizes, and pore volumes can effectively 
alleviate the structural collapse caused by the formation and 
decomposition of Li2O2.[47] Various catalytic species, including 
metals,[48] metal oxides, metal nitrides,[49] and perovskites,[50] 
have been introduced into the mesostructured carbon matrix or 
directly used to augment the reaction kinetics.[49] Mai and co-
workers have studied mesoporous perovskite La0.5Sr0.5CoO2.91 
(LSCO) nanowires as catalysts for LABs. The results show 
that the mesoporous LSCO exhibit ultrahigh capacity, ca. over 
11 000 mAh g−1, which is one order of magnitude higher than 
that of LSCO nanoparticles.[50] These achievements highlight 
the benefits of using mesostructured catalysts to circumvent 
challenges associated with oxygen cathodes.

3.2. Supercapacitors

In contrast to rechargeable batteries, supercapacitors possess 
higher power density and better cyclability.[51] There are two 
types of supercapacitors according to the charge storage mecha-
nisms. One is electrochemical double-layer capacitors (EDLCs), 
which store and deliver energy through ion adsorption/desorp-
tion at the interfaces of electrolyte/electrodes. The other one 
is pseudocapacitors, which is based on the surface reversible 

Faradic redox-reaction. Mesoporous materials with large pore 
sizes and high specific surface areas are widely used to enhance 
the electrochemical performance of supercapacitors.

3.2.1. Electrochemical Double-Layer Capacitors

In a typical EDLC, the capacitance is directly related to surface 
areas of conductive electrodes in contact with the electrolyte. 
According to Equations (1) and (2)

E CU=
1

2
2  (1)

C
S

d
rε ε

= 0  (2)

in which U is the working voltage, which depends on the elec-
trochemical stability of the electrolyte, C is the capacitance, 
decided essentially by the properties of the electrode mate-
rials.[52] ɛr is the electrolyte dielectric constant, ɛ0 is the permit-
tivity of a vacuum, S is the specific surface area of the electrode, 
and d is the effective thickness of the electric double layer. It 
can be deduced that larger specific surface areas of the elec-
trodes lead to a higher capacitance. From this viewpoint, there 
are two main reasons that mesoporous carbons have been 
widely adopted as electrode materials for EDLCs. One is the 
high surface area could accumulate a huge number of ions. 
The other one is the nanoscale channels could increase the 
dynamic charge exchange properties of electrodes.

Additionally, it has been found that the performance of 
EDLCs could be altered in a large degree by the pore sizes 
of electrodes. It is hard to maintain a high capacitance at 
high charging rates caused by the desolvation of the ion-shell 
and slow ions transport in the micropores when the sizes of 
solvated ions are smaller than the pore size, mainly occurring 
in micropores,.[52,53] By contrast, the ordered mesoporous chan-
nels, which size is much bigger than solvated ions, are prefer-
able for the immersion of the electrolyte, providing a favorable 
path for electrolyte transportation to achieve the promising rate 
capability. Meanwhile, the micropores drilled on the mesopore-
walls can enlarge the specific surface area to create more sites 
for the charge storage (Figure 3a).[54] Actually, all the features 
of mesopores materials, such as the pore size, pore structure, 
crystallinity, specific area, and pore volume, affect the proper-
ties of EDLCs. Unfortunately, the decisive feature in deter-
mining the electrode performance remains unclear. A further 
in-depth systematical study, such as combining with machine 
learning, may be needed to address this issue. To that end, 
ordered mesoporous electrodes with tunable pore sizes, specific 
areas, wall thicknesses, and pore geometries could be worked 
as ideal models to investigate the influences of these factors.

3.2.2. Pseudocapacitors

Pseudocapacitance is associated with the Faradaic reaction 
occurring at the electrode/electrolyte interface and its capacity 
is much higher than that of EDLC. Despite that, compared 
with electrodes of EDLC, pseudocapacitor electrodes usually 
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suffer from low power density and short cycle life because of 
the poor conductivity and stability of the electrode materials, as 
well as the slow reaction dynamics.[17,55] A range of mesoporous 
electrodes such as transition metal oxides,[51,56,57] carbides[58,59] 
sulfides,[60] their composites,[61] and mesoporous carbon with 
heteroatoms doping[62] have been explored as pseudocapacitive 
electrodes to study the electrochemical performance, exhib-
iting largely improved capacitance, rate performance, and 
long-life stability, in contrast to bulk materials. For example, 

various N-doped ordered mesoporous few-layer carbons 
(OMFLC-N) have been reported as electrodes of supercapac-
itor (Figure  3d),[62] demonstrating an enormous improvement 
compared with OMC and OMFLC. This improvement mostly 
stems from the enhanced surface redox reactions at nitrogen-
associated defects and fast mass transport benefiting from the 
mesostructure (Figure 3e).

