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In recent years, porous materials have attracted significant attentions in various research fields because of their structural 

merits. In particular, well-designed mesoporous structures with two- or three-dimensionally interconnected pores have 

been recognized as electrode materials of particular promise for achieving high-performance electrochemical capacitors 

(ECs). In this mini review, recent progress in the design of mesoporous electrode materials for ECs, from electric double-

layer capacitors (EDLCs) and pseudocapacitors (PCs) to hybrid supercapacitors (HSCs), and research challenges for the 

development of new mesoporous electrode materials will be discussed. 

1. Introduction 

Due to the fast charge-discharge performance and stable cycle 

life of electrochemical capacitors (ECs or supercapacitors),
1
 

there is increasing interest in their use in applications ranging 

from portable devices to large-scale technologies, and they 

have been the focus of a considerable research effort. Based 

on their energy-storage mechanisms (e.g., non-Faradaic or 

Faradaic reactions) and cell configurations (e.g., symmetric or 

asymmetric systems), ECs can be categorized as follows: (i) 

electric double-layer capacitors (EDLCs),
2, 3

 (ii) 

pseudocapacitors (PCs),
4, 5

 and (iii) hybrid energy-storage 

systems (e.g., hybrid supercapacitors (HSCs)).
6, 7

 EDLCs (Figure 

1a) utilize the high surface area of carbonaceous materials for 

constructing an electric double-layer at the interface between 

the electrode and electrolyte, while PCs (Figure 1b) store 

charge by a redox reaction at the surface or near-surface of 

electrodes.
8
 These traditional EC systems exhibit a high power 

density (> 10 kW kg
-1

) and an excellent cycle life (>10,000 

cycles in EDLCs). However, they have a lower energy density (< 

30 W h kg
-1

) than Li-ion batteries (LIBs, ~150 W h kg
-1

) because 

of the low areal capacitance of electrode materials and narrow 

operating potentials. To improve the energy density, 

therefore, recent EC research has moved to merge the 

electrodes of ECs with high capacitance electrodes such as 

intercalation materials of LIBs under organic electrolyte 

systems containing Li-salts.
9
 For example, HSCs, defined in this 

review as hybrid energy-storage systems using capacitor 

electrodes with battery-type electrodes, simultaneously 

exhibited high energy density (> 50 W h kg
-1

) and power 

density (> 10 kW kg
-1

) with stable cycle life.
10

 In this regard, 

they are considered one of the most promising ECs. 

To achieve high-performance in ECs, active materials 

designed with controlled nanoscale morphologies have been 

regarded as one of the most highly effective strategies, 

because the electrochemical reactions mainly occur at the 

electrode and electrolyte interfaces. Nanostructured electrode 

materials improve the capacitance and rate performance of 

active materials by increasing the number of reaction sites and 

shortening the diffusion lengths of ions and/or electrons.
11

 

In particular, well-designed mesoporous materials, which 

possess two- or three-dimensionally interconnected pores 

with a diameter of 2-50 nm, have been recognized as being 

among the most appealing electrode materials. Compared 

with same materials in the bulk form, the active ordered 

mesoporous materials have various merits for EC applications: 

Figure 1. Schematic diagram of (a) an electrical double-layer capacitor (EDLC) and (b) a 

pseudocapacitor (PC). 
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(i) a high surface area provides numerous charge storage sites, 

(ii) interconnected mesopores facilitate electrolyte 

transportation, (iii) nanometer-sized walls develop small 

crystallites and grain boundaries, resulting in enhancement of 

the areal capacitance of active materials, and (iv) porous 

structures can act as a host material for impregnating high 

capacitance guest materials inside the pores.
12, 13

 

In this mini review, we summarize recent trends in the 

study of mesoporous materials for EC applications. First, we 

describe the synthetic approaches for well-designed 

mesoporous materials. Next, we discuss recent progress in 

their applications in EDLCs, PCs, and HSCs. Finally, we suggest 

current challenges and future prospects for mesoporous 

electrode materials in EC applications. 