Furthermore, it is found that vertically aligned mesopores 
could reduce the ion path tortuosity (τ) for Li+ to move from 

Figure 3. Mesoporous materials for supercapacitors. a) Schematic illustrations of an electrochemical double-layer capacitor of mesoporous carbons 
(panel left) and mesoporous/microporous carbons (panel right), b) a surface redox pseudocapacitance, and c) ion intercalation pseudocapacitance. 
d) High-angle annular dark-field (HAADF) and high-resolution transmission electron microscopy (TEM) images of ordered mesoporous few-layer 
carbon (OMFLC). The inserted illustration is possible locations for N incorporation into a few-layer carbon network. e) Cyclic voltammetry (CV test, at 
2 mV s−1) from the first cycle for ordered mesoporous carbon (OMC), OMFLC, and various N-doped ordered mesoporous few-layer carbon OMFLC-N 
(S1–S3) and for mixed OMFLC-N (SM). d,e) Reproduced with permission.[62] Copyright 2015, American Association for the Advancement of Science. 
f) Schematic illustrations of vertically aligned thick Ti3C2Tx MXene electrodes synthesized through the self-assembly approach. g) Areal capacitance as 
a function of the mass loading of the film at scan rates of 1000 and 2000 mV s−1. The orange box indicates the plateau area at which areal capacitance 
is almost independent of mass loading. f,g) Reproduced with permission.[63] Copyright 2018, Nature Publishing Group. h) Atomic force microscopy 
image of mesoporous α-MoO3 with highly oriented crystalline walls. i) The capacitive contribution to the total stored charge plotted as a function of 
charging time for a mesoporous amorphous MoO3 film and a mesoporous α-MoO3 film. The capacitive contribution for the mesoporous crystalline 
film is three times larger than the amorphous analog. h,i) Reproduced with permission.[57] Copyright 2018, Nature Publishing Group.
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one electrode to the other, and increase efficient ions diffu-
sion, displaying ultrahigh rate capability. A high scan rate 
up to 2000  mV  s−1 is carried out in vertically aligned MXene 
mesostructured electrodes,[63] showing excellent pseudocapaci-
tive performance that is nearly independent of film thickness 
up to 200  µm. The aligned mesoporous thick electrodes not 
only reduce the ion path tortuosity (τ) for Li+ but also increase 
the availability of preferential insertion paths within the active 
material itself, providing a promising engineering strategy 
to obtain a thickness electrode with fast transport at a high 
packing density. In addition, mesoporous films associated with 
Li+ intercalation into lattices (Figure 3f,g) have exhibited much 
higher pseudocapacitive charge storage than that of amorphous 
counterparts.[57] Specifically, the iso-oriented nanocrystalline 
grains in mesoporous α-MoO3 films along with Li+ intercala-
tion enabled an enhanced capacity and rate capability. The 
result shows that a capacitive contribution to the mesoporous 
crystalline film is three times larger than that of the amorphous 
analog. This extra contribution arises from Li+ intercalation 
into lattices of α-MoO3 nanocrystalline grains, producing inter-
calation pseudocapacitance (Figure 3c,h,i).

4. Electrochemical Energy Conversion

Electrocatalysis plays a central role in clean electrochem-
ical energy conversion, particularly these that involve water, 
hydrogen, and oxygen, enabling a number of sustainable pro-
cesses for future technologies. For instance, water electrolyzers, 
which consist of the hydrogen evolution reaction (HER) and 
OER to generate H2 and O2, have attracted great attention. 
Moreover, H2 is an attractive energy carrier that can be used 
to produce clean electricity in fuel cells, in which the hydrogen 
oxidation reactions (HOR) and ORR convert chemical energy 
into electricity (Figure 4a).

4.1. HER/HOR

The HER and HOR in acidic electrolytes are classic examples of 
two-electron transfer reactions with one catalytic intermediate 
Had*(where * denotes a site on the electrode surface). Typi-
cally, the reactions are the combination of several elementary 
steps: the Volmer step, H+ (H3O+) + e− + * ↔ Had* + H2O, fol-
lowed by either the Heyrovsky step (H3O+  +  Had*–M  +  e−  ↔ 
M  +  H2  +  H2O) or the Tafel recombination step  
(2M-Had* ↔ 2M  +  H2). The reaction pathways of the HER 
or HOR are similar in alkaline electrolytes, except that 
Had* is formed by discharge of water (H2O  +  e−  +  M ↔ 
M-Had* + OH−).[2,64] The activity of catalysts could be described 
via the classical Sabatier volcano-shaped relationship, which 
correlate the activity of materials and the binding strength of 
the reaction (hydrogen adsorption free energy ΔGH, for an 
active HER/HOR catalyst, ΔGH ≈ 0).

Among HER/HOR catalysts, noble metal nanomaterials, 
such as Pt,[65] Pd,[66] and Ru,[67] have received increasing 
research interest in recent decades because of their high 
intrinsic activity. The Pt with ΔGH  ≈  0 is very close to the 
peak of the hydrogen volcano curve and is well known as the  

best-performing catalyst for the HER, requiring a negligible 
overpotential to achieve high reaction rates in acidic solu-
tions.[2,68] However, the scarcity and high cost of Pt largely limit 
its widespread practical applications. Therefore, to minimize 
the usage of Pt, a wide range of effective strategies are estab-
lished, such as alloying Pt[65] or dispersing Pt-based catalysts 
including nanoparticles, clusters, or even single atoms, into 
mesoporous conductive substrates. Alloying Pt with other tran-
sition metal substrates can significantly reduce the cost of the 
whole catalyst without compromising catalytic activity. Also, 
the secondary metal heteroatoms can optimize the d-band center 
and ΔGH of host Pt to enhance the performance of the entire 
bimetallic system. Yang and co-workers have reported a 3D 
mesoporous Pt3Ni nanoframe by solvent-induced erosion of the 
interior. The HER activity is promoted almost one order of mag-
nitude compared to Pt/C. This large enhancement is attributed 
to the open architecture and the surface compositional profile.[69]

Moreover, mesoporous carbons with nanosized channels 
and high specific areas could provide the confinement effect 
of catalysts, ensuring the high dispersion of catalysts without 
agglomeration. Recently, Lou group[70] have reported efficient 
electrocatalysts, which are constructed by confining Pt-based 
clusters in hollow mesoporous carbon spheres (Pt5/HMCS) 
hosts for HER (Figure 4c,d). In the synthetic and catalytic pro-
cesses, immobilized Pt clusters in the mesoporous channels 
of carbon supports can stabilize the highly active Pt clusters, 
during ligand removal and electrochemical hydrogen produc-
tion. The results indicate that the optimal designed Pt5/HMCS 
electrocatalyst with a Pt loading of 5.08 wt% show higher elec-
trocatalytic activity than that of the commercial Pt/C with a Pt 
loading of 20 wt% (Figure 4d). In another work, mesoporous 
carbons have been used as hosts to anchor Pt single-atoms.[71] 
The Pt single-atoms stabilized in the nitrogen-doped porous 
carbon matrix exhibit excellent mass activity (up to 25 times 
to that of 20  wt% commercial Pt/C catalyst) for HER. The 
superior performance comes from the following reasons:  
1) decoration of isolated Pt atoms can greatly modify the work 
function of the carbon matrix, resulting in the regulation of 
the ΔGH* which is close to zero and 2) large surface area and 
high porosity of mesoporous carbon could provide sufficient 
space for confined Pt sites to react with adsorbed water mole-
cules, affording facile catalytic kinetics and excellent high 
durability.