2. Synthesis of designed mesoporous materials 

Since the first report of mesoporous silica materials in the 

1990s,
14, 15

 various synthetic approaches have been applied to 

develop mesoporous metal oxides,
16

 non-oxides,
17

 carbons,
18

 

and polymers.
19

 Preparation methods generally fall into two 

categories: soft-template and hard-template strategies. The 

former method creates an ordered mesoporous structure via 

self-assembly and/or aggregation between organic surfactants 

and precursors (Figures 2a and 2c).
20, 21

 The latter uses pre-

formed nano-templates, such as mesoporous silica, carbon, 

and aggregates of nanoparticles, for nanocasting precursors 

into the inner pores of templates (Figures 2b and 2d).
22, 23

 

 In the soft-template method, the cooperative interaction 

between building blocks (e.g., inorganic sols, polymers, and 

nanoparticles) and surfactants is the most important factor for 

the construction of ordered mesoporous structures. During 

soft-template syntheses based on the surfactants and 

precursors, the materials are prepared in various ways 

including direct precipitations,
14

 liquid crystals
24

 in aqueous 

solution and evaporation-induced self-assembly (EISA).
25

 The 

EISA method, which develops the ordered mesostructure 

during the evaporation of an organic solvent, is especially 

powerful and versatile because it offers a wide choice of 

surfactants and precursors.
26, 27

 On the other hand, hard-

template methods are advantageous for treating the materials 

at high temperature; commercial surfactants for the soft-

template method are thermally unstable (usually functional at 

< 500 
o
C). Moreover, relatively inexpensive metal salts such as 

nitrates and chlorides can be used in hard-template methods. 

However, multiple and tedious steps including the preparation 

of template, nano-casting, calcination, and removal of the 

template are drawbacks of the hard-template method.  

 Recently, a new synthetic approach that combines the 

merits of soft- and hard-template methods has been 

reported.
28

 Designed mesoporous materials with various pore 

sizes and structures, and aligned components have been 

actively investigated by varying the surfactant/precursor pairs 

and adjusting their compositions.
29, 30

 

These designed mesoporous materials with finely 

controlled structures have been applied to various EC 

applications, which will be discussed in the next chapters. 

3. Electric double-layer capacitors 

As active materials in EDLC systems, ordered mesoporous 

carbons (OMCs) with accelerated ionic motion inside particles, 

have shown high capacitance and excellent rate capability.
31-33

 

Furthermore, OMC electrodes have provided a platform for 

basic and systematic studies of electrochemistry, including 

electrode morphology effects related to the ionic and 

electronic transports.
34-36

 In this section, we summarize the 

recent studies on ELDCs using OMC electrodes for improved 

high areal capacitance and electrical conductivity. 

The doping of OMCs with heteroatoms can modify the 

surface of the carbons, resulting in enlarged areal capacitance 

and improved rate capability.
37

 In this respect, doping 

strategies with electron-donating or -withdrawing 

heteroatoms such as B,
38

 N,
39

 O,
40

 P,
41

 and S
42

 have been 

reported for EDLCs. For example, Zhao et al. synthesized N-

doped OMCs with controllable nitrogen contents (up to 15 

wt%), the electrochemical analyses of which are shown in 

Figure 3a.
43

 In 6 M KOH solution, the N-doped OMC electrode 

exhibited a higher capacitance (~230 F g
-1

) than the un-doped 

OMC (~143 F g
-1

). The improved capacitance is attributed to 

the modified electronic properties, surface chemistry, or 

contribution of the pseudocapacitive reaction on the doped 

surface.
44-46

 

The graphitization of OMCs (Figure 3b) is another effective 

approach to improve their areal capacitance and electron 

conductivity with a small internal resistance.
47, 48

 Graphitized 

OMCs with different morphologies have synthesized by a heat-

treatment with metal salts (Fe, Co, and etc.).
49

 The areal 

capacitance of a graphitized CMK-3 electrode in an organic 

electrolyte system was 6.8 μF cm
-2

, whereas a capacitance of 

only 4.1 μF cm
-2

 was achieved for a pure CMK-3 electrode.
50

 In 

addition, graphite functionalized mesocellular carbon foams 

(MSU-F-C-G) electrode delivered an areal capacitance of 23.5 

μF cm
-2

 in 2 M H2SO4 electrolyte, a value much higher than 

that of pure MSU-F-C electrodes (11.7 μF cm
-2

).
51

 It should also 

be noted that the graphitization process can improve the 

volumetric capacitance of the electrodes and the rate 

capability by enhancement of the electronic conductivity. 