In addition, various mesoporous carbons, metals,[72] 
oxides,[73,74] sulfides,[75,76] carbides,[77] nitrides,[78] selenides,[79] 
phosphides[80] or their composites[73,81] and metal/covalent-
organic frameworks (MOFs/COFs)[82] have been synthesized 
and evaluated as competitive alternatives to replace Pt. Miao 
and co-workers reported mesoporous FeS2 applied as an elec-
trocatalyst for HER, achieving the remarkable HER perfor-
mance with a small Tafel slope of 78  mV  dec−1 and superior 
long-term stability. The improved HER catalytic activities arise 
from the increased number of active sites of the mesoporous 
structure.[75] Similarly, a type of Co catalyst with single-atomic 
Co sites embedded in hierarchically ordered porous N-doped 
carbon has been also reported. The resultant catalysts with high 
porosity and good conductivity exhibit a remarkable bifunc-
tional electrocatalytic activity for both ORR and HER because of 
the synergetic effect of the atomically dispersed single Co sites 
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and the unique ordered interconnected macropores/mesopores 
carbons with large surface areas.[83]

4.2. OER/ORR

In the case of electrolyzers, the anodic half-cell reaction, OER, 
is the most complex process. Briefly, in acidic or neutral 

electrolytes, two water molecules are oxidized into four pro-
tons and one oxygen molecule (2H2O  →  O2  +  4H+  +  4e−), 
while in alkaline solutions, four hydroxyl groups are 
oxidized into one oxygen and two water molecules 
(4OH− → O2 + 2H2O + 4e−).[2,64,69] For the OER, the Sabatier vol-
cano-shaped relationship is similar but substantially different 
from the HER/HOR. Unlike the HER/HOR with one inter-
mediate, the OER involves the four-electron transfer process 

Figure 4. Mesoporous materials for electrolyzers and fuel cells. a) The schematic illustration of the electrolyzers and fuel cells. b) Illustration of the 
mesoporous host of highly dispersive nanosized catalysts with adjustable distances (d) and the corresponding relationships with Debye length (LD). 
c) The illustration properties of HER catalysts stem from features of mesoporous architectures, the confining Pt clusters in hollow mesoporous carbon 
spheres (Pt5/HMCS), and HAADF-STEM images (Inset: size distribution of the Pt clusters and magnified image of Pt cluster of the Pt5/HMCS). 
d) Polarization curves of Pt/C −5% (left) and Pt5/HMCS −5.08% (right) after continuous potential sweeps at 50 mV s−1 in 0.5 m H2SO4. c,d) Repro-
duced with permission.[70] Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA. e) The illustration and HAADF-STEM image of the mesoporous Ir 
nanosheets. The inset image in the HAADF-STEM image is an selected area electron diffraction (SAED) pattern and matches the electron diffraction 
pattern for polycrystalline Ir. f) Polarization curves of mesoporous Ir nanosheets versus nonporous Ir bulk, commercial Ir black, and IrO2 catalysts as 
OER catalysts. All catalysts were examined using 0.5 m H2SO4 as the electrolyte at the scan rate of 5 mV s−1. e,f) Reproduced with permission.[85] Copy-
right 2018, American Chemical Society. g) Illustration and scanning electron microscopy (SEM) image of N-doped mesoporous carbon nanospheres 
(NMCNs) with various pore sizes from 0, 5, 13, 21, to 37 nm. h) ORR catalytic activities of the series of NMCNs and Pt/C electrodes. g,h) Reproduced 
with permission.[101] Copyright 2019, American Chemical Society.
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(multiple intermediates), which need the higher extra poten-
tial (overpotential, η), causing more energy consumption and 
leading to decreased energy conversion efficiencies. To address 
this issue for OER, mesoporous catalysts with high specific 
areas have been introduced to improve the activity to a large 
degree via providing a huge number of active sites. Novel Ir- 
and Ru-based metal oxides and alloys, of which catalytic activi-
ties are close to the summit of the volcano curve, have been 
developed toward OER.[69,84] Yamauchi et  al.[85] have compara-
tively studied the performance of 2D mesoporous Ir nanosheets 
(Figure 4e,f) and other Ir-based bulks in OER. The mesoporous 
metallic Ir nanosheets with high surface areas and abundant 
active sites exhibit superior electrocatalytic performance (low 
overpotential, high current density, and long-life durability) for 
OER in the acidic solution.