Figure 2. Schematic representations of (a) soft- and (b) hard-template methods. 

Transmission electron microscope (TEM) images of (c) soft-templated mesoporous 

carbon and (d) hard-templated mesoporous reduced tungsten oxide. 
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However, the capacitance, stored within the EDL, is 

theoretically limited to exceed the present level; the areal 

capacitance on the carbon surface is lower than 30 μF cm
-2

. In 

this respect, the studies of EDLCs have stagnated.  

4. Pseudocapacitors 

In contrast to the charge storage mechanism of EDLCs, PCs use 

a faradaic reaction for charge storage. Numerous redox 

materials including metal oxides,
52

 sulfides,
53

 and conducting 

polymers
54

 have been applied in PC systems and they have 

exhibited a lager capacitance than the electrodes of EDLCs.  

However, the PC electrodes usually suffer from a poor cycle 

performance during the repetitive redox reactions, and a large 

internal resistance caused by poor electrical conductivity. 

These result in a voltage loss (IR drop), with a reduction of 

both energy and power densities. 

 PC electrodes with mesoporous morphologies exhibit 

increased reversible capacitances and excellent rate 

capabilities, owing to the enlarged surface area and 

interconnected porous structures, respectively.
55, 56

 To solve 

the conductivity problems, further processes such as thermal 

reduction and addition of carbon sources have been applied in 

PC electrodes. For example, the reduced form of mesoporous 

tungsten oxide (m-WO3-x, Figure 4a) exhibited highly improved 

capacitance and rate performance, compared with 

mesoporous and bulk tungsten oxides (m-WO3 and b-WO3-x) as 

can be seen Figure 4b.
57-59

 

 As another example of designed mesoporous PC electrodes, 

high capacitance electrode materials such as hydrous RuO2, 

MnO2, polypyrrole, and polyaniline have been incorporated 

into ordered mesoporous supports to obtain the well-

dispersed active materials or high conductivity composite 

materials.
60-63

 As a result, the mesoporous composite materials 

show high reversible capacitance, highly stable cycle life, and 

excellent rate performance. Xia et al. reported that the 

capacitance of whisker-like polyaniline grown on OMC surface 

was as high as 1,221 F g
-1

, the highest value measured in 

studies of polyaniline.
62

 However, most of the PC electrodes 

Figure 3. (a) Cyclic voltammetry (CV) data of OMCs with controlled nitrogen contents at 

a scan rate of 2 mV s
-1

 (Reproduced from Ref. [43] with permission from the Elsevier). 

(b) TEM image of graphitic OMC (Reproduced from Ref. [49] with permission from the 

WILEY-VCH). Figure 4. (a) Schematic explanation of the improved capacitance and, high conductivity 

of the m-WO3-x electrode, and (b) CV curves of m-WO3-x, m-WO3, and b-WO3-x at a scan 

rate of 5 mV s
-1

 (inset: enlarged CV curve of b-WO3-x) (Reproduced from Ref. [57] with 

permission from the Royal Society of Chemistry). 
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store charges under aqueous electrolyte solutions, resulting in 

limited operating potentials. 

 Recently, Dunn and co-workers presented a non-aqueous 

PC system based on ordered mesoporous metal oxide films 

synthesized by using block copolymer coassembly.
64, 65

 With 

structural advantages including large reaction sites, good 

electrolyte accessibility, and a short diffusion path from the 

nanometer-thick walls, the thin film electrode exhibited fast 

charge storage properties using an intercalation 

pseudocapacitive reaction under an organic electrolyte 

containing Li-salts. These studies imply that nano-engineering 

could change the charge storage mechanisms from 

intercalation (battery-type) to pseudocapacitance by 

maximizing the reaction contribution  occurring at the surface 

or near-surface region.
66

 

5. Hybrid supercapacitors as promising devices 

and outlook for new porous electrodes   

Despite the various research directions, the energy density of 

traditional ECs remains unsatisfactory, because of restricted 

capacitance and narrow operating potentials. Such limitations 

have motivated many researchers to develop a new type of 

capacitor. 

HSCs can deliver higher energy densities compared with 

traditional ECs, by utilizing the different energy-storage 

mechanisms at the anode and cathode. Since the first paper 

on the HSC was published in 2001, non-aqueous HSCs using 

battery-type electrolytes (e.g., Li-salt/carbonate solvents) have 

been intensively studied, primarily because they have a wider 

working voltage range than aqueous ECs.
67

 In the charge 

process of non-aqueous HSCs (Figure 5), Li-ions from the 

electrolyte are intercalated to battery-type anodes, resulting in 

higher capacitance (high energy density). Conversely, anions 

such as PF6
-
 and BF4

-
 are physically adsorbed on the surface of 

carbon-based cathodes, leading to high power capability. 

Therefore, the main issue in HSC research is to develop faster 

the cation-intercalation kinetics to balance the rate 

performances at each electrodes. 

In this regard, intrinsically high-rate battery anodes such as 

TiO2, Li4Ti5O12, and Nb2O5 have been actively applied as anodes 

in HSCs. By developing nano-composites with carbonaceous 

materials (e.g., graphene,
68

 amorphous carbon,
69

 and carbon 

nanotube
70

), researchers have developed HSCs with a high 

energy density (30–40 W h kg
-1

) compared to those of 

traditional ECs. Recently, an HSC using an ordered mesoporous 

Nb2O5/carbon composite (m-Nb2O5-C) anode and an activated 

carbon cathode exhibited noticeable energy and power 

densities (~74 W h kg
-1

 and ~19 kW kg
-1

, respectively) with 

stable cycle performance (capacity retention: ~90% at 1 A g
-1

 

during 1000 cycles).
71

 In addition, HSCs comprising 

mesoporous carbon cathodes (e.g., CMK-3
72

 and CMK-5
73

) and 

pseudocapacitive anode materials in the form of nanowires 

have achieved high energy and power density values (40–90 W 

h kg
-1

 and 11–40 kW kg
-1

). Such results are comparable to both 

the high power/stable cycle life of EDLCs and the high energy 

density of LIBs, bridging the performance gap between 

traditional ECs and LIBs.   

 As shown in Figure 6, HSCs are gradually being 

acknowledged as next-generation energy-storage devices. 

Their potential will be realized if the kinetics gap between 

anodes and cathodes of HSCs can be further narrowed, and 

the capacitance of carbonaceous cathodes increases via the 

development of suitable electrode materials. 

Based on mini review, we can predict the future directions 

in the field of mesoporous research, since there remain 

challenges for the design of advanced mesoporous electrodes 

for application to HSCs. The current limitations of mesoporous 

materials are their monotonous pore sizes and irregular 

particle shapes or sizes. Monotonous pore structures are not 

able to induce sufficient electrolyte transport, and result in 

limited rate-capability. Moreover, particle shapes and sizes 

that deviate from uniform standard patterns can cause a low 

electrode density. Therefore, the important challenges in the 

field of designed mesoporous materials in the near future will 

be to create precisely controlled mesoporous materials, with 

uniform nano- or micrometer-sized spherical particles that 

exhibit hierarchically porous structures, which simultaneously 

possess macro/meso/microscale pores, as depicted in Figure 7. 

This strategy will enable the development of materials that 

Figure 3. Schematic diagram of a hybrid supercapacitor (HSC).

Figure 6. Ragone plot for various energy-storage applications. 
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allow easy wettability and mass transport of electrolytes with 

high capacitance and fabrication of high density electrodes. 

6. Summary 

To date, there is a tremendous research effort on ECs using 

designed mesoporous materials. From previous studies, it has 

been clearly confirmed that the well-designed mesoporous 

materials are suitable as electrodes in the ECs, mainly due to 

their various advantages, such as large surface areas, well-

interconnected mesopores, and frameworks composed of 

nano-sized crystals. These advantages have resulted in 

improved capacitance, fast charge-discharge rate, and stable 

cyclability. We eagerly anticipate the development, in the 

immediate future, of versatile synthesis methods for advanced 

porous materials. 
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