Currently, most of the studied catalyst materials for the OER 
are metal oxides. The volcano plots for the OER have been well 
constructed for a wide variety of metal oxide,[86] such as rutile,[87]  
perovskite[88] (typical ABO3 structure), spinel[89] (AB2O4), and 
pyrochlore-type oxides[14] (A2B2O7), based on the descriptor of 
(ΔGO – ΔGOH).[2] Mesoporous metal oxides catalysts are expected 
to present higher efficiency for electrochemical interface reac-
tions compared to their bulk counterparts as these materials 
have high specific surface areas and well-controlled porosi-
ties, which not only provide more electrocatalytic sites but also 
promote mass transport. Recently, Yang group[14] have synthe-
sized Y2[Ru1.6Y0.4] O7−δ mesoporous pyrochlore oxides (with 
≈2.3 nm for the small mesopores, and 30 ± 13 nm for the large 
mesopores) catalysts. The mesoporous Y2[Ru1.6Y0.4]O7−δ electro-
catalyst demonstrates outstanding OER performance in an acidic 
media with a higher turnover frequency (TOF) of 560 s−1 at 1.5 V, 
whereas the TOF is 67.7 s−1 for nonporous Y2Ru2O7−δ. The supe-
rior activity is attributed to both high surface areas of the porous 
structures and optimized energy band structures owing to the 
oxygen lattice defects. Furthermore, mesoporous non-noble 
metals,[90] metal phosphides,[91,92] sulfides,[93] and hydroxides[94] 
as well as reticular MOFs/COFs[95] with variable morphologies 
and porosities have experimented as OER catalysts.

In the case of fuel cells, the cathodic half-cell reaction 
(ORR) involves two reaction directions due to the difference in 
the product in acidic environments. One of them is the elec-
trochemical reduction of oxygen to produce water, which is a 
four proton-electron transfer process. The other one is the 
electrochemical reduction of oxygen to generate hydrogen 
peroxide via a two-proton-electron pathway. The reaction 
details are listed below, from superoxide ion (O2  +  e  →  O2*) 
to hydrogen superoxide (O2

−  +  H+  +  e−  →  HO2*), to mole-
cular peroxide (HO2

−  +  H+  +  e  →  H2O2*), to hydroxyl 
ions (H2O2*  +  H+  +  e−  →  H2O  +  OH*), and to water 
(OH*  +  H+  +  e−  →  H2O). In alkaline solutions, the reac-
tion pathway is the same except that water is a proton donor 
(O2  +  H2O  +  4e  →  4OH−).[2,64] The ORR, considered as the 
microscopic reverse of the OER, same as OER, are also known 
to be controlled by the sluggish kinetics of the charge transfer 
process.

Pt-based catalysts exhibit high electrochemical catalytic 
activities in ORR while the high cost and shortage of Pt largely 
hinder their commercialization for fuel cells.[96] Considerable 
effort has been devoted to reducing the use of Pt without the 

compromise of catalyst activity, such as using Pt clusters,[97] 
design of alloy Pt with non-noble metals,[69,98] and composite 
with mesoporous supports.[99] For instance, a serial of Pt clus-
ters as ORR catalysts have been demonstrated. It has been 
demonstrated that the performance of Pt clusters catalysts is 
significantly affected by the distances of interparticle (d). When 
the interparticle distances are larger than Debye length (LD), 
(d >  LD), there is enough space for the formation of electro-
chemical double layers, and the potential at the compact layer 
is not affected by the presence of neighboring active nanopar-
ticles. While for smaller distances, interparticle distances equal 
or less than Debye length (d ≤ LD), the electrochemical double 
layers of adjacent particles overlap and cause an increase of the 
potential at the compact layer (Figure 4b).

Besides, the cost of the electrode and the device could 
be greatly reduced by using catalysts at do not contain noble 
metals. Currently, the promising noble-metal-free catalysts 
include metal-N4 complexes, metals, or metal compounds 
coupled with heteroatom-doped mesoporous carbons as well 
as for nonmetallic catalysts with controllable mesostructures, 
optimized compositions or atomic structures.[3,100] Mesostruc-
tures can considerably enhance the accessibility to active sites 
and improve the transport properties of ORR-relevant species. 
Importantly, mesoporous carbons with heteroatom doping 
could work as metal-free catalysts and exhibit the remark-
able catalytic activity of ORR.[101,102] The availability of various 
carbon nanostructures with tunable compositions may sig-
nificantly enlarge the number of catalysts for highly efficient 
ORR. Our group has reported metal-free N-doped mesoporous 
carbon nanospheres (NMCNs), working as catalysts for ORR 
(Figure  4g,h). The excellent electrochemical property of the 
dendritic NMCNs is attributed to the unique nanostructures 
and chemical properties. The small particle size of carbon 
nanospheres (≈128  nm) provides short diffusion pathways. 
Meanwhile, the N-doping in the carbon framework increases 
the electron delocalization due to the good electron-donating 
property of the N atom, leading to the formation of abundant 
active sites for ORR. The large mesopores (≈37 nm) and high 
specific surface areas (≈635 m2 g−1) promote the mass transport 
of ORR-related species and provided more active sites.[101]

Beyond the aforementioned reactions involving the HER, 
HOR, ORR, and OER, there are some other important emerging 
energy conversion reactions, such as hydrogen peroxide pro-
duction,[103] carbon dioxide reduction reaction (CO2RR),[104] 
and nitrogen reduction reaction,[105] which are being explored 
extensively. Although these reactions may involve different sets 
of reaction intermediates, mechanisms, and electron transfer 
numbers, the reaction kinetics are the predominant challenge 
for these emergence energy conversion reactions. Mesoporous 
materials with unique structure advantages could also make a 
difference in the development of these forefront energy conver-
sion systems.

5. Conclusion and Perspective

In this Essay, we summarized the controllable synthesis 
of mesoporous materials and their applications in elec-
trochemical energy storage and conversion based on the 
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synthesis–structure–property principles (Figure 5). The pres-
ence of mesopores can considerably improve the electrochem-
ical properties of mesoporous electrodes, especially in the 
promotion of kinetic reactions, charge transfer, and mass trans-
port. Yet, several research challenges still need to be overcome 
to realize the full potentials of mesoporous electrodes.

5.1. Synthetic Strategies

Convenient and versatile synthetic methods as well as a deep 
understanding of their mechanisms still need to be developed 
for the synthesis of mesoporous materials with controllable 
compositions, geometries, and pore sizes. At present, a variety 
of advanced mesoporous electrodes with high crystallinity, 
such as oxide cathodes (layered, spinel, and polyanion oxides) 
and perovskite, pyrochlore, and other high-efficiently catalysts 
are seldomly reported because of the lack of block copolymer 
templates which have interaction with precursors effectively 
and withstand post-treatment of high temperature. Hence, this 
could be one of the most promising directions to obtain such 
mesoporous electrodes by applying thermostable block copol-
ymer templates.

For controllable and on-demand synthesis, a promising 
breakthrough is the development of the monomicelle-induced 
assembly route. It is urgently needed to enrich the species of 
monomicelles by utilizing various types of amphiphilic copoly-
mers, thereby enlarging the mesoporous materials library. We 
can think of a single micelle as a “LEGO brick,” it is easy to 
obtain heaps of different structures with complex composition 
once we have plenty of various “LEGO bricks” and assembly 
them with appropriate approaches. These resultant novel 
mesoporous architectures, such as single-crystal, heteroge-
neous junctions, 2D, or 3D high-level architectures can further 
optimize the properties of the electrodes and act as novel plat-
forms to revolutionize of electrochemical energy conversion 
and storage devices.

5.2. Structural Engineering

In terms of performance, mesoporous electrodes with high spe-
cific surface areas and large porosities show the great contribu-
tion of electrochemical energy conversion and storage devices. 
Nevertheless, each of these structural features has its pros 
and cons. Generally, high surface areas increase the diffusion 

Figure 5. The relationship of synthesis–structure–property and proposed strategies for improving mesoporous materials performance in electro-
chemical energy conversion and storage devices.
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rate and accelerate ion exchanges between the electrodes and 
the electrolyte, enhancing the efficiency of the electrochem-
ical reactions in both energy conversion and energy storage 
devices, while the high surface areas of mesoporous electrodes 
cause some drawbacks as for the performance.[106] Increasing 
the specific surface, more side reactions occur in the system, 
resulting in the loss of capacity and the reduction of stability 
of the electrodes. Although understanding on such compli-
cated side reactions is largely missing thus far, some data show 
assembling small nanostructures into secondary particles—that 
is, aggregates—of larger dimensions, can work as an effective 
strategy to alleviate this problem.[33] For instance, pomegranate-
like porous electrodes assembled through a scalable block-
copolymer self-assembly process have been regarded as ideal 
candidates for improving the cyclability through reducing the 
SEI area.[107] Mesoporous materials with plenty of controllable 
structures, from 0D, 1D, 2D to 3D, can work as primary units 
to assemble into secondary architectures. It can be anticipated 
that the design of secondary assembled mesoporous electrodes 
could be a promising strategy for achieving the electrodes with 
high-power density and long-life stabilities as well as minimum 
side reactions.

On the other hand, it is of great value to coordinate the 
porosity and the packing density as well as the thickness of 
electrodes to design devices with high volumetric energy and 
power density. The energy density of devices increases with 
increasing the packing density and thickness of electrodes 
in the suitable density and thickness range, while the rate of 
ions transfer decreases since high packing density leads to low 
porosity, which results in the loss of permeability and increase 
of ion diffusion resistance (Rion). To balance the porosity and 
packing density, a desirable way is to assemble high packing-
density materials to generate thick electrodes with vertically 
aligned pores. An example of vertical alignment of the MXene 
mesoporous electrode with high thickness has been reported 
through self-assembly with high-packing MXene nanosheets 
(Figure  3g,h). The electrochemical result shows that the 
capacitance can maintain 0.6  F  cm−2 even at the scan rate of 
2000  mV  s−1.[58] This strategy not only reduces the ion diffu-
sion lengths for the highly compact level and thick electrodes 
but also remains high specific surface areas for obtaining high 
volumetric capacity.

5.3. Interfacial Engineering

Currently, research work in the application of energy conver-
sion is mainly focused on the engineering of the electrodes. 
There are generally two strategies to improve the activity (or 
reaction rate) of an electrocatalyst system: i) increasing the 
number of active sites on a given electrode or ii) increasing 
the intrinsic activity of each active site.[2,63] By using high 
intrinsic activity catalysts with open mesoporous architecture, 
the above two strategies to improve the activity can be imple-
mented simultaneously. Besides, these mesoporous archi-
tectures with increasing the surface-area-to-volume ratio can 
provide higher specific surface areas and larger pore volumes, 
not only providing the number of active sites on a given elec-
trode but also maximizing the availability of electron transfer 

within nanosized electrocatalyst surface area, speeding up 
mass transport of reactants to the electrocatalyst. In addition, 
considering the electrochemical reaction happening at elec-
trode–electrolyte interfaces, massive studies, and deepened 
understanding of the interface electrochemical reaction mech-
anism present great significance for the development of next-
generation electrocatalysis devices. According to the Nernst 
and Butler–Volmer equation, it can be deduced that apart from 
the intrinsic features of the electrodes, the electrocatalytic 
performance also highly depends on the interface concentra-
tion of the electrolytes. Therefore, it is meaningful to conduct 
further research on the interfaces between the electrodes and 
electrolytes. Some published articles[87,108] have observed that 
the interdistance of the nanoparticles affect catalysis perfor-
mance, which may be due to the reason that the different 
distance of active particles could induce the variability of the 
electrochemical double-layer (EDL) thickness. Although this 
finding is significant in the area of catalysts, there is still a 
lack of a profound understanding of this interesting phenom-
enon. A better fundamental exploration of this phenomenon 
requires a combination of better model materials to uncover 
the mechanism, thereby providing design guidelines and 
accelerating the development of high-efficiency mesoporous 
electrodes with a suitable structure in the application of energy 
conversion. The self-assembly of uniform nanomaterials cata-
lysts, such as nanocrystals and clusters, with block copoly-
mers, could be a powerful pathway to construct mesoporous 
electrodes with highly dispersed nanoparticles that have tun-
able interparticle distances, working as an ideal material plat-
form for further unraveling the mechanism of the relationship 
between interparticle distances and the catalytic activity.

Mesoporous electrodes will still encounter many challenges 
in the development process of energy storage and conversion 
devices. Actually, all the features of mesopores materials can 
affect the properties of electrodes in energy storage and conver-
sion devices. Yet, the decisive feature in determining the elec-
trode performance remains unclear. So, it is difficult to induce 
which one is the most advantage of “mesoporous materials,” 
A further in-depth systematical study are urgent needed to 
address this issue. Apart from that, the future development of 
mesoporous materials for energy storage and conversion elec-
trodes also depends on the demands of the market, particularly 
for large-scale applications in which it is inevitable and of great 
significance to develop low-cost, easy-to-synthesize mesoporous 
electrodes. To sum up, mesoporous materials with exceptional 
properties, such as structural, mechanical, electronic, and surface 
science properties, will continue to play an indispensable role in 
the future development of energy storage and conversion devices.
